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For centuries humanshave had a history of using the power of natural catalysts—
enzymes. But only in the late 19th century, after the term enzymes had been
coined by Kühne, did enzyme-directed research and, subsequently, under-
standing of enzymes start to develop. It took 50 more years until the concept
of enzymes as we know it today had been fully developed. After researchers
got the chance to combine observations in the three-dimensional structures
with the results of the systematical modification of enzymes by using the tools
of molecular biology, our knowledge base has broadened even more, and
scientists now understand the function of many enzymes at the atomic level.

The industrial use of enzymes as we know it today started after the German
chemist Otto Röhm discovered in 1913 the efficacy of pancreatic trypsin for the
removal of proteinaceous stains from clothes. Today, microbial proteases have
become the workhorses of the cleaning industry. They are contained in almost
every single detergent package and catalyze the removal of stains like blood,
milk, and egg from our clothes very efficiently. In other fields, enzymatic
processes have completely replaced conventional chemical processes. The
best example is the production of high-fructose corn syrup from cornstarch.

The table of contents of this book shows clearly in how many different
applications enzymes have become a useful adjuvant. In the food industry
enzymes are used to improve dairy products like cheese or to supply us with
breads that have the right crumb structure and give us the right mouthfeel while
eating. In nonfood applications, we not only benefit from the clean laundry that
detergents deliver thanks to enzymes, but we see also the fashionable look of
"stone-washed" jeans, which is achieved by treatment of jeans with cellulases.
Finally the catalysis of a wide range of reactions in synthetic organic chemistry
has been explored. Interestingly, enzymes find their application as parts of the
molecular biology toolbox, which is necessary to enable modification of enzymes
through protein engineering and in the construction of microbial production
hosts for enzymes. Obviously, this book contains many more examples of
enzyme usage and I leave it to the curiosity of the interested reader to discover
the world of industrial enzyme use.

While writing this preface and reading the table of contents again, I realized
that industrial enzyme usage is still a very rapidly emerging field. Since the
previous issue of the book, new enzyme application areas have emerged. The
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production of bio-ethanol from granular cornstarch has become a fast-growing
commercial application for industrial enzymes. An interesting aspect of this
development is the chance to save energy during the production of high-
fructose corn syrup, because the high-temperature liquefaction step is no longer
necessary (see Section ((insert xref to Section 5.2.3 Enzymes in Grain Wet-
Milling))). At the same time, the production of ethanol via enzyme-enabled
fermentations of lignocellulosic raw materials such as corn stover was the
subject of two huge research projects sponsored by the National Renewable
Energy Lab of the U.S. Department of Energy. This technology has not led to
major use of enzymes yet, but might become an interesting field in the near
future. I expect many more industrial applications of enzymes to come, mainly
because enzyme applications can help us to save energy, which, in times of
rising crude oil prices, becomes a more andmore interesting valuable benefit of
enzyme application.

While planning the book, I strived to achieve a comprehensive overview of all
aspects of enzyme usage. This includes almost all applications of enzymes in an
industrial environment in its broadest sense; the discovery, modification, and
production of technical enzymes; and finally a chapter about enzyme safety and
regulatory considerations.

In order to have the most competent authors for each topic, I invited as many
authors as possible from the enzyme-applying industry to explain usage, func-
tion, and problems of enzyme application in their field and facts about safe
enzyme usage. Scientists from academia and industry describe the enabling
techniques for discovery, improvement, and production of enzymes.

I would like to thank the authors for their excellent work and their dedication
for keeping the information up-to-date. I have received many positive com-
ments on the 2nd completely revised edition of this book. This is certainly a
compliment to the numerous authors who contributed to it. It is another
compliment to the authors that Prof. Zhanhling Lin took the initiative to find
a Chinese publisher and translate the book into Chinese. I think that the authors
can be proud of such an achievement.

Leiden, The Netherlands
August 2007

Wolfgang Aehle
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Abbreviations

A: adenosine

ACA: acetamidocinnamic acid

ACL: a-amino- e-caprolactam
ADH: alcohol dehydrogenase

ADI: acceptable daily intake

ADP: adenosine 50-diphosphate
Ala: alanine

Arg: Arginine

AMP: adenosine 50-monophosphate

ATC: D,L-2-amino- D2-thiazoline-4-carboxylic acid

ATP: adenosine 50-triphosphate

C: cytidine

cDNA: copy DNA

CL: citrate lyase

CMP: cytidine 50-monophosphate

CoA: coenzyme A

CS: citrate synthetase

CTP: cytidine 50-triphosphate

d: deoxy

dam: gene locus for E. coli DNA adenine methylase

(N6-methyladenine)

dcml: gene locus for E. coli DNA cytosine methylase

(5-methylcytosine)

dd: dideoxy

ddNTP: dideoxynucleoside 50-triphosphate
DE: dextrose equivalent

DEAE: diethylaminoethyl

DNA: deoxyribonucleic acid

DNase: deoxyribonuclease

dNTP: deoxynucleoside 50-triphosphate
DOPA: 3-(3,4-dihydroxyphenylalanine) [3-hydroxy-L-tyrosine]
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dpm: decays per minute

ds: double-stranded

E.C.: Enzyme Commission

F6P: fructose 6-phosphate

FAN: free alpha amino nitrogen, i.e., a measure of peptides/amino

acids available for yeast to be used as nutrient

fMet: N-formylmethionine

FMN: flavin mononucleotide

FMNH2: flavin mononucleotide, reduced

G: quanosine

GDP: guanosine 50-diphosphate
Glu: glutamic acid

Gly: glycine

GMP: guanosine 50-monophosphate

GOD: glucose oxidase

GOT: glutamate–oxaloacetate transaminase

G6P: glucose 6-phosphate

GPT: glutamate–pyruvate transaminase

GTP: guanosine 50-triphosphate

3-HBDH: 3-hydroxybutyrate dehydrogenase

HFCS: high-fructose corn syrup

hsdM: E. coli gene locus for methylation

hsdR: E. coli gene locus for restriction
hsdS: E. coli gene locus for sequence specificity

IDP: inosine 50-diphosphate
Ile: isoleucine

INT: iodonitrotetrazolium chloride

ITP: inosine 50-triphosphate
LDH: lactate dehydrogenase

Lys: lysine

m(superscript): methylated

MDH: malate dehydrogenase

Met: methionine

M6P: mannose 6-phosphate

mRNA: messenger RNA

MTT: 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium

bromide
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N: any nucleotide

NAD: nicotinamide–adenine dinucleotide

NADH: nicotinamide–adenine dinucleotide, reduced

NADP: nicotinamide–adenine dinucleotide phosphate

NADPH: nicotinamide–adenine dinucleotide phosphate, reduced

NMN: nicotinamide mononucleotide

NTP: nucleoside 50-triphosphate

p: phosphate groups
32P: phosphate groups containing 32P phosphorus atoms

pi: inorganic phosphate

8P: degree Plato; i.e., sugar content equivalent to 1%

sucrose by weight

PEP: phosphoenolpyruvate

6-PGDH: 6-phosphogluconate dehydrogenase

Phe: phenylalanine

PMS: 5-methylphenazinium methyl sulfate

poly(dA): poly(deoxyadenosine 50-monophosphate)

ppi: inorganic pyrophosphate

Pro: proline

PRPP: phosphoribosyl pyrophosphate

Pu: purine

Py: pyrimidine

r: ribo

RNA: ribonucleic acid

RNase: ribonuclease

SAM: S-adenosylmethionine

SMHT: serine hydroxymethyltransferase

ss: single-stranded

T: thymidine

TMP: thymidine 50-monophosphate

tRNA: transfer RNA

TTP: thymidine 50-triphosphate
U: uridine

UMP: uridine 50-monophosphate

UTP: uridine 50-triphosphate
Val: valine

Abbreviations XXV



Plasmids
pBR322

pBR328

pSM1

pSP64

pSP65

pSPT18, pSPT19

pT7–1, pT7–2

pUC 18, pUC 19

pUR222

Bacteriophages
fd

ghl

M13

N4

PBS1

PBS2

SPO1

SP6

SP15

T3

T4

T5

T7

XP12

l

lgt11

FSM11

FX174

Eukaryotic viruses
Ad2

SV40
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Introduction

Enzymes are the catalysts of biological processes. Like any other catalyst, an enzyme

brings the reaction catalyzed to its equilibrium positionmore quickly than would occur

otherwise; an enzyme cannot bring about a reaction with an unfavorable change in free

energy unless that reaction can be coupled to one whose free energy change is more

favorable. This situation is not uncommon in biological systems, but the true role of the

enzymes involved should not be mistaken.

The activities of enzymes have been recognized for thousands of years; the fer-

mentationofsugar toalcoholbyyeast isamong theearliest examplesofabiotechnological

process. However, only recently have the properties of enzymes been understood

properly. Indeed, research on enzymes has now entered a new phase with the fusion

of ideas from protein chemistry, molecular biophysics, and molecular biology. Full

accounts of the chemistry of enzymes, their structure, kinetics, and technological

potential can be found in many books and series devoted to these topics [1–5]. This

chapter reviews some aspects of the history of enzymes, their nomenclature, their

structure, and their relationship to recent developments in molecular biology.

1.1

History

Detailed histories of the study of enzymes can be found in the literature [6], [7].

Early Concepts of Enzymes The term ‘‘enzyme’’ (literally ‘‘in yeast’’) was coined by

KÜHNE in 1876. Yeast, because of the acknowledged importance of fermentation, was a

popular subject of research. A major controversy at that time, associated most

memorably with LIEBIG and PASTEUR, was whether or not the process of fermentation

was separable from the living cell. No belief in the necessity of vital forces, however,

survived the demonstration by BUCHNER (1897) that alcoholic fermentation could by

carried out by a cell-free yeast extract. The existence of extracellular enzymes had, for

reasons of experimental accessibility, already been recognized. For example, as early as

1783, SPALLANZANI had demonstrated that gastric juice could digest meat in vitro, and

SCHWANN (1836) called the active substance pepsin. KÜHNE himself appears to have

given trypsin its present name, although its existence in the intestine had been

suspected since the early 1800s.
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Enzymes as Proteins By the early 1800s, the proteinaceous nature of enzymes

had been recognized. Knowledge of the chemistry of proteins drew heavily on the

improving techniques and concepts of organic chemistry in the second half of the

1800s; it culminated in the peptide theory of protein structure, usually credited to

FISCHER und HOFMEISTER. However, methods that had permitted the separation and

synthesis of small peptides were unequal to the task of purifying enzymes. Indeed,

therewas no consensus that enzymeswere proteins. Then, in 1926, SUMNER crystallized

urease from jack bean meal and announced it to be a simple protein. However,

WILLSTÄTTER argued that enzymes were not proteins but ‘‘colloidal carriers’’ with ‘‘active

prosthetic groups.’’ However, with the conclusive work by NORTHROP et al., who isolated
a series of crystalline proteolytic enzymes, beginning with pepsin in 1930, the

proteinaceous nature of enzymes was established.

The isolation and characterization of intracellular enzymes was naturally more

complicated and, once again, significant improvements were necessary in the separation

techniques applicable to proteins before, in the late 1940s, any such enzyme became

available in reasonable quantities. Because of the large amounts of accessible starting

material and the historical importance of fermentation experiments, most of the first

pure intracellular enzymes came from yeast and skeletal muscle. However, as purifica-

tion methods were improved, the number of enzymes obtained in pure form increased

tremendously and still continues to grow. Methods of protein purification are so

sophisticated today that, with sufficient effort, any desired enzyme can probably be

purified completely, even though very small amounts will be obtained if the source is

poor.

Primary Structure After the protein nature of enzymes had been accepted, the way was

clear for more precise analysis of their composition and structure. Most amino acids

had been identified by the early 20th century. The methods of amino acid analysis then

available, such as gravimetric analysis ormicrobiological assay, were quite accurate but

very slow and required large amounts of material. The breakthrough came with the

work of MOORE and STEIN on ion-exchange chromatography of amino acids, which

culminated in 1958 in the introduction of the first automated amino acid analyzer [8].

The more complex question–the arrangement of the constituent amino acids in a

given protein, generally referred to as its primary structure–was solved in the late

1940s. The determination in 1951 of the amino acid sequence of the b-chain of insulin

by SANGER and TUPPY [10] demonstrated for the first time that a given protein does

indeed have a unique primary structure. The genetic implications of this were

enormous. The introduction by EDMAN of the phenyl isothiocyanate degradation of

proteins stepwise from the N-terminus, in manual form in 1950 and subsequently

automated in 1967 [11], provided the principal chemical method for determining the

amino acid sequences of proteins. The primary structures of pancreatic ribonuclease

[12] and egg-white lysozyme [13]were published in 1963.Both of these enzymes, simple

extracellular proteins, contain about 120 amino acids. The first intracellular enzyme to

have its primary structure determined was glyceraldehyde 3-phosphate dehydrogenase

[14], which has an amino acid sequence of 330 residues and represents a size (250–

400 residues) typical of many enzymes. Protein sequencing is increasingly performed
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by liquid chromatography/mass spectrometry (LC/MS) techniques, and several tools

and software packages are now available for protein identification and characterization.

The methods of protein sequence analysis are now so well developed that no real

practical deterrent exists, other than time or expense, to determination of the amino

acid sequence of any polypeptide chain [9].

A more recent fundamental concept called proteome (protein complement to a

genome) will enable researchers to unravel biochemical and physiological mechanisms

of complex multivariate diseases at the functional molecular level. A new discipline,

proteomics, complements physical genome research. Proteomics can be defined as ‘‘the

qualitative and quantitative comparison of proteomes under different conditions to

further unravel biological processes’’ [15].

Active Site The fact that enzymes are highly substrate specific and are generally much

larger than the substrates on which they act quickly became apparent. The earliest

kinetic analyses of enzymatic reactions indicated the formation of transient enzyme–

substrate complexes. These observations could be explained easily if the conversion of

substrate to product was assumed to occur at a restricted site on an enzyme molecule.

This site soon became known as the active center or, as is more common today, the

active site.

Particular compounds were found to react with specific amino acid side chains and

thus inhibit particular enzymes. This suggested that such side chainsmight take part in

the catalytic mechanisms of these enzymes. An early example was the inhibition of

glycolysis or fermentation by iodoacetic acid, which was later recognized as resulting

from reaction with a unique cysteine residue of glyceraldehyde 3-phosphate dehydro-

genase, which normally carries the substrate in a thioester linkage [16].

Many such group-specific reagents have now been identified as inhibitors of

individual enzymes; often they are effective because of the hyper-reactivity of a

functionally important side chain in the enzyme’s active site. However, a more

sophisticated approach to the design of enzyme inhibitors became possible when

the reactive group was attached to a substrate; in this way, the specificity of the target

enzyme was utilized to achieve selective inhibition of the enzyme [17]. Such active-site-

directed inhibitors have acquired major importance not only academically in the study

of enzyme mechanisms but also commercially in the search for a rational approach to

selective toxicity or chemotherapy.

Three-Dimensional Structure Chemical studies showed that the active site of an

enzyme consists of a constellation of amino acid side chains brought together spatially

from different parts of the polypeptide chain. If this three-dimensional structure was

disrupted by denaturation, that is, without breaking any covalent bonds, the biological

activity of the enzyme was destroyed. In addition, it was found that all the information

required for a protein to fold up spontaneously in solution and reproduce its native

shape was contained in its primary structure. This was part of the original ‘‘central

dogma’’ of molecular biology.

The X-ray crystallography of proteins [18] demonstrated unequivocally that a given

protein has a unique three-dimensional structure. Among the basic design principles
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was the tendency of hydrophobic amino acid side chains to be associated with the

hydrophobic interior of the folded molecule, whereas charged side chains were almost

exclusively situated on the hydrophilic exterior or surface. The first high-resolution

crystallographic analysis of an enzyme, egg-white lysozyme, confirmed these principles

and led to the proposal of a detailed mechanism [19]. The active site was located in a

cleft in the structure (Fig. 1), which has subsequently proved to be a common feature

of active sites. According to this, the enzymatic reaction takes place in a hydro-

phobic environment, and the successive chemical events involving substrate and

protein side chains are not constrained by the ambient conditions of aqueous solution

and neutral pH.

1.2

Enzyme Nomenclature

Strict specificity is a distinguishing feature of enzymes, as opposed to other known

catalysts. Enzymes occur inmyriad forms and catalyze an enormous range of reactions.

By the late 1950 s the number of known enzymes had increased so rapidly that their

nomenclature was becoming confused or, worse still, misleading because the same

enzymewas often known to differentworkers by different names; in addition, the name

frequently conveyed little or nothing about the nature of the reaction catalyzed.

To bring order to this chaotic situation, an International Commission on Enzymes

was established in 1956 under the auspices of the International Union of Biochemistry

(IUB). Its terms of reference were as follows: ‘‘To consider the classification and

nomenclature of enzymes and coenzymes, their units of activity and standardmethods

of assay, together with the symbols used in the description of enzyme kinetics.’’ The

Commission’s recommendations have formed the basis of enzymenomenclature since

its first report in 1961 [1].

Responsibility for enzyme nomenclature passed to the Nomenclature Committee

of IUB in 1977, which has subsequently published several reports, e.g., [20] and

Fig. 1 A molecular model of the enzyme lysozyme: the

arrow points to the cleft that accepts the polysaccharide

substrate (Reproduced by courtesy of J. A. RUPLEY)
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supplements, e.g., [21]; it is expected that further supplements will be published from

time to time in the European Journal of Biochemistry. The growth in scale can be

appreciated from the fact that the 1961 Report of the Enzyme Commission listed 712

enzymes, whereas the 1992 version of Enzyme Nomenclature listed 3196. The most

recent information about changes or additions to enzyme nomenclature is available at

http://www.chem.qmw.ac.uk/iubmb/, which offers also an up-to-date version of the

Enzyme Nomenclature list.

1.2.1

General Principles of Nomenclature

The accepted system for classification and nomenclature of enzymes embodies three

general principles.

The first is that enzyme names, especially those ending in -ase, should be used only

for single enzymes, i.e., single catalytic entities. They should not be applied to systems

containing more than one enzyme.

The second general principle is that an enzyme is named and classified according to

the reaction it catalyzes. This refers only to the observed chemical change produced by

the enzyme, as expressed in the chemical equation. The mechanism of action is

ignored, and intermediate cofactors or prosthetic groups are not normally included in

the name. Thus, an enzyme cannot be named systematically until the reaction it

catalyzes has been identified properly.

The third general principle is that enzymes are named and classified according to

thetypeofreactioncatalyzed,whichenablesEnzymeCommission(E.C.)codenumbersto

be assigned to enzymes to facilitate subsequent unambiguous identification. For the

purpose of systematic nomenclature, all enzymes in a particular class are considered to

catalyze reactions that take place in a given direction, although only the reverse direction

may have been demonstrated experimentally. However, the recommended name for the

enzyme may well be based on the presumed direction of the reaction in vivo.

Thus, a given enzyme often has two names, one systematic and the other recom-

mended or trivial. The latter is generally the name in current usage, shorter and more

readily applied. After its systematic name and E.C. code number have identified an

enzyme, the recommendedname canbeusedwithout fear of ambiguity. This practice is

now generally followed in the literature.

1.2.2

Classification and Numbering of Enzymes

According to the report of the first Enzyme Commission in 1961, enzymes are divided

into sixmain classes according to the type of reaction catalyzed. They are assigned code

numbers, prefixed by E.C., which contain four elements separated by points and have

the following meaning:

1. the number first indicates to which of the six classes the enzyme belongs,

2. the second indicates the subclass,
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3. the third number indicates the sub-subclass, and

4. the fourth is the serial number of the enzyme in its sub-subclass.

The six classes are distinguished in the following manner:

1. Oxidoreductases
This class encompasses all enzymes that catalyze redox reactions. The recom-

mended name is dehydrogenase whenever possible, but reductase can also be

used.Oxidase is used only whenO2 is the acceptor for reduction. The systematic

name is formed according to donor : acceptor oxidoreductase.

2. Transferases
Transferases catalyze the transfer of a specific group, such as methyl, acyl, amino,

glycosyl, or phosphate, fromone substance to another. The recommended name is

normally acceptor grouptransferase or donor grouptransferase. The systematic name

is formed according to donor : acceptor grouptransferase.

3. Hydrolases
Hydrolases catalyze the hydrolytic cleavage of C–O, C–N, C–C, and some other

bonds. The recommended name often consists simply of the substrate name

with the suffix -ase. The systematic name always includes hydrolase.

4. Lyases
Lyases catalyze the cleavage of C–C, C–O, C–N, and other bonds by elimination.

The recommended name is, for example, decarboxylase, aldolase, dehydratase (e-

limination of CO2, aldehyde, and water, respectively). The systematic name is

formed according to substrate group-lyase.

5. Isomerases
Isomerases catalyze geometric or structural rearrangements within a molecule.

The different types of isomerism lead to the names racemase, epimerase,
isomerase, tautomerase, mutase, or cycloisomerase.

6. Ligases
Ligases catalyze the joining of two molecules, coupled with the hydrolysis of a

pyrophosphate bond in ATP or another nucleoside triphosphate. Until 1983, the

recommended name often included synthetase, but the current recommenda-

tion is that names of the type X–Y ligase be used instead, to avoid confusion with

the name synthase (which is not confined to enzymes of class 6). The systematic

name is formed according to X : Y ligase (ADP-forming).

A few examples will serve to illustrate how this system works. (The full list can be

found in Enzyme Nomenclature 1992 [20].)

The enzyme alcohol dehydrogenase (recommended name) catalyzes the reaction

Alcoholþ NADþ Ð Aldehyde or Ketoneþ NADHþHþ

The enzyme has been assigned E.C. number 1.1.1.1. It may also be called aldehyde

reductase, but its systematic name is alcohol: NADþ oxidoreductase.
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Similarly, the enzyme hexokinase (recommended name), which catalyzes the reaction

ATPþD-Hexose Ð ADPþ D-Hexose 6-phosphate

has been given the E.C. number 2.7.1.1. It has such other names as glucokinase and

hexokinase type IV, and its systematic name is ATP: D-hexose 6-phosphotransferase.

1.3

Structure of Enzymes

Enzymes are proteins (for an exception, see Section 1.3.4) and, as such, are amenable to

structural analysis by the methods of protein chemistry, molecular biology, and

molecular biophysics.

1.3.1

Primary Structure

The primary structure of enzymes can be determined by direct chemical methods

which, in sensitivity and automation, have reached very high levels of sophistication [9],

[22].However, formany proteins, particularly thosewith long polypeptide chains, direct

sequence analysis would be very time-consuming; others may be available only in very

small amounts. In these cases, a more profitable approach is to clone the relevant

structural gene and determine its DNA sequence [9], [23], [24]. From this, the amino

acid sequence can be inferred. Whenever possible, this sequence should be checked,

e.g., for genetic reading frame, against whatever amino acid sequence information is

available from direct methods. The recombinant DNA approach is so quick and so

powerful, however, that amino acid sequence information about enzymes is growing

much more rapidly from this source than from direct chemical analysis [25], [26].

Indeed, the information now available is so large in total that computer data banks are

required to store it and make it available for systematic access [27].

1.3.2

Three-Dimensional Structure

The three-dimensional structure of an enzyme can be obtained at high resolution by

X-ray crystallography [28] and, for molecules up to ca. 300 amino acids in length, by

NMR spectroscopy. By this means, the detailed structures of many enzymes have been

determined, and a broad understanding of the principles of protein structure has

resulted [29], [30]. Proteins are generally well ordered; their interiors are well-packed

(comparable to other crystalline organicmolecules) to produce a hydrophobic core with

a dielectric constant similar to that of a hydrocarbon. Proteins vary in the amount of

regular secondary structure (a-helix and b-sheet) they contain and can be grouped into

four classes according to the combination and packing of these structural features [31].

Although the number of possible combinations of amino acids in a given protein is

virtually unlimited, it is estimated that there are not more 1000 different families of

folding patterns for protein structures [32].
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Despite their close-packed and generally well-ordered structure, enzymes are usually

not entirely rigid molecules, and some conformational flexibility in solution is widely

observed, particularly by NMR spectroscopy [33–37]. These conformational changes

may be limited to a molecular ‘‘breathing’’ or flexing of the structure, they may involve

various ‘‘hinge-bending’’ motions, or they may extend to more substantial conforma-

tional mobility in parts of the polypeptide chain. All such motions, contribute to the

mechanisms of enzyme catalysis [2], [38].

As of April 25, 2006, 36 247 3D structures of biological macromolecules (proteins,

nucleic acids, and protein nucleic acid complexes) were freely accessible from the

website of the Protein Databank (http://www.rcsb.org/pdb/) [39]. The number of pub-

lished 3D protein structures is growing rapidly, almost exponentially (see Fig. 2), and

this will certainly help to understand the whole proteome in the near future on the

atomic level. The site of the Protein Databank offers several software tools for analysis

and visualization of protein (and nucleic acid) 3D structures for various computer

operating systems.

1.3.3

Quaternary Structure, Folding, and Domains

Many enzymes consist ofmore than one polypeptide chain (or subunit), and thesemust

form an aggregate, usually with relatively simple symmetry, before full (or even any)

biological activity is conferred (Table 1). The subunits within an oligomer or multimer

are often identical or at least limited to a few different types. Aggregation is generally

some form of self-assembly dictated by coherent binding patterns between the sub-

units, which provide the necessary recognition sites in sorting out the subunits

required for assembly [29], [40].

Fig. 2 Cumulative number of published 3D structures of

proteins and nucleic acids in the Protein Databank from 1990

to 2005. Until May 1, 2006, 1892 3D structures were added to

the 2005 data point in this graph. (Data taken from http://

pdbbeta.rcsb.org/pdb/contentGrowthChart.do?content=

total=100)
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The complexity of this sorting process in a cell becomes evident from the fact that

many intracellular enzymes are dimers or tetramers. Increasingly more complicated

structures are being recognized and their design principles analyzed. These range from

enzymes with simple cyclic symmetry up to those with the most elaborate cubic point

group symmetry, e.g., octahedral and icosahedral [29], [40].

The folding of polypeptide chains, along with their aggregation into ordered

structures, is a spontaneous process in solution, and this implies that it is exergonic

[39]. However, calculation of the time required for a protein to explore all possible

structures during the folding process indicates that the search for the ‘‘right’’ structure

cannot be entirely random. Thus, even for a small protein such as bovine pancreatic

ribonuclease (124 amino acid residues), such a search might take around 1095 years,

whereas the experimentally determined time in vivo is a few milliseconds. This

dramatic discrepancy led to the concept of kinetic pathways during folding. Such

pathways have been experimentally explored, and intermediates identified for various

proteins. The stable structure of a protein in solution is therefore identified as the lowest

free energy form of the kinetically accessible structures [29], [30], [40].

A typical enzyme is not an entity completely folded as a whole, as is evident from

the growing catalogue of three-dimensional protein structures determined by X-ray

crystallography.On the contrary, enzymes frequently consist of apparently autonomous

or semiautonomous folding units, called domains (Fig. 3). Sometimes, these may be

Table 1. Quaternary structures of some typical enzymes

Point symmetry

Enzyme E.C. number

[CAS registry

number]

Source Number

of subunits

Crystallo-

graphic

symbol

Schönflies

symbol

Alcohol dehydrogenase 1.1.1.1 horse liver 2 2 C2

[9031-72-5]

Glutathione reductase 1.6.4.2

[9001-48-3]

human red

blood cells

2 2 C2

Triose phosphate isomerase 5.3.1.1 chicken muscle 2 2 C2

[9023-78-3]

Lactate dehydrogenase 1.1.1.27 dogfish muscle 4 222 D2

[9001-60-9]

Glyceraldehyde 3-phosphate 1.2.1.12 Bacillus 4 222 D2

dehydrogenase [9001-50-7] stearothermophilus
Pyruvate kinase 2.7.1.40 cat muscle 4 222 D2

[9001-59-6]

Aspartate carbamoyl-

transferase

2.1.3.2

[9012-49-1]

Escherichia coli 6 + 6 32 D3

Dihydrolipoamide acetyl-

transferase

2.3.1.12

[9032-29-5]

Escherichia coli 24 432 0

Dihydrolipoamide acetyl-

transferase

2.3.1.12

[9032-29-5]

Bacillus
stearothermophilus

60 532 Y
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identified as products of limited proteolysis, i.e., regions of the polypeptide chain that

can be excised from the chain with retention of their biological properties. Indeed, this

has proved inmany instances to be a valuable guide to the actual activity contributed by

that part of the enzyme. Classical examples of such functional domains can be found in

the study of muscle contraction and antibody-antigen recognition [29], [30].

In other cases, domains are not readily released as biologically active entities, and

their existence must be inferred from the three-dimensional structure of the enzyme.

Most globular proteins can in fact be subdivided into such regions, which generally

have molecular masses of 20 000 or less [29]. The active site of an enzyme is often

located at the interface between two such domains as, for example, in the well-known

cleft of lysozyme (Fig. 1) or in glutathione reductase. Other domains appear to

Fig. 3 The domains in glyceraldehyde 3-phosphate dehydrogenase

from Bacillus stearothermophilus [483] Reproduced with permission
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represent favored folding patterns in the assembly of proteins, but biological activity

associated with them can often be inferred from comparison of the structures of related

proteins: a typical example is the NAD-binding domain present in dehydrogenases.

Structural domains may be regions of the polypeptide chain that fold independently

of each other. Functional domains, as defined above, do indeed fold independently; and

individual subunits of oligomeric enzymes appear to fold before association [29], [30],

[40], [41].

1.3.4

The Ribozyme

Enzymes are proteins, but the specific involvement of RNA molecules in certain

reactions concernedwithRNAprocessing in vivo is worth noting.Until CECH et al. [42]
and ALTMAN et al. [43] published their observations, it was generally accepted knowl-

edge that themajor duties in a biological system,namely, to encode information and to

catalyze chemical reactions, are neatly split, one being performed by nucleic acids, the

other by proteins.With the discovery of special RNAswhich store genetic information

and can also catalyze reactions on themselves or on other RNAs, this dogma was

destroyed [42], [43]. Over the years, it has become evident, that group I and group II

introns, catalyze various transesterifications. In cellular systems these reactions

facilitate their excision from pre-RNAs and the ligation of flanking exons (self-

splicing). In vitro these intron RNAs perform a variety of reactions in cis (i.e., on

the same strand of the RNA genome) and in trans (i.e., on another RNA), such as

cleavage and ligation of RNAs, transfer of nucleotides between RNAs, polymeriza-

tion, and editing-like reactions. TheseRNAs thus can act as enzymes and are therefore

called ‘‘ribozymes’’ [44].

In Escherichia coli, tRNA precursors are cleaved by ribonuclease P to generate the

correct 5’-ends of the mature tRNA molecules, and the enzyme contains an essential

RNA moiety that can function in the absence of the protein. In fact, this RNA moiety

fulfills all the criteria of an enzyme [45]. Similarly, the ribosomal RNA of Tetrahymena
thermophila undergoes self-splicing to perform a highly specific intramolecular cata-

lysis in the removal of an intervening sequence. A truncated version of the intervening

sequence, lacking the first 19 nucleotides of the original excised RNA, can then behave

as an enzyme in vitro, capable of acting as an RNApolymerase and a sequence-specific

ribonuclease under appropriate conditions [46].

The structure of the ribosome’s large subunit has since been solved. This largest

unique structure established that the ribosome is a ribozyme in which the ribosomal

RNA, and not the protein, performs catalytic functions, including the peptidyl trans-

ferase reaction that forms the peptide bond [47], [48]. One of the most remarkable

findings to emerge from this is that although enzymes composed entirely of protein

promote virtually all chemical reactions that occur in living organisms, the protein

synthesis reaction that occurs on the ribosome is due to the two-thirds of itsmass that is

RNA, not the one-third that is protein. In addition to enhancing the understanding of

protein synthesis, this work will have significant medical implications, because the

ribosome is a major target for antibiotics [49].
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Ribozymes also offer an excellent opportunity to compare and contrast the behavior

of RNA enzymes with that of protein enzymes. The differences between the RNA and

protein enzymes highlight features that are distinct and thus enable a better under-

standing of each of these classes of biological macromolecules. On the other hand, the

features of protein and RNA enzymes that are similar may represent aspects that are

fundamental to biological catalysis. Indeed, these studies have suggested that RNA

enzymes, like their protein counterparts, can use binding interactions remote from the

site of bond transformation to facilitate that transformation [50]. Beyond this, recent

results suggest that RNA enzymes are ideally suited for exploration of the energetic

origins of this interconnection between binding and catalysis [51]. This use of binding

energy provides anatural connectionbetween rate enhancement and specificity, the two

hallmarks of biological catalysis. Finally, ribozymes will not only offer new clues about

evolution [52], but also offer the potential for specific inactivation of disease-associated

mRNAs or viral RNA genomes that, unlike conventional therapeutics, require no

knowledge of the structure or function of proteins that target RNAs encode [53].

1.4

Enzymes and Molecular Biology

1.4.1

Biosynthesis of Enzymes

Enzymes are synthesized in cells by the normal machinery of protein synthesis. The

structure of any given enzyme is encoded by a structural gene, whose DNA base

sequence is transcribed into a messenger RNA, and the mRNA is translated from its

triplet code into the amino acid sequence of the desired protein by the ribosomes and

associated factors [54], [55]. The enzyme then folds spontaneously into its active

conformation. Posttranslational modifications may be required to target an enzyme

to its ultimate intracellular or extracellular location.

1.4.2

Enzymes and DNA

Formany years, the chemicalmanipulation of DNA lagged behind that of proteins. The

chemical complexity and variety of proteins, with up to 20 different naturally occurring

amino acids, served to make them more amenable to increasingly sophisticated

methods of analysis. On the other hand, DNA, composed of only four different

nucleotides, appeared dauntingly large, with few structural features to make it yield

to available methodology. Paradoxically, this very lack of variety in the nature of the

constituent nucleotides of DNAhas permitted the revolution in genetic engineering, in

which the enzymology of DNA [56] has played a prominent part. For example, the

discovery and purification of restriction enzymes enabledDNA to be cleaved selectively

into defined fragments; phosphatases and ligases permit the fragments to be rejoined

selectively; and DNA polymerases allow DNA to be synthesized and sequenced at

astonishing speed, all in vitro [23], [54–56].
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2

Catalytic Activity of Enzymes [57, 58, 60]

The theoryof enzyme-catalyzed reactionsproposedbyMICHAELIS andMENTEN in1913 [61]

is based on the assumption that the enzyme (the catalyst, E) and the substrate (the

reactant, S) form a complex (ES) by a reversible reaction. The complex is then converted

into the product (P) with the reaction rate k2, when practically no product is present.

Sþ E $k1
k�1

ES !k2 P þ E (2.1)

Under commonly used conditions of enzyme activity measurement, cES can be

considered to be sufficiently constant during the observed reaction period (steady-state

assumption, BRIGGS and HALDANE [104]):

dðcESÞ
dt

¼ 0 ¼ ðk1 �cE �cSÞ � ðk�1 �cESÞ � ðk2 �cESÞ (2.2)

By using a term for the total concentration of enzyme

cEt ¼ cE þ cES (2.3)

one obtains

0 ¼ k1 �ðcEt � cESÞ�cS � ðk�1 �cESÞ � ðk2 �cESÞ (2:4)

or

cES ¼ k1 �cEt �cS
k�1 þ k2 þ k1 �cS (2.5)

By introducing the Michaelis constant KM

KM ¼ k�1 þ k2
k1

(2.6)

the reaction rate as a function of cES

v ¼ k2 �cES (2.7)
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and the maximum reaction rate V, which is reached, when all of the enzyme is

saturated with substrate (cES = cEt)

V ¼ k2 �cEt (2.8)

one obtains the so-called Michaelis–Menten equation

v ¼ V � cS
KM þ cS

(2.9)

which shows the dependency of the reaction rate on the substrate concentration

(first-order reaction). The plot of this relationship is given in Figure 4.

In the case of frequently occurring two-substrate reaction, a similar derivation leads

to the formula:

v ¼ V

1þ ðKMÞS1
cS1

þ ðKMÞS2
cS2

þ ðKMÞS1S2
cS1:cS2

(2.10)

This is called a second-order reaction. If, however, the concentration of the

second substrate is kept at a level many times of the respective Michaelis constant, then

the third and fourth term of the denominator are practically zero and the equation is

identicalwithEquation (2.9), allowing the sameevaluationaswithaone-substrate reaction.

Michaelis Constant As can be derived from Equation (2.9), the Michaelis constant

equals the substrate concentration at half the maximal reaction rate. The value KM can

be obtained by plotting the experimentally measured reaction rate against the various

substrate concentrations (Fig. 4). A more convenient way is the plot according to

LINEWEAVER and BURK [105], using a reciprocal of the Michaelis–Menten equation

1

v
¼ kM

V
� 1
cS

þ 1

V
(2.11)

Fig. 4 Reaction rate as a function of substrate concentration

(enzyme at constant concentration) For explanation of sym-

bols, see text

14 2 Catalytic Activity of Enzymes



A schematic plot is shown in Figure 4. The intersections with abscissa and ordinate

allow the determination of the values for KM and V. For further discussion, see [62].

The Michaelis constant approaches the dissociation constant Ks of the enzyme–

substrate complex and is therefore valuable for estimating individual reaction

kinetics.

Michaelis constants for enzymes usually range from 10�2 to 10�5 mol/L; a low KM

indicates a high affinity between enzyme and substrate.

Molar orMolecular Activity (TurnoverNumber). The efficiency of an enzyme-catalyzed

reaction is indicated by the molar activity, formerly called turnover number, which is

defined as the number of substrate molecules converted in 1 min by one enzyme

molecule under standardized conditions. This can be calculated from the specific

activity of a particular enzyme if its molecular mass is known (cf. Section 2.2.3). The

average molar activity ranges from 103 to 104; peak values have been measured for

acetylcholinesterase (E.C. 3.1.1.7) [9000-81-1] at 1�106 and for catalase (E.C. 1.11.1.6)

[9001-05-2] at 5�106.

2.1

Factors Governing Catalytic Activity [63]

2.1.1

Temperature

The temperature dependence of enzyme-catalyzed reactions exhibits an optimum

because the thermodynamic increase of reaction rate (1 in Fig. 5) is followed by a steep

drop caused by thermal denaturation of the enzyme (2 in Fig. 5). The optimum is

generally between 40 and 60 8C. Some temperature-insensitive enzymesmay exhibit an

optimum at almost 100 8C. Data on various frequently used enzymes are given in [64].

Figure 5 illustrates temperature dependence [60].

Fig. 5 Temperature optimum of enzyme activity
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2.1.2

Value of pH

All enzymes have an optimumpH range for activity. The optimumdepends not only on

pH but also on ionic strength and type of buffer. It may also be influenced by

temperature, substrate, and coenzyme concentrations. For most enzymes, the pH

optimum lies in the range from 5 to 7. Extreme values of 1.5 and 10.5 have been found

for pepsin (E.C. 3.4.23.1) [9004-07-3] and for alkaline phosphatase (E.C. 3.1.3.1) [9001-

78-9], respectively. Figure 6 shows some examples [60].

2.1.3

Activation

Many chemical effectors activate or inhibit the catalytic activity of enzymes. In addition

to substrates and coenzymes many enzymes require nonprotein or, in some cases,

protein compounds to be fully active. Enzyme activation by many inorganic ions has

been adequately described. The activating ionmay be involved directly in the reaction by

complexing the coenzyme or cosubstrate (e.g., Fe ions bound to flavin or the ATP–Mg

complex). In other cases, the ion is part of the enzyme and either acts as a stabilizer for

the active conformation (e.g., Zn ions in alkaline phosphatase) or participates directly at

the active site (e.g., Mn ions in isocitrate dehydrogenase (E.C. 1.1.1.42) [9028-48-2] and

Zn or Co ions in carboxypeptidases).

2.1.4

Inhibition [65]

In vivo and in vitro inhibition studies of enzymatic reactions contributed important

knowledge to various fields of biochemistry. For example, the mechanism of action of

Fig. 6 Activity of various enzymes as a function of pH
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many toxic substances and antidotes has been found to affect enzymes directly. Inmany

cases, the importance of these enzymes for metabolism has been revealed. On the

other hand, discovery of end-product inhibition elucidated many metabolic pathways.

Enzyme inhibition can be either reversible or irreversible. Depending on the type of

inhibitory effect, the following mechanisms of enzyme inhibition may be distin-

guished.

Irreversible Inhibition An irreversible inhibitor frequently forms a stable compound

with the enzyme by covalent bonding with an amino acid residue at the active site. For

example, diisopropyl fluorophosphate (DIFP) reacts with a serine residue at the active

site of acetylcholinesterase to form an inactive diisopropylphosphoryl enzyme. Alkylat-

ing reagents, such as iodoacetamide, inactivate enzymes withmercapto groups at their

active sites by modifying cysteine.

Reversible Inhibition Reversible inhibition, in contrast, is characterized by an equili-

brium between enzyme and inhibitor. Several main groups of reversible inhibitory

mechanisms can be differentiated.

Competitive Inhibition The inhibitor competes with the substrate or coenzyme for the

binding site on the active center by forming an enzyme-inhibitor complex EI. In most

cases, the chemical structure of the inhibitor resembles that of the substrate. Inhibition

can be made ineffective by excess substrate, as is the case for inhibition of succinate

dehydrogenase (E.C. 1.3.99.1) [9002-02-2] by malonate.

Noncompetitive Inhibition The inhibitor decreases the catalytic activity of an enzyme

without influencing the binding relationship between substrate and enzyme. This

means that inhibitor and substrate can bind simultaneously to an enzyme molecule to

form ES, EI, or ESI complexes. Noncompetitive inhibition is dependent solely on the

inhibitor concentration and is not overcome by high substrate concentration. An

example is the blocking of an essential cysteine residue by such heavy metals as copper

or mercury.

Uncompetitive Inhibition The inhibitor reacts only with the intermediary enzyme–

substrate complex. An example is the reaction of azide with the oxidized form of

cytochrome oxidase (E.C. 1.9.3.1) [9001-16-5]. Lineweaver–Burk plots of the reciprocal

initial reaction rate 1/n0 versus the reciprocal substrate concentration for these three

modes of reversible inhibition are shown in Figure 7A–C [57]. The inhibitor constantKI

characterizes the inhibiting activity. The respective formulae (reciprocal from accord-

ing to Lineweaver–Burk [105] are:

Competitive inhibition:

1

v
¼ KM ��1þ cI

KI

�
V �cS þ 1

V
(2.12)
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Noncompetitive inhibition:

1

v
¼ KM

V �cS �
�
1þ cI

KI

�
þ 1

V
�
�
1þ cI

KI

�
(2.13)

Uncompetitive inhibition:

1

v
¼ Km

V �cS þ
1þ cI

KI

V
(2.14)

For details, see [62].

Substrate Inhibition High concentration of substrate (or coenzyme) may decrease the

catalytic activity of an enzyme. Examples are the action of ATP on phosphofructokinase

(E.C. 2.7.1.11) [9001-80-3] or of urea on urease (E.C. 3.5.1.5) [9002-13-5]. The Line-

weaver–Burk plot [105] is given in Figure 7.

End-Product Inhibition Inmanymultienzyme systems, the endproduct of the reaction

sequence may act as a specific inhibitor of an enzyme at or near the beginning of the

sequence. The result is that the rate of the entire sequence of reactions is determined by

the steady-state concentration of the end product (Fig. 8). This type of inhibition is also

called feedback inhibition or retroinhibition.

2.1.5

Allostery [66]

Cosubstrates with a central role in metabolism, such as acetyl-CoA, ATP, or AMP, may

also influence the rate of reaction sequences by allosteric regulation. For example,

phosphofructokinase, the first enzyme in the energy-supplying Embden–Meyerhof–

Parnass pathway, is inhibited by a high concentration of ATP (i.e., positive energy

balance). A high concentration of AMP, on the other hand, (i.e., energy deficiency)

terminates this inhibition. Allosterically regulated enzymes have a quaternary structure

and are composed of two ormore structurally similar or identical subunits (protomers),

each with a binding site for the substrate and another independent binding site for the

allosteric effector. The binding of the effectormodifies the conformation of the subunit

and its active center, which then affects the conformation andhence the catalytic activity

of the entire molecule. The cooperation of substrate and effector regulates the overall

catalytic activity of the enzyme depending on the concentration of metabolite.

Allosteric enzymes usually do not show the classical Michaelis–Menten kinetic

relationship of cs, V, and KM. Many allosteric enzymes give a sigmoid plot of initial rate

vs. substrate concentration rather than the hyperbolic plots predicted by theMichaelis–

Menten equation. The shape of the curve is characteristically changed by an allosteric

activator (positive cooperativity) or an allosteric inhibitor (negative cooperativity), as

shown in Figure 9.

This sigmoidal curve implies that within a certain range of substrate concentration,

the enzyme is able to respond to small concentration changes by great activity changes.
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2.1.6

Biogenic Regulation of Activity

In principle, enzyme activity may also be controlled by regulating the amount of

enzyme in the cell. This can be accomplished by regulating the biosynthesis of

individual enzymes or of several functionally related enzymes by induction or repres-

sion, or by specific attack of proteolytic enzymes (Fig. 8).

Fig. 7 Lineweaver–Burk graphs of reversibly inhibited enzyme reactions

A) Competitive inhibition;

B) Noncompetitive inhibition;

C) Uncompetitive inhibition

– – – Uninhibited reaction
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Chymotrypsin (E.C. 3.4.21.1) [9004-07-3], for example, is synthesized as inactive

zymogen and converted to the active enzyme by trypsin (E.C. 3.4.21.4) [9002-07-7], a

typical protease. A large number of natural protease inhibitors have been isolated and

characterized. They act as protease antagonists and are capable of selectively affecting

many proteolytic reactions. These proteinase inhibitors are proteins with molecular

masses of 5000–25 000; they inhibit proteases by specific complex formation [67].

Fig. 8 Natural mechanisms for regulating enzyme activity

Fig. 9 Activity of an allosteric enzyme as a function of sub-

strate concentration in absence and presence of an allosteric

activator or inhibitor

20 2 Catalytic Activity of Enzymes



Another important regulation mechanism is the modification of activity by phos-

phorylation and dephosphorylation, which allows quick adaptation to changing envir-

onmental conditions. For example, this takes place with hydroxymethylglutaryl-CoA

reductase (NADPH) (E.C. 1.1.1.34), which is phosphorylated by [hydroxymethylglu-

taryl-CoA reductase (NADPH)] kinase (E.C. 2.7.1.109) [106] and dephosphorylated by

[hydroxymethylglutaryl-CoA reductase (NADPH)] phosphatase (E.C. 3.1.3.47) [107]. In

addition, this enzyme is regulated at the protein synthesis level and by controlled

degradation.

2.2

Enzyme Assays

2.2.1

Reaction Rate as a Measure of Catalytic Activity

As biological catalysts, enzymes increase the rate of a reaction or permit it to proceed.

Therefore, the conversion rate of substrates, v, is measured to determine the catalytic

activity. The respective formulae for enzyme kinetics are given in Equations (2.9) and

(2.10).

If in Equation (2.9) the substrate concentration is kept at a level considerably above

theMichaelis constant (cS�KM), then all of the enzyme is saturated with substrate and

the reaction proceeds with the constant and the maximum rate v = V (zero order

reaction). Consequently, catalytic activity is linearly dependent on the amount of en-

zyme used. This situation is attempted to be reached in enzyme activitymeasurements.

2.2.2

Definition of Units

Originally, units were defined by the investigator who first discovered and described an

enzyme. Therefore, in the older literature, enzyme activity was expressed in arbitrary

units, e.g., changes in absorbance, increase of reducing groups, amount of converted

substrate expressed in milligrams or micromoles. These parameters were related to

various time units, such as 1 min, 30 min, or 1 h.

To obtain standardized values for each enzyme, in 1961 the Enzyme Commission of

the International Union of Biochemistry defined the International UnitUas the activity

of an enzyme which, under optimized standard conditions, catalyzes the conversion of

1 mmol of substrate per minute. With respect to basic SI units, the Expert Panel on

Quantities and Units (EPQU) of the International Federation of Clinical Chemists

(IFCC) and the Commission on Quantities and Units in Clinical Chemistry (CQUCC)

of IUPAC defined the base unit katal as the catalytic amount of any enzyme that

catalyzes a reaction (conversion) rate of 1mol of substrate per second in an assay system

[68]. This unit, however, is not in common use.

The temperature must be stated for each assay. As a general rule, the rate of

enzymatically catalyzed reactions is about doubled by a temperature increase of
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10 8C in the range of 0–40 8C. The temperature must be controlled precisely and kept

constant to achieve reproducible results [63].

However, for practical reasons, many enzyme reactions cannot be monitored by

measuring the stoichiometric amount of substrate consumed or product formed.

Therefore, the catalytic activity of a particular enzyme may be impossible to express in

International Units.

The definition of units for most enzymes used in molecular biology is rather

arbitrary. For example, the unit of a restriction endonuclease (E.C. 3.1.21.3–5), is

defined as the catalytic activity of the enzyme that yields a typical cleavage pattern,

detectable after electrophoresis, with a precise amount (usually 1 mg) of a particular

DNA under defined incubation conditions [67], [70]. Other parameters that define the

activity of such enzymes are the degradation of a nucleic acid or the incorporation of

nucleotides into a nucleic acid, expressed in micrograms, nanomoles, absorbance

units, or number of base pairs. For practical reasons, different time periods such as 1,

10, 30, or 60 min, may be chosen as references.

2.2.3

Absorption Photometry [71]

Basic Considerations Because of its simple technique and reliable, reasonably priced

instruments, photometry is today one of the preferredmethods of enzyme assay. It can

be carried out most quickly and conveniently when the substrate or the product is

colored or absorbs light in the ultraviolet region because the rate of appearance or

disappearance of a light-absorbing product or substrate can be followed with a spectro-

photometer.

According to the Bouguer–Lambert–Beer law, which is valid for very dilute solutions,

the following relationship exists between absorbance A and concentration:

A ¼ log
I0
I
¼ e�c �d (2:15)

and

c ¼ A

e�d (2:16)

where c is the concentration in millimoles per liter, e the millimolar absorption

coefficient in liters per mole and per millimeter, and d the path length in millimeters.

The catalytic activity z then corresponds to the absorbance change per minute.

z ¼ DA�V �1000
e�d�Dt (2:17)

where V is the assay volume in liters and t the time in minutes. The unit of z is then

micromoles per minute and corresponds to the definition of the International Unit U

given in the previous section.
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Example 1: Assay of Lactate Dehydrogenase (LDH). In the reaction catalyzed by LDH

(E.C. 1.1.1.27) [9001-60-9], hydrogen is transferred from NADH to pyruvate, to yield

L-lactate and NAD [72]:

Pyruvateþ NADHþHþ Ð L-Lactateþ NADþ ð2:18Þ

The reduced coenzyme NADH absorbs at 340 nm, whereas the oxidized formNAD,

lactate, and pyruvate do not. Thus the progress of Reaction (2.18) can be followed by

measuring the decrease in light absorption at 340 nm with a mercury line photometer

emitting at 334 or 365 nm. The enzyme can also bemeasured bymonitoring the reverse

reaction under slightly alkaline conditions. However, the reverse reaction is much

slower than the reaction starting with pyruvate [73].

The principle of the optical assaymay also be used to follow an enzymatic reaction in

which neither the substrate nor the product has any characteristic light absorption

maxima. In that case, the reaction is coupled to some other enzymatic reaction which

can be followed easily by photometry. The activity of the nonabsorbing enzyme system

can then be measured if the enzyme considered is made the rate-determining

component by appropriate choice of assay conditions.

Example 2: Assay of Pyruvate Kinase (PK). The reaction between phosphoenolpyr-

uvate and ADP yields pyruvate and ATP by transfer of a phosphate group; it is catalyzed

by pyruvate kinase (E.C. 2.7.1.40) [9001-59-6]:

Phosphoenolpyruvateþ ADP ! Pyruvateþ ATP ð2:19Þ

This reaction is easily measured when a large excess of LDH and NADH is added to

the system,which couples Reactions (2.19) and (2.18) [74]. The formation of pyruvate in

Reaction (2.19) is followed by the very rapid reduction of pyruvate to lactate in Reaction

(2.18). For each molecule of pyruvate formed and reduced, one molecule of NADH is

oxidized to NAD, causing a decrease in light absorption at 340 nm.

The catalytic activity of enzymes such as phosphatases [75], whose natural substrates

do not have suitable spectral properties, can be determined by using a colorless syn-

thetic substrate, which is split enzymatically to yield a colored product.

Example 3: Assay of Phosphatase. For the assay of phosphatases, glycosidases, and

several other hydrolases, colorless 4-nitrophenyl compounds are incubated, and

4-nitrophenolate is formed under alkaline conditions with a characteristic maximum

between 400 and 420 nm. In this way, the catalytic activity of such enzymes can be

measured conveniently at this wavelength:

4-Nitrophenyl phosphateþH2O ! 4-Nitrophenolþ Phosphate ð2:20Þ
4-NitrophenolþOH� ! 4-Nitrophenolate ð2:21Þ

Another principle involves the absorption of a colored metabolite formed directly or

indirectly, by the action of the enzyme being analyzed. Again, the activity of the enzyme

can be determined only if it is made the rate-determining component by proper choice

of conditions.
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Example 4: Assay of Glycerol Phosphate Oxidase. Among the class of oxidoreductases

utilizing O2 as the sole final electron acceptor, many enzymes exist that generate H2O2

during oxidation of their individual substrates [76]. Highly sensitive and accurate colori-

metric assays ofH2O2have beendevelopedduring the last twodecades [77]; in one system,

phenol gives a purple color with 4-aminoantipyrine in the presence of oxidizing agents.

Therefore, this color reaction can be used for colorimetric determination of H2O2-

generating enzyme reactions with peroxidase as oxidation catalyst and indicator enzyme.

Although this principle is used predominantly to determinemetabolites in body fluids,

it is often employed in the assay of such enzymes as glycerol phosphate oxidase (E.C.

1.1.3.21) or glucose oxidase (E.C. 1.1.3.4) [9001-37-0].

The catalytic activity of the first is determined according to the following reaction

sequence:

2L-a-Glycerolphosphateþ2O2 ! 2Dihydroxyacetonephosphateþ2H2O2 ð2:22Þ
2H2O2þ4-AminoantipyrineþPhenol!Quinoniminedyeþ4H2O ð2:23Þ

The broad absorptionmaximumof the quinonimine dye is centered around 500 nm,

with an absorption coefficient of about 13�102 L mol�1 mm�1. The increase in

absorbance per minute at 500 nm is measured to determine the activity of glycerol

phosphate oxidase.

2.2.4

Fluorometry [78]

The fluorometric method is rarely used for determining the catalytic activity of raw or

purified enzyme preparations. Because of its high sensitivity, it permits the assay of

small amounts of enzymes in organs or tissue sections [79]. For example, systems that

depend on NAD and NADP can be measured by fluorometry; the reduced pyridine

coenzymes exhibit a fluorescence of low intensity. To enhance sensitivity, the oxidized

form is treated with alkali, to yield strongly fluorescing compounds; in addition,

selective filters must be used. The overall sensitivity of this method is a thousand

times that of absorption photometry.

2.2.5

Luminometry [80]

Luminometry uses fluorescence, phosphorescence, and chemiluminescence as detec-

tor systems. Chemiluminescence observed in living organisms is termed biolumines-

cence. Bioluminescence is catalyzed by enzymes called luciferases, whose substrates,

known as luciferins, are converted to light-emitting products.

In luminometry, the number of photons emitted by the reaction system per unit time

is measured with specially designed instruments called luminometers; they are based

on single photon counting detectors, usually photomultiplier tubes.

An example is the reaction catalyzed by the luciferase from Photinus pyralis,Photinus-
luciferin 4-monooxygenase (ATP-hydrolyzing) (E.C. 1.13.12.7) [61970-00-1]:

ATPþ D-LuciferinþO2 ! Oxyluciferinþ AMPþ ppþ CO2 þ 0:9 hn (2.24)
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In this reaction, ATP is consumed as a substrate, and photons at a wavelength of

562 nmare emitted. The quantum yield is 0.9 einstein permole of luciferin, i.e., for one

ATP molecule consumed, approximately one photon is emitted. This reaction is

therefore suitable for the assay of ATP and, hence, of enzymes that catalyze ATP-

consuming or ATP-producing reactions.

Tomonitor enzyme activity with the aid of firefly bioluminescence, the light intensity

must increase linearly for several minutes and must be strictly proportional to

the catalytic activity of the enzyme. Such measuring conditions have been

realized for determination of the catalytic activity of creatine kinase (E.C. 2.7.3.2)

[9001-15-4]:

Creatine phosphateþ ADP ! Creatineþ ATP (2.25)

Other reactions that depend on NAD(P) can be followed by using the

bioluminescence from lucibacteria.

2.2.6

Radiometry

When radioactively labeled substrates are used, the activities of some enzymes can be

determined with high sensitivity. This technique is widely employed in the field of

molecular biology to monitor (1) the incorporation of radioactively labeled nucleotides

into acid-insoluble nucleic acids or polynucleotides (DNA and RNA polymerases), (2)

the decomposition of radioactively labeled DNA (exonuclease III), (3) the transfer of a

radioactively labeled phosphate group from g-32P-ATP [2964-07-0] to the 50-hydroxyl
end of a polynucleotide (polynucleotide kinase), or (4) the exchange of radioactively

labeled pyrophosphate on a carriermatrix (T4 DNA ligase). Themost common isotopes

for labeling are 32P, 14C, 3H, and to a minor degree, 35S.

In experiments with radioactively labeled compounds, special safety and legal

regulations must be observed. In some determinations, however, the amounts of

radioactive material needed are below the limits regulated by law.

2.2.7

Potentiometry [81]

A pH-sensitive glass electrode can be used to measure reactions in which protons

are produced or consumed. For this purpose, the pH is kept constant by counter-

titration, and the consumption of acid or base required to do this is measured. The

electrode controls an automatic titrator, and this concept is the pH-stat technique
described by BÜCHER [82]. A typical example is the determination of the catalytic activity

of lipase (E.C. 3.1.1.3) [9001-62-1] [83]. A fat (triglyceride) is hydrolyzed by this enzyme,

and the fatty acid formed is neutralized by countertitration with NaOH in a pH-stat

mode:

TriglycerideþH2O ! Diglycerideþ Fatty acid (2.26)
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The substrate, olive oil, is incubated with the diluted sample containing lipase, and

the mixture is titrated at constant pH. A recorder plots the consumption of NaOH vs.

time, and the resulting slope correlates with catalytic activity. Other examples

are the assay of papain (E.C. 3.4.22.2) [9001-73-4] and glucose oxidase (E.C. 1.1.3.4.)

[9001-37-0].

2.2.8

Conductometry

In principle, all enzymatic reactions that lead to a change in overall ionicmobility can be

measured by conductometry. In this way, the elastolytic activity of elastase (E.C.

3.4.21.36) by using unmodified elastin as substrate has been determined [84]. Other

applications have also been described [85]. In this reaction, protons are liberated by

cleavage of peptide bonds.

2.2.9

Calorimetry

Many enzymatic reactions evolve heat; therefore, some interest in calorimetric

(enthalpimetric) methods has developed. In a suitable experimental arrangement, a

temperature sensor serves as a device formeasuring the catalytic activity of the enzyme.

A new area of analytical chemistry has developed from this approach. Previously called

microcalorimetry, it is now commonly known as enthalpimetry [86]. The method is

used mainly in research.

2.2.10

Polarimetry

Polarimetry is rarely used, partly because of the inconvenience involved. However, it is

required in determining the catalytic activity of mutarotase (E.C. 5.1.3.3.) [9031-76-9],

which catalyzes the equilibrium between a- and b-glucose [87].

2.2.11

Manometry

Manometry is one of the classical methods in biochemistry. It is no longer used for

routine assay of enzymes. Formerly, the catalytic activity of glucose oxidase [88],

arginase (E.C. 3.5.3.1) [9000-96-8] [89], and other enzymes was determined by this

method.

2.2.12

Viscosimetry

Viscosimetry has been practically abandoned for enzyme assays. Formerly, e.g.,

cellulase (E.C. 3.2.1.4) [9012-54-8] activity has been determined by the change of
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viscosity per unit time [90]. Nowadays the cellulase assay is performed with a

colorimetric reaction [108]:

Cellulose ! Oligosaccharideþ nGlucose ! Red dye (2.27)

2.2.13

Turbidimetry

The turbidimetric method can be adapted for different enzyme assays [109]. As an

example, lysozyme (muramidase, E.C. 3.2.1.17) cleaves bacterial cell walls. A standard

substrate suspension (dried germs of Micrococcus luteus) is used. The decrease of

absorbancy is measured at 450 nm and 25 8C.

2.2.14

Immobilized Enzymes [91]

Immobilized enzymes are used in analytical chemistry and as catalysts for the

production of chemicals, pharmaceuticals, and food (Section 2.2.14). They also serve

as simple and well-defined models for studying membrane-bound enzymes.

Because of their particular structure, immobilized enzymes require specific assays.

In addition to requiring optimal conditions different from those of soluble enzymes,

particle size, particle-size distribution,mechanical and chemical structure, stability and

structure of the matrix, and the catalytic activity used for immobilization must be

considered.

At least twodifferent assay procedures are used for insoluble enzymes: one employs a

stirred suspension in a vessel; the other, a packed bed or a column reactor. The

conditions of such assay are very close to those used in industrial applications. Enzyme

activity can be assayed continuously or batchwise.

Conductometry, potentiometry, and polarimetry are better suited to detection than

photometry, because they allow the reaction to be followed directly, without the need for

additional indicator enzymes, coenzymes, or second substrates. An example is the

assay of immobilized penicillin amidase (E.C. 3.5.1.11) [9014-06-6] [92]:

PenicillinGþH2O ! 6-Aminopenicillanateþ Phenyl acetateþHþ (2.28)

2.2.15

Electrophoresis

Electrophoresis is an indispensable tool for determining the catalytic activity of

nucleases, especially restriction endonucleases. It is also used for other important

enzymes in genetic engineering, e.g., DNA methylases. Restriction enzymes catalyze

the specific cleavage ofDNA, e.g., that ofEscherichia coli phage lDNA,which is a typical
substrate in genetic engineering (see Chap. Nonidusrial Enzyme Usage). The DNA is

split into smaller fragments of defined lengths. Because the negative charge per base
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pair is the same for all fragments, these can be separated according to length. The

products of cleavage can be separated from intact or incompletely split molecules by

electrophoresis under conditions that are carefully optimized for each specific enzyme–

substrate reaction. Electrophoresis is usually performed with high-quality agarose gels

as carrier material. Each resolution problem requires a specific agarose concentration,

e.g., a relatively low concentration (0.5 g per 100mL) for large fragments and a relatively

high concentration (1.6–2 g per 100 mL) for small fragments. When very small

fragmentsmust be separated, polyacrylamide gelsmay be used as an alternative carrier

material. Separated DNA fragments are visualized by staining with the fluorescent dye

ethidium bromide [1239-45-8].

The fragments can be labeled by staining the gel in a separate tank after completion of

electrophoresis or, more easily, by electrophoresis in the presence of the dye in the gel

and buffer (e.g., at 1 mg/mL).When the gel is illuminated with long-wavelength UV light

(e.g., at 366 nm), the separated fragments become visible and can be photographed.

To calculate enzyme activity, the minimum amount of enzyme must be estimated

which converts a given substrate completely to the fragment pattern typical for that

enzyme. For practical reasons, this amount is divided by the volume of the enzyme

solution.

As an example, electrophoretic assay of the restriction enzymeHindIII is described
briefly (Fig. 10) [69].

Fig. 10 Determination of the catalytic activity of HindIII on l DNA

a) l DNA without enzyme; b–d) 1, 2, and 3 mL, respectively,
1 : 30 dilution; e–g) 1, 2, and 3 mL, respectively, 1 : 20 dilution;

h–j) 1, 2, and 3 mL, respectively, 1 : 10 dilution
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Definition of unit: one unit is the catalytic activity ofHindIII, which completely splits

1 mg of l DNA in a total volume of 0.025 mL. The reaction is terminated after 60 min

incubation at 37 8C in 0.025 mL of a defined buffer mixture.

Assay: different volumes (1–3 mL) of several enzyme dilutions (1 : 10, 1 : 20, 1 : 30)

are incubated with 1 mg of l DNA in a total volume of 0.025 mL. The reaction is

terminated after 60min by cooling with ice and adding 0.015mL of a stop solution; the

mixture (0.02 mL) is then placed in the slots of an agarose gel.

Agarose gel: the gel consists of 1 g of agarose per 100 mL and 1 mg of ethidium

bromide per liter. The gel dimensions are 200�200 mm; total volume is 250 mL; and

slots of 1�7 mm are prepared with a comb.

Electrophoresis: the apparatus is designed for submarine electrophoresis (2 h at

100 V). The buffer system is tris(hydroxymethyl)aminomethane–acetate, 40 mmol/L,

and disodium ethylenediamine-tetraacetate, 2 mmol/L; pH 8.2. The buffer contains

1 mg of ethidium bromide per liter.

Detection: the gel is illuminated directly after electrophoresis with long-wavelength

UV light (366 nm) and photographed (Polaroid CU 5/film type 107); the amount of

enzyme is estimated at which the complete typical fragment pattern is obtained [e.g.,

slot (c) in Fig. 10]. The activity is calculated according to

Activity ¼ Dilution

Sample volume; mL
� Units

Volume; mL
(2.29)

(of original enzyme solution) In the example, complete digestion was obtained with a

minimum of 0.003 mL at 1 : 30 dilution of the original enzyme solution, resulting in

an activity of 10 000 U/mL.

2.3

Quality Evaluation of Enzyme Preparations

2.3.1

Quality Criteria

The quality of enzyme preparations is characterized by activity, purity, stability,

formulation, and packaging. These parameters depend on each other, but the for-

mulation and packaging are easy to control and keep constant. The other parameters

influence each other in such a way that quality is considered to be a function of activity,

purity, and stability [93].

2.3.2

Specific Activity

Oneof themost important quality criteria of an enzymepreparation is its specific activity,
i.e., the catalytic activity related to its protein content. Specific activity is usually

expressed as units per milligram or, for less purified products, units per gram (see

Section 2.2.2).
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Specific activity data can be evaluated correctly only if the specific activity can be

compared with that of a highly purified enzyme of the same origin. For this purpose,

catalytic activities must be measured under identical conditions including the deter-

mination of protein.

2.3.3

Protein Determination

Since protein content is the most important reference point for determination of the

specific activity of an enzymepreparation, severalmethods of protein determination are

brieflymentioned in the following paragraphs [94]. All of these procedures are based on

different principles and depend on the amino acid composition of the enzyme proteins.

They will, therefore, yield different values.

Ultraviolet Absorption Because of their content of aromatic amino acids, proteins

exhibit an absorption maximum at 270–280 nm. For many pure proteins, reference

values have been established for the 280-nm absorbance of a solution containing

10 mg/mL (A1%
280). WARBURG and CHRISTIAN found a formula which accounts for the

nucleic acid content [95]. For greater precision, absorbance is also measured at shorter

wavelengths, e.g., 235 nm [96].

Biuret Method [97] The reaction of peptide bonds with copper ions in an alkaline

solution yields a purple complex which can be determined photometrically. The

intensity is a linear function of protein concentration.

BCA Method [110] The BCAmethod of the company Pierce is used for many protein

samples. It combines the biuret method with the features of BCA:

Proteinþ Cuþþ þ Bicinchoninic acid ! Red dye ðCuþ complexÞ ð2:30Þ

The complex allows the spectrophotometric quantitation of the protein in aqueous

solutions.

Lowry Method [98] The Lowry method combines the biuret reaction of proteins with

reduction of the Folin–Ciocalteu phenol reagent (phosphomolybdic–phosphotungstic

acid) by tyrosine and tryptophan residues. The reduction is promoted by the copper–

protein complex. This method is very sensitive, but it is affected by many other

compounds. The method has been modified to overcome these problems and to

obtain a linear relationship between absorbance and protein content.

Protein-Dye Binding Attempts have beenmade to determine protein concentration by

using dyes. The method published by BRADFORD now predominates [99]. It is based on

the shift of the absorption maximum of Coomassie Brilliant Blue G 250 [6104-58-1]

from 465 to 595 nm, which occurs when the dye binds to the protein.

Kjeldahl Analysis Before colorimetric procedures were established, protein concen-

tration was calculated from nitrogen content by using an empirical factor [97].
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2.3.4

Contaminating Activities

The content of contaminating activities, that is, the presence of other enzymes in the

originalmaterial, is an important quality criterion for enzymes. This is usually related to

the activity of themain enzyme and expressed in percent. Since the absolute amount is

often very small, it cannot be expressed as proteinmass (inmilligrams) and, thus, does

not influence the overall specific activity of the enzymepreparation. For example, lactate

dehydrogenase from rabbit muscle has a specific activity of 500 U/mg and contains

0.001 % pyruvate kinase. Even if the content of pyruvate kinase increased tenfold to

0.01 %, the corresponding change in specific activity could not bemeasured. However,

this contaminating activity is so high that such an enzyme preparation is useless for the

determination of pyruvate kinase in blood.

Depending on the special applications of an enzyme, different impurities must be

determined. For example, enzymes used in genetic engineering all act on a common

substrate, nucleic acid; therefore, they must be free from impurities that also act on that

substrate, such as specific or unspecific nucleases or phosphatases. Traces of unspecific

endodeoxyribonucleases, for example, are detected routinely by incubating 10–100 U of

an enzyme for a prolonged period (e.g., 16 h) with a susceptible substrate such as the

supercoiled form of a plasmid DNA, e.g., pBR322. A minimum of 50 units should not

influence the structure of that substrate, whereas another application may require

that only 10 units do not change substrate structure. Such impurities are usually detected

by electrophoresis (see Section 2.2.15) or by radiometry (see Section 2.2.6).

2.3.5

Electrophoretic Purity

Electrophoresis is important in the evaluation of purity because of its sensitivity

(detection of less than 50 mg/mL contaminating protein is possible). It is far inferior

to the determination of contaminating activities. Furthermore, enzymatically inactive

proteins usually do not interfere with enzymatic analyses. Electrophoresis gained

importance when isoenzymes had to be analyzed which could not be distinguished by

their catalytic function but only by physical properties such as electric charge. It is an

indispensable tool for the identification of lactate dehydrogenase isoenzymes.

Electrophoresis is also used in the isolation of various enzymes of RNA, DNA, and

protein biosynthesis. For this purpose, the introduction of disc electrophoresis on

polyacrylamide gels and the use of dodecyl sulfate for the separation of enzyme

complexes became valuable tools [100]. The system developed by LAEMMLI [101] is

widely used and exhibits very high sensitivity, especially if gradient gels are employed

[102]. The sensitivity of the method has been enhanced considerably by silver staining

[103].

Electrophoresis with 2-dimensional gels (2D PAGE) and isoelectric focussing (IEF),

which separates the proteins according to their isoelectric points are commonly used

methods [111], [112]. The Phast-system (Pharmacia) [113] and the electroblotting of

2.3 Quality Evaluation of Enzyme Preparations 31



biomolecules is applied for automatic gel electrophoresis. It consists in the transfer of

electrophoretically separated proteins from the polyacrylamide matrix onto a ‘‘protein

absorbing’’ membrane in an electrical field.

2.3.6

High-Performance Liquid Chromatography [111]

Since the 1980s themethodhas gained popularity for proteins.HPLC-assays are used to

test enzymes for purity or to obtain information about isoenzymes. The pattern of the

peaks is evaluated. Examples are peroxidase (E.C. 1.11.1.7), alkaline phosphatase (E.C.

3.1.3.1) and catalase (E.C. 1.1.1.6).

2.3.7

Performance Test

For many applications, partially purified enzyme preparations can be used, provided

they do not contain any interfering contaminating activities. They are less costly and,

therefore, preferred to highly purified products. However, they may contain unknown

byproducts that can interfere with enzymatic analyses, for example. To avoid such

problems, a performance test should be carried out. Examples are the determination of

glucose with glucose oxidase and peroxidase (E.C. 1.11.1.7) [9003-99-0] or the deter-

mination of glycerol with glycerokinase (E.C. 2.7.1.30) [9030-66-4].

For some enzymes used in molecular biology, the determination of activity is not

directly correlated to their application. In such cases, even highly purified enzymes

must be analyzed for proper function in a typical performance experiment. An example

is T4 DNA ligase (E.C. 6.5.1.1) [9015-85-4] which functions properly by joining together

fragments created by the action of a restriction endonuclease; in addition, the joined

fragments can be recleaved by the same restriction endonuclease.

2.3.8

Amino Acid Analysis and Protein Sequence Analysis

Both methods are routinely used to estimate the amount and to determine the

composition of enzymes. For amino acid analysis, the protein is first cleaved by

complete hydrolysis (enzymatically or chemically). Then the released amino acids

are assayed by quantitative chromatography. The amino acids require derivatization to

improve their chromatographic behavior or their detectability. Although this is a

laborious method, it is used frequently [115].

Sometimes it is necessary to characterize the enzyme sequence in detail, e.g., to

check for purity this way. A useful procedure is the Edman degradation [116], [117].

With this method, the N-terminal amino acid is cleaved from a peptide or a protein,

derivatized with phenylisothiocyanate and identified. Then the reactions are repeated

with the next amino acid. Today, many instruments perform the Edman degradation

automatically.
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2.3.9

Stability [93]

Avery important factor in the application of enzymes is their stability in concentrated or

dilute form and after mixing with other substances. This applies to the manufacture of

products for pharmaceutical purposes, food chemistry, or enzymatic analysis. Some

enzymes can be stabilized by adding glycerol (50 vol %), ammonium sulfate (ca.

3.2mol/L), or sodium chloride (3mol/L) to their aqueous solution. Furthermore,many

enzymes can be kept in lyophilized form for a long period of time in the presence of

stabilizers such as salts, preservatives, inert proteins (predominantly bovine serum

albumin), or carbohydrates.

Most enzymes used in analysis are stored at ca. 4 8C; solutions of restriction

endonucleases must be kept at �20 8C or lower to maintain catalytic activity. To avoid

degradation by moisture, the chilled enzyme preparation must be warmed before

opening. Freezing and thawing may, in some cases, impair the activity of enzymes.

Contamination by heavy metals or oxidants often inactivates enzymes, for example, by

blocking mercapto groups. The activity of metalloenzymes or metal-dependent

enzymes may be reduced by complexing agents such as ethylenediaminetetraacetate.

Especially for applications in commercial test kits some enzymes are modified by

immobilization [118], for example, by covalent crosslinking with biopolymers like

cellulose or dextrane. This improves the stability in solutions and/or theheat resistance.

2.3.10

Formulation of Enzyme Preparations

Anenzymepreparation should be formulated according to its application. For analytical

purposes, it should be easy to pipette and — if possible — free of stabilizers and

preservatives that might impair its function. For example, glutamate dehydrogenase

(E.C. 1.4.1.3) [9029-12-3]must not contain any traces of ammonia if it is to be used in the

enzymatic determination of urea or ammonium.

In reagent kits employed for enzymatic analysis in clinical laboratories or for food

analysis, the enzymemay be used preferably in lyophilized form. Compared to enzyme

solutions, the solid material is in some cases easier tomix with other solid components

and stable for a longer period of time, even at slightly elevated temperature. When

immobilized enzymes are to be used in columns, their particle size must ensure fast

flow.

Packaging Careful selection of packaging materials is very important for handling

enzymes. Bottles and stoppers used for lyophilized enzymesmust be absolutely tight to

prevent access ofmoisture. Glass or plastic bottles as well as stoppers (rubber or plastic)

should not release any traces of heavy metals or other enzyme-inactivating substances

into the enzyme solution or suspension. In some cases, enzymes must be protected

from light and packaged in brown glass bottles.
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3

General Production Methods

3.1

Microbial Production

Use of an aerobic submerged culture in a stirred-tank reactor is the typical industrial

process for enzyme production involving a microorganism that produces mostly an

extracellular enzyme. This section concentrates on the typical process, with only short

references to variations. Figure 11 shows the unit operations of the production process,

and basic information can be found under ! Biotechnology and in handbooks on

microbiological principles and methods [119–121]. This section is concerned with

fermentation itself, and three elements — the organism, the equipment, and the

protocol for fermentation — are discussed. These elements must be arranged in the

most effective way possible to realize economically optimal results in industrial

processes. Optimization of biotechnological processes is a multidisciplinary effort;

for further information, see [122–124].

In the past, biotechnological process developmentmay have looked somewhat like an

art because adequate process control was lacking. This chapter should show that, based

on the present state of the art, a production process can be highly controlled. To achieve

this level of control in fermentation, the organismmust be genetically adapted, and the

process protocol must match the physiological possibilities of the organism and the

limitations of the apparatus.

3.1.1

Organism and Enzyme Synthesis

A variety of different microorganisms are used for the industrial production of

enzymes. They cover the taxonomic gamut from eukaryotic systems such as yeasts

and fungi to prokaryotic systems from both the gram-negative and gram-positive

families. When biopharmaceutical enzymes are considered as well, mammalian and

insect cell lines also come into play. For most of the history of enzyme applications,

production occurred in the strain known tomake the enzyme of interest. This explains

why so many different types of microorganisms have been employed to make

enzymes. Alkaline protease is naturally secreted by Bacillus licheniformis to break down
proteinaceous substrates and resulted in one of the first commercially produced
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enzymes, subtilisin Carlsberg, for use in detergents. Strains were selected that

produced higher levels of protease, and an industry was born. A similar story was

followed for a-amylase production. Again, Bacillus licheniformis naturally secreted a

highly thermostable a-amylase capable of breaking down starch to more easily

digestible oligosaccharides. Strains of Bacillus have been one of the workhorses of

enzyme production for decades, based mainly upon their ability to overproduce

subtilisin and a-amylase [125].

Amylase from Bacillus has historically been used to liquefy starch. However, to break

it down completely to single units of glucose, a second enzyme, namely, glucoamylase,

is required. The most widely used enzyme for glucose production from starch is the

glucoamylase from strains of the fungal genus Aspergillus [126]. Overproducing strains
have been isolated over the years that have led to high production of glucoamylase.

An acid cellulase enzyme complex is found in the fungus Trichoderma [127]. This

enzyme mixture was thought to be capable of breaking down cellulosic substrates to

glucose, similar to the starch-degrading enzymes. This particular application was not

initially commercialized. Instead, it has found applications in the treatment of textiles.

New programs to improve the enzyme complex and its expression are resurrecting its

potential use as an additive for the breakdown of cellulose. As with the other systems

above, more productive strains have been isolated.

A final example is the production of glucose/xylose isomerase. Glucose isomerase

catalyzes the rearrangement of glucose to fructose, yielding a product with a sweeter

taste. The enzyme discovered to be capable of industrial conversion originated from a

Fig. 11 Unit operations of a fermentation process
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species of Steptomyces. As with the others, the native host strain has been used for

production of glucose isomerase.

All of the strain types described in the examples above are capable of differentiation.

For example, Bacillus thrives in nature due to its ability to survive various insults by

forming anon growing, yet viable, spore. The spore remains dormant until it reaches an

environment where it can germinate and divide. Regulation of protease production is

associated with this differentiation. This highly complex behavior has been difficult to

model for aiding process development. The same can be said of the fungal species

Aspergillus and Trichoderma. Their differentiation makes process development and

modeling difficult. Although Streptomyces does not truly sporulate, it differentiates by
forming filaments as opposed to isolated individual cells. This property also has an

effect on product formation and physical properties of the fermentation broth.

An organism can be viewed as a metabolic system converting substrates into cell

mass and byproducts. Enzymes function in this system as catalysts for the different

reactions. Each cell is equipped with mechanisms that regulate the synthesis and

activity of the enzymes to enable the cell to respond adequately to environmental

changes. Therefore, in its elementary form, an organism can be described as a set of

metabolic components with a mechanism for enzyme synthesis and a regulatory

apparatus. The kinetics of the process are determined by structural components of the

organism and by various physical and chemical factors, as shown in Figure 12. The key

role that enzymes play in biological processes has led to an extensive study of both the

mechanismand the regulation of their synthesis [128], [129], and someof the results are

related to the problem of process development.

The basic mechanisms of enzyme synthesis, including transcription, translation,

and posttranslational processing, seem to be highly conserved [124]. However, several

differences exist between various classes of organisms, as well as some fundamental

differences between prokaryotic and eukaryotic organisms. The enzymes themselves

Fig. 12 Scheme of the metabolic process
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differ enormously in molecular mass, number of polypeptide chains, isoelectric point,

and degree of glycosylation. In addition, a variety of enzyme-producing species exist

[131]. Although all the differences may influence the characteristics of synthetic

patterns, the basic mechanisms underlying enzyme synthesis are similar enough to

allow a general treatment of the microbiological production process. However, the

differences in production kinetics among various species are large enough to make

individual optimization programs necessary.

Different organisms may also differ in their suitability for fermentation; such

process characteristics as viscosity or recoverability, legal clearance of the organism,

and knowledge available on the selected organism, must be considered.

Because of the action of the regulatory mechanism, enzyme synthesis rates range

from no synthesis to maximum synthesis allowed by the synthetic apparatus, as in a

normal control loop. The complexity of mechanisms ranges from relatively simple and

well-understood induction and repression systems, to very complex global regulatory

networks [132].

Process development must deal with the complexity of the enzyme synthesis system

either by changing the structural characteristics, including structural elements of the

regulatory systems (see Section 3.1.2), or by selecting optimal environmental condi-

tions (see Section 3.1.3).

3.1.2

Strain Improvement

Most of the strains used for enzyme production have been improved through classical

selection. Mutagenesis by chemical agents or UV radiation has been used to more

quickly find useful variants. Many cells must be subjected to a mutation or recom-

bination procedure and then tested for the desired combination of characteristics

by selection. The success of strain improvement programs often depends on devel-

opment of an effective selectionmethod for finding onemutant among 10 000–100 000

cells. Methods range from plate selection to the continuous culture technique [137],

[138].

Mutation changes the protein structure and most probably results in a deteriora-

tion of function. Changes in structural components by mutation are therefore

rarely improvements unless the specific loss of function is required for production

purposes, e.g., when a loss of regulatory function results in enhanced enzyme

production.

Mutation and selection are directed primarily toward higher overall productivity

rather than mutation of a specific function, but a loss of regulatory function is highly

probable. However, some studies describe screening for a mutation in a specific

function [135].

Based on the complex interdependency of pathways and the competition for

substrates in the organism, random mutation may also affect the rate of enzyme

synthesis. However, onlyminor improvements should be expected, although a series of

mutations can still result in an interesting degree of improvement. In vivo recombina-

tion techniques have been used to complement mutation techniques by bringing
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together mutations in different cell lines and cleaning strains of undesired deleterious

mutations [122]. Strain improvement has been revolutionized by the advent of genetic

engineering. The ability to specifically improve strains by the manipulation of the host

genome or the addition of extra-chromosomal DNA elements has greatly increased the

speed of strain improvement. In the early stages, most work was performed in strains

for which methods to manipulate DNA were established. Attempts were made to

express many different enzymes in Escherichia coli. However, E. coli typically does not
excrete such proteins and instead deposits them in an insoluble form (called inclusion

bodies) in the cytoplasm of the cell. It proved more effective to develop DNA

manipulation techniques in the native host strain of the different enzymes. Today,

nearly all production strains used commercially have been genetically engineered.

Strains have been improved through extra copies of the gene of interest, removal of

inhibitory regulation, and enhancement of positive regulation.

If the absence of regulation is assumed, considerable improvement can be realized

by increasing the turnover rate of the limiting step in synthesis. Techniques of

genetic engineering can be used to increase the rate of mRNA synthesis by

constructing plasmids with the desired gene (gene multiplication). The number of

plasmids per cell can be very high. The rate of mRNA synthesis should be related

linearly to the number of gene copies, but the rate of enzyme synthesis may be limited

again by the next step in the process. These techniques also allow replacement of the

promoter by a more effective one [139]. The same methods allow replacement of the

leader sequence of a gene, resulting in the excretion of a formerly intracellular enzyme

[140].

Genetic engineering also uses microorganisms to produce enzymes of higher

organisms by placement of the corresponding gene into the microorganism. The

presence of introns may then prevent proper expression of the gene, but techniques

have been developed to overcome this difficulty [136]. Chymosin (E.C. 3.4.23.4)

[9001-98-3], calf rennet, has been cloned by several groups either in prokaryotes or

in yeast, one of the first cloned mammalian enzyme to be produced industrially by

microorganisms [141].

Novel methods to improve strain performance are under development

(ca. 2002). These include gene shuffling and directed evolution. Most of the literature

regarding these techniques has focused on the improvement of specific enzyme

properties (see Section 4.2). However, directed evolution is now being applied to

the overproduction of given enzymes as well. By mutagenizing a plasmid harboring a

gene for subtilisin, enzyme production was increased five fold [142]. It was shown that

the structural gene was unchanged and that the effect was most likely due to an

improved promoter or higher plasmid copy number leading to higher rates of

transcription.

3.1.3

Physiological Optimization

Figure 12 shows that not only the structural characteristics of the system, but also the

input parameters, determine its metabolic activity. Once a suitable organism has been
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found, either genetically improved or not, the next task of process development is to

define optimal input parameters.

The rate of enzyme synthesis re is defined by:

re ¼ qe �cx
where re is the enzyme synthesis rate in units per liter per hour (for definition of

unit, see Section 2.2.2), qe the specific enzyme synthesis rate in units per gram of

biomass per hour, and cx the biomass concentration in grams per liter.

In kinetic terms, optimization of the enzyme synthesis rate means finding the

highest specific synthesis rate for a given amount of biomass. Because enzyme

synthesis depends so much on primary metabolism, the complete cellular machinery

must function at all times. Therefore, conditions favoring enzyme synthesis also favor

growth, as suggested in Figure 12. The search for optimal conditions for enzyme

synthesis can then be reduced to a search for (1) the conditions influencing growth rate

and (2) the relation between specific enzyme synthesis rate and growth rate.

Growth can be expressed by a specific growth rate m as the amount of biomass

synthesized per unit biomass and unit time:

m ¼ 1

cx
�dcx
dt

where cx is the biomass concentration in grams per liter and t the time in hours.

Specific enzyme synthesis rate and specific growth rate express the metabolic

activities of the cell. These are abbreviated as synthesis rate qe and growth rate

m. MONOD [143] formulated the relationship between growth rate and substrate con-

centration as:

m ¼ mmax �
cs

Ks þ cs

where mmax is the maximum obtainable growth rate per hour; Ks is the saturation,

and cs the concentration of substrate, both expressed as moles per liter.

According to this relation actual growth rates at low substrate concentration are lower

than the maximum possible value determined by the structural properties of the

organism. When cs � Ks, the growth rate reaches its maximum value. If all substrates

are present in excess (csi � Ksi for any i), the growth rate is limited by internal

structure. The parameters mmax and Ks are dependent on pH, temperature, osmotic

pressure, and such factors as medium type (minimal vs. nutrient medium). When all

substrates are present in excess except one (m < mmax), that substrate is called the

limiting factor; in this case, an external growth limitation exists. Nutrient-limited

growth is considered the natural state for microorganisms [144].

The kinetics of enzyme synthesis cannot be expressed in one equation for all

enzymes. Instead, a number of patterns of synthesis rate qe versus growth rate m

are shown in Figure 13. The curves are somewhat idealized, but many examples can be

found in the literature [145–148].

The importance of these physiological considerations is that a limiting factor can be

used to control growth rate and thereby synthesis rate. If the qe versusm relationship is
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known, the value of m that results in a maximum qe corresponds to the optimal

physiological condition for synthesis.

Complete physiological characterization includes knowledge of the relationship of qe
to m, the yield on different substrates, the effect of the limiting factor, the physico-

chemical conditions, and the possible role of regulatory agents. Because these factors

are interdependent, establishment of the complete physiological characteristics of an

organism is a very extensive task. In industrial practice, experience, general knowledge,

and use of well-known organisms or techniques are generally employed to find

shortcuts.

The previous discussion emphasizes the importance of the limiting factor for control

of growth and product synthesis. Control of growth is possible if the substrate

concentration cs is in the range of the saturation concentration Ks. The Ks values

for most substrates (� 0.1 mmol/L) are rather low compared to the consumption rate

(� 10mmol L�1 h�1 for glucose), i.e., the response time constant (less than aminute) is

low. Continuous feed is therefore necessary to control growth rate by limiting substrate

Fig. 13 Types of relationship between specific synthesis rate

qe and specific growth rate m

A): Growth-coupled synthesis [147];

B): Saturated synthesis [148];

C): Saturated synthesis with catabolic repression [151];

D): Repressed synthesis [154]
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concentration, as applied in fed-batch and continuous cultures. In batch cultures, all

substrates are present at the start of fermentation, and the growth rate is maximal until

the substrate is nearly consumed. Therefore, direct control of growth is not possible in a

batch culture.

One of the applications of metabolic-pathway engineering to fermentation produc-

tion technologies is the ever-expanding ‘‘toolbox’’ to enable mining of biodiversity,

maximize productivity, enhance carbon efficiency, improve product purity, expand

product lines, and broadenmarkets. Functional genomics, proteomics, metabolomics,

fluxomics, physiomics, and cellomics applications holistically delineate metabolic

pathways and environment within the host [149]. Functionomics-based optimization

includes four key elements: (1) completion and optimization of the primary metabolic

pathway to the targeted product, including removal of rate-limiting, transcriptional, and

allosteric regulation; (2) genetic blockage of competing pathways; (3) enhanced carbon

commitment to the primary metabolic pathway from central metabolism; and (4)

modification of secondary metabolic pathways as necessary to enhance energy meta-

bolism and availability of required enzymatic cofactors. Recently, strain-specific

stoichiometry (metabolic genotype) has been woven into flux balance models to

determine optimal flux distributions (metabolic phenotype) by using linear program-

ming. A combination of such approaches may prove to be valuable for design and

optimization of bioprocesses [150].

3.1.4

The Fermentor and its Limitations

Fermentation process design is interdisciplinary and uses concepts andmethodologies

of both chemical engineering and microbial physiology to accomplish scale-up. In

practice, scale-up effects are more pronounced for aerobic, i.e., aerated and agitated

environment, than for anaerobic fermentations. Therefore, as a rule of thumb, in an

aerobic fermentor, the constant oxygen transfer rate and concentration of dissolved

oxygen are generally maintained in the scale-up. While thermodynamic and kinetic

phenomena are independent of scale, momentum, mass and heat transfer are func-

tions of scale. Mixing, aeration, and cooling are well controlled and uniform at 10 L

scale, but not all transport parameters can be maintained in this way at large scale.

Further scale-up complications arise from cell response to distributed values of

dissolved oxygen, temperature, pH, and nutrients.

The development of entirely new processes or the improvement of existing processes

requires the evaluation of a wide range of strains and cultivation conditions in a short

period of time. Shake-flask fermentation studies have a cost advantage but lack process

control options (pH, nutrient addition, aeration). This often leads to use of laboratory-

scale (ca. 10 L) agitated, aerated fermentors with adequate instrumentation and control.

Most fermentation processes can be translated to production scale by use of laboratory-

scale fermentors. However, pilot-scale fermentors are often necessary for downstream

process scale-up.

For enzyme production, economy of scale leads to the use of fermentors with a

volume of 20–200 m3. The higher energy yield from aerobic metabolism results in the
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use of aerobic processes which require continuous transfer of poorly soluble oxygen

into the culture broth. The concomitant problems of mass and heat transfer are

usually neglected in small fermentors and at low cell densities. However, in industrial

microbiology, with the above-mentioned fermentor volumes and the economic

necessity of using the highest possible cell densities, transport processes must be

considered. Such processes can limit metabolic rates; for example, the oxygen supply

may become limiting and the microorganism may respond by changes in its

physiological pattern. Under these conditions, the desired control of microbial

metabolism may be lost. In controlled operation of an industrial process, metabolic

rates must be limited to a level just below the transport capacity of the fermentor.

Therefore, the highest possible productivity in a fermentor is obtained at maximal

transport capacity. This is reflected in low concentrations of dissolved oxygen during

fermentation, as shown in Figure 14.

Maximizing the transport processes is chiefly a problem of fermentor design and is

generally treated in handbooks on bioengineering [121], [123], [151], [152], [153]. In the

common stirred-tank reactor, agitation and injection of compressed air are used to mix

the contents of the reactor and to transfer gases. The oxygen transport rate n, for
example, can be expressed as:

n ¼ k1a½c0ðgÞ � c0ðlÞ�

Fig. 14 Schematic representation of a fermen-

tation This illustrates the production of amylase

by B. licheniformis. After an inital exponential

growth period, the process is controlled by an

increasing feed rate which results in the oxygen

uptake rate and biomass profile shown. The final

result is an almost constant rate of enzyme

synthesis during fermentation Variables

(expressed as percent of maximum value during

fermentation): cx, biomass concentration;

ce, enzyme activity; DO, dissolved oxygen;

OUR, oxygen uptake rate; Fs, carbon feed rate
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where k1a is the transfer coefficient per hour; c0 (g) is the oxygen concentration in

the liquid phase in equilibrium with the gas phase, and c0 (l) the actual oxygen con-

centration in the medium, both expressed in millimoles per liter.

The transfer coefficient k1a shows that the main resistance to oxygen transport is

the gas–liquid interface, where k1 is the resistance coefficient inmeters per hour, and a
the total gas–liquid interface area in square meters per cubic meter. The transfer

capacity of a fermentor can be expressed as the k1a value. The k1a value is determined

primarily by the power input of the agitator and the air jet system [154]. Bioengineering

therefore aims at the design of a fermentor with the highest k1a value at the lowest

power input.

The k1a value is also influenced by factors such as viscosity, ionic strength, and

presence of surfactants. The dependence of k1a on viscosity explains the preference for

using pellet growth to cultivate mycelium-forming microorganisms [155].

The complex relationships of factors determining transport processes make the

scale-up of biotechnological processes a very difficult task [122].

3.1.5

Process Design

Process design entails the development of an optimum outcome for process perfor-

mance. This typically begins at the fermentation stage, but must also take into account

downstream operations such as cell harvesting, product isolation, enzyme purification,

and final product formulation. Theway inwhich these unit operations interact can have

a profound effect upon optimum process performance.

The fermentation stage begins with culture storage. Cell lines can be stored for

future use in a number of ways. These include cultures frozen in liquid media

with an appropriate cryoprotectant, on or within solid media such as agar, as freeze-

dried suspensions, and as spore suspensions. The process of reviving the stored culture

is an oft-neglected phase of the fermentation process. Development time typically

focuses on operation of the production fermentor, and the seed stages are run simply

to grow the cells as quickly as possible. A typical seed train is shown in Figure 15.

However, the physiological state in which the cells are cultivated during seed

propagation can have a profound effect upon fermentor performance. This is especially

true for microorganisms that can differentiate, either through filamentation or spor-

ulation. For genetically engineered strains, maintaining strain stability is of utmost

concern.

The desired outcome of the fermentation process is often to maximize the

enzyme synthesis rate, or volumetric productivity. This rate is the product of the

specific enzyme production rate and the cell concentration (see Section 3.1.3). Both

of these factors can be influenced by process design. If the specific production rate

is a strong function of growth rate, i.e., growth-associated production, maintenance

of high growth rate will be of high priority. In such cases, continuous-culture

techniques are quite suitable. The constant removal of cell mass allows for sustained

high growth rate and specific productivity. The high metabolic rate associated with

high growth rate can limit the achievable cell mass concentration. Oxygen- and
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heat-transfer limitations of the fermentation equipment are usually the limiting

factors.

Some enzymes are produced more as a secondary metabolite, and specific produc-

tivity may then be an inverse function of growth rate, i.e., non-growth-associated

production.Here a recycling reactormay bemost suitable. A recycling reactor is similar

to the continuous culture, but a device is added to return a significant fraction of the

cells to the reactor. Low growth rates with high cell concentration can often be achieved

in such systems.

In many cases, however, the relationship between growth rate and specific produc-

tivity can be quite complex, so that neither the continuous-culture nor the recycling

fermentor is a good choice. This is where fed-batch processes are most prevalent.

Starting with a relatively low cell mass concentration, growth rate can be controlled

throughout the course of the fermentation through feeding of a growth-limiting

substrate.

The discussion above is focused on optimization of the fermentation process. Yet the

goal of most processes is to produce a final formulated enzyme product and will likely

include many post-fermentation unit operations. For the entire process, maximum

production rate could still be the most important factor. However, lowest unit produc-

tion cost could also be an important driving force. Optimization of each individual

unit operation will not always lead to the optimal overall process performance,

especially when there are strong interactions between unit operations [156]. Under-

standing of these interactions is crucial to overall process optimization. For instance,

product concentration or purity in the fermentation broth can significantly impact

downstream purification unit operation. If the fermentation is optimized for produc-

tivity, without taking into account its effect on the purification step, the overall process

productivity can be negatively affected. The use of antifoaming agents in the fermenta-

tion process is another example of such a trade-off. By reducing foaming in the

fermentation, a higher working volume can be used to optimize the fermentation unit

operations. However, many antifoaming agents negatively impact ultrafiltration mem-

branes and reduce the capacity of this recovery unit operation [157]. Knowledge of how

Fig. 15 Typical fermentation train
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the fermentation process will affect other downstream unit operations is also of great

importance.

3.1.6

Modeling and Optimization

Many enzyme production processes are carried out on a large scale (> 100 000 L). Small

increases in performance can have a significant impact on economic viability. There-

fore, process optimization is of great importance for enzyme production by fermenta-

tion. Process modeling can give a structured approach to the optimization problem so

that optimal conditions can quickly be reached.

Relationships between controllable parameters and desired outputs are a prerequi-

site for successful process modeling. Balance equations combined with kinetic

expressions have been the most widely used tools for such modeling. Monod-type

kinetic expressions (see Section 3.1.3) are a typical starting point. This type ofmodeling

has been successfully applied to the improvement of enzyme production processes.

Kinetic expressions of cell growth, substrate utilization, and product formation are

formulated. Whenever possible, independent experimental procedures are utilized to

determinemodel parameters. Fermentation experiments are then performed to fit any

remaining parameters. Mathematical simulations are then run to predict the perfor-

mance of the system based upon known adjustable parameters, such as substrate feed

rate. Optimization can be carried out ‘‘in silico’’ for any given objective function (e.g.,

maximum product concentration or maximum production rate). In fact, combinations

of different parameters can simultaneously be optimized to meet conflicting con-

straints [158]. Experimental fermentations can then be used to calibrate and validate the

model. Adjustments to the model architecture can be made to improve the predictive

capability of the model. Continual iteration between model modification and experi-

mental results is a trademark of such kinetic modeling.

The drawback of such models is the prerequisite for relationships between the

controllable parameters and the desired outputs. One way around this impediment is

the use of artifical neural networks (ANNs) [159], [160], [162]. These adaptive computer

programs have the ability to learn and can be used for predictions if properly trained.

Advantageously,many enzymeproduction processes have a large repository of past data

that can be used to build and train suchmodels. The ANN consists of a set of input and

output variables determined by the process being investigated. A set of nodes is then

established between the inputs and outputs, each with a different weighting factor. The

optimal number of nodes is typically found through trial and error. The weighting

factors are continually updated by ‘‘training’’ on actual process data. New inputs and

outputs can be added to help improve the predictive power of the model. Such

procedures have been used for enzymes and other microbially derived products.

ANNs can be extended by combining them with a more structured model to create

hybridmodels [161]. Input variables can be placed into anANNand the output variables

can then be used as the input to a set of balance equations. Such models have shorter

training times as they combine the black-box approach of the ANN with known

relationships between controllable parameters and desired outputs.
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3.1.7

Instrumentation and Control

Like any chemical reactor, fermentors are controlled by monitoring and estimating

several critical parameters such as pressure, temperature, pH, dissolved oxygen, redox

potential, foam level, heat flux via coolant supply, respiration (carbon dioxide, oxygen)

rate, mass- and heat-transfer coefficients (Fig. 16). Mass spectrometry is commonly

used for analyzing the off-gas composition for calculating oxygen uptake rate, carbon

dioxide evolution rate, oxygen transfer coefficient k1a, respiration coefficient, and

carbon balance.

Typically, fermentation is optimized by careful design of batch and feedingmedia, in

order to regulate cell growth and maximize production. When an optimal trajectory of

the feed rate has been found anddesired values for physicochemical variables have been

established, the process is ready for production scale. Elementary physical variables,

pH, and feed rate are maintained by proper control. If process development is of

reasonable quality, the resulting output will be somewhere in the expected range. In

practice, however, deviations between actual and expected results may arise for several

reasons: (1) themodel and the experimental knowledge are never complete; (2) errors of

Fig. 16 Bioreactor monitoring and control
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measurement and set point always exist, along with deviations in the variables

regulated; (3) raw materials may vary in composition; and (4) transport conditions

can cause deviations in response.

If deviations from the expected results areminimal, the process can be operated with

a minimum level of instrumentation and control. If the deviations cannot be ignored,

output variables may be measured to correct input variables; for example, the carbon

dioxide production rate can be used for feedback regulation of the feed rate. More

advanced control can be realized when amodel of the process is used to relate different

input and output variables. Themeasured input and output variables of the process can

be compared with the model, and some type of regulatory action can be derived from

this comparison [168].

Fermentation processes are complicated, and in principle, control of the process can

be improved bymeasuring asmany variables as possible and using them for computer-

based process control and optimization. A general limitation of such control systems is

lack of adequate (cheap and sterilizable) sensors for measuring the chemical and

biological variables [169]. Another problem is the lack of persons to develop the software

and operate such systems [170]. Optimistically, reliable measurements andmodels will

lead to on-line estimation and control of variables not measured, using balances for

mass and elements, and phenomenological relations for mass transfer and acid-base

equilibria in combination with the electroneutrality condition [171].

3.2

Isolation and Purification [172–187]

The degree of purity of commercial enzymes ranges from raw enzymes to highly

purified forms and depends on the application. Raw materials for the isolation of

enzymes are animal organs, plant material, and microorganisms.

Enzymes are universally present in living organisms; each cell synthesizes a large

number of different enzymes to maintain its metabolic reactions. The choice of

procedures for enzyme purification depends on their location. Isolation of intracellular

enzymes often involves the separation of complex biological mixtures. On the other

hand, extracellular enzymes are generally released into the medium with only a few

other components. Enzymes are very complex proteins, and their high degree of

specificity as catalysts is manifest only in their native state. The native conformation is

attained under specific conditions of pH, temperature, and ionic strength. Hence, only

mild and specific methods can be used for enzyme isolation. Figure 17 shows the

sequence of steps involved in the recovery of enzymes.

3.2.1

Preparation of Biological Starting Materials

Animal Organs Animal organs must be transported and stored at low temperature to

retain enzymatic activity. The organs should be freed of fat and connective tissue before

freezing. Frozen organs can be minced with machines generally used in the meat
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industry, and the enzymes can be extracted with a buffer solution. Besides mechanical

grinding, enzymatic digestion can also be employed [188]. Fat attached to the organs

interferes with subsequent purification steps and can be removed with organic

solvents.However, enzymatic activitymight be influenced negatively by this procedure.

Plant Material Plantmaterial can be groundwith various crushers or grinders, and the

desired enzymes can be extracted with buffer solutions. The cells can also be disrupted

by previous treatment with lytic enzymes.

Microorganisms are a significant source of enzymes. New techniques, summarized

under genetic and protein engineering, havemuch to offer the enzyme industry. A gene

can be transferred into amicroorganism tomake that organismproduce a protein it did

not make naturally. Alternatively, modification of the genome of a microorganism can

change the properties of proteins so that they may be isolated and purified more easily.

Such modifications might, for example, cause the release of intracellular enzymes into

the medium; change the net charge and, therefore, the chromatographic properties of

proteins; or lead to the formation of fused proteins [189].

Most enzymes used commercially are extracellular enzymes, and the first step in their

isolation is separation of the cells from the solution. For intracellular enzymes, which are
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being isolated today in increasing amounts, the first step involves grinding to rupture

the cells. A number of methods for the disruption of cells (Table 2) are known,

corresponding to the different types of cells and the problems involved in isolating

intracellular enzymes. However, only a few of these methods are used on an industrial

scale.

3.2.1.1 Cell Disruption by Mechanical Methods

High-pressure homogenization is the most common method of cell disruption. The cell

suspension is pressed through a valve and hits an impact ring (e.g., Manton–Gaulin

homogenizer). The cells are ruptured by shearing forces and simultaneous decom-

pression. Depending on the type of machine, its capacity ranges from 50 to 5000 L/h.

The rigid cell walls of small bacteria are only partially ruptured at the pressures up

to 55 MPa (550 bar) achieved by this method. Higher pressures, however, would result

in further heat exposure (2.2 8C per 10 MPa). Hence, the increased enzyme yield

resulting from improved cell disruption could be counteracted by partial inactivation

caused by heating and higher shearing forces. Therefore, efficient cooling must be

provided.

The wet grinding of cells in a high-speed bead mill is another effective method of cell

disruption [190–193]. Glass balls with a diameter of 0.2–1 mm are used to break the

cells. The efficiency of this method depends on the geometry of the stirrer system. A

symmetrical arrangement of circular disks gives better results than the normal

asymmetrical arrangement [194]. Given optimal parameters such as stirring rate,

number and size of glass beads, flow rate, cell concentration, and temperature, a

protein release of up to 90 % can be achieved in a single passage [190].

3.2.1.2 Cell Disruption by Nonmechanical Methods

Cells may frequently be disrupted by chemical, thermal, or enzymatic lysis. The drying of
microorganisms and the preparation of acetone powders are standard procedures in

which the structure of the cell wall is altered to permit subsequent extraction of the cell

contents. Methods based on enzymes or autolysis have been described in the literature

[195–198]. Ultrasound is generally used in the laboratory. In this procedure, cells are

disrupted by shearing forces and cavitation. An optimal temperature must be main-

tained by cooling the cell suspension because heat is generated in the process.

Additional problems may arise from generation of free radicals.

Table 2. Methods for disruption of cells

Mechanical methods Nonmechanical methods

High pressure

(Manton–Gaulin, French-press)

Drying (freeze-drying, organic solvents)

Grinding (ball mill) Lysis

Ultrasound physical: freezing, osmotic shock

chemical: detergents, antibiotics

enzymatic: enzymes (e.g., lysozyme), antibiotics
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3.2.2

Separation of Solid Matter

After cell disruption, the next step is separation of extracellular or intracellular

enzymes from cells or cellular fragments, respectively. This operation is rather difficult

because of the small size of bacterial cells and the slight difference between the density

of the cells and that of the fermentation medium. Continuous filtration is used in

industry. Large cells, e.g., yeast cells, can be removed by decantation. Today, efficient
centrifuges have been developed to separate cells and cellular fragments in a continuous

process. Residual plant and organ matter can be separated with simpler centrifuges or

filters.

3.2.2.1 Filtration

The filtration rate is a function of filter area, pressure, viscosity, and resistance offered

by the filter cake and medium. For a clean liquid, all these terms are constant which

results in a constant flow rate for a constant pressure drop. The cumulative filtrate

volume increases linearly with time. During the filtration of suspensions, the increas-

ing thickness of the formed filter cake and the concomitant resistance gradually

decrease the flow rate. Additional difficulties may arise because of the compressibility

of biological material. In this case, the resistance offered by the filter cake and, hence,

the rate of filtration depend on the pressure applied. If the pressure applied exceeds a

certain limit, the cake may collapse and total blockage of the filter can result.

Pressure Filters A filter press (plate filter, chamber filter) is used to filtrate small

volumes or to remove precipitates formed during purification. The capacity to retain

solid matter is limited, and the method is rather work-intensive. However, these filters

are highly suitable for the fine filtration of enzyme solutions.

Vacuum Filters Vacuumfiltration is generally themethod of choice because biological

materials are easily compressible. A rotary vacuum filter (Figure 18) is used in the

continuous filtration of large volumes. The suspension is usuallymixedwith a filter aid,

e.g., kieselguhr, before being applied to the filter. The filter drum is coated with a thin

layer of filter aid (precoat). The drum is divided into different sections so that the filter

cake can also be washed and dried on the filter. The filter cake is subsequently removed

by using a series of endless strings or by scraper discharge (knife). The removal of a thin

layer of precoat each time exposes a fresh filtering area. This system is useful for

preventing an increase in resistance with the accumulation of filter cake during the

course of filtration.

Cross-Flow Filtration [198], [200] In conventional methods, the suspension flows

perpendicular to the filtering material (Fig. 19 A). In cross-flow filtration, the input

stream flows parallel to the filter area (Fig. 19 B), thus preventing the accumulation of

filter cake and an increased resistance to filtration. To maintain a sufficiently high

filtration rate, thismethodmust consume a relatively large amount of energy, in the form

of high flux rates over the membranes. With the membranes now available, permeate
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rates of 30–50 Lm�2 h�1 can be attained. Indeed, in many cases the use of a separator

(see Section 3.2.2.2) is more economical [199]. The future of this method depends

on the development of suitable membranes, but cross-flow filtration can be

conveniently used in recombinant DNA techniques to separate organisms in a closed

system.

3.2.2.2 Centrifugation

The sedimentation rate of a bacterial cell with a diameter of 0.5 mm is less than 1mm/h.

An economical separation can be achieved only by sedimentation in a centrifugal field.

The range of applications of centrifuges depends on the particle size and the solids

content (Table 3).

Fig. 18 Rotary vacuum filter

Fig. 19 Principles of conventional, dead end filtration (A) and

cross-flow filtration (B)
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The S value of a centrifuge is a good criterion for the comparison of centrifuges:

S ¼ F � Z

where F ¼ V=S, with V the total volume of liquid in the centrifuge and S the thickness

of the liquid layer in the centrifuge; i.e.,Fhas theunits of an area.Z ¼ r �v2=g, where r is
the radius of the centrifuge drum, v the angular rotation speed, and g the gravitational
constant.

Both sieve centrifuges and solid-wall centrifuges are available. Typical solid-wall

centrifuges are shown in Figure 20.
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Table 3. Utilization of different centrifuges

Type of centrifuge Solids content, % Particle size, mm

Multichamber separator 0–5 0.5–500

Desludging disk separator 3–10 0.5–500

Nozzle separator 5–25 0.5–500

Decanter 5–40 5–50 000

Sieve centrifuge 5–60 5–10 000

Pusher centrifuge 20–75 100–50 000

Fig. 20 Solid-wall centrifuges

A) Tubular bowl;

B) Multichamber solid bowl;

C) Disk stack



Decanters (scroll-type centrifuges) work with low centrifugal forces and are used in

the separation of large cells or protein precipitates. Solid matter is discharged con-

tinuously by a screw conveyer moving at a differential rotational speed.

Tubular bowl centrifuges are built for very high centrifugal forces and can be used

to sediment very small particles. However, these centrifuges cannot be operated in

a continuous process. Moreover, solid matter must be removed by hand after

the centrifuge has come to a stop. A further disadvantage is the appearance of aerosols.

Separators (disk stack centrifuges) can be used in the continuous removal of solid

matter from suspensions. Solids are discharged by a hydraulically operated discharge

port (intermittent discharge) or by an arrangement of nozzles (continuous discharge).

Bacteria and cellular fragments can be separated by a combination of high centrifugal

forces, up to 15 000� gravity, presently attainable, and short sedimentation distances.

Disk stack centrifuges that can be sterilized with steam are used for recombinant DNA

techniques in a closed system [201], [202].

3.2.2.3 Extraction

An elegant method used to isolate intracellular enzymes is liquid–liquid extraction in

an aqueous two-phase system [203–207]. This method is based on the incomplete

mixing of different polymers, e.g., dextran [9004-54-0] and poly(ethylene glycol) [25322-

68-3], or a polymer and a salt in an aqueous solution [208]. The first extraction step

separates cellular fragments. Subsequent purification can be accomplished by extrac-

tion or, if high purity is required, by other methods. The extractability can be improved

by using affinity ligands [209], [210] or modified chromatography gels, e.g., phenyl-

Sepharose [211].

3.2.2.4 Flocculation and Flotation

Flocculation Separation of bacterial cells or cell debris by filtration or centrifugation

can involve considerable difficulties due to their small size and physical properties. The

compressible nature of the cells is the primary limiting factor for using filtration as a

separation step to remove them. The low permeability of a typical cell cake results in

a filtration rate that is often too slow to be practical. In cell removal by centrifugation,

the small size and low density difference between the cells or cell debris and the

medium results in a low sedimentation rate. Flocculation of cell suspensions has been

reported to aid cell separation by both filtration and centrifugation [212–218].

Flocculation is the process whereby destabilized particles are induced to come

together, make contact, and subsequently form larger aggregates. Flocculating agents

are additives capable of increasing the degree of flocculation of a suspension. They can

be organic or inorganic, and natural or synthetic. A comprehensive review of various

categories of flocculating agents can be found in [219], [220].

Synthetic organic flocculating agents are by far the most commonly used agents for

cell flocculation in industrial processes. They are typically water-soluble, charged poly-

meric substances with average molecular weight ranging from about 103 to greater than

5�106 and are generally referred to as polyelectrolytes. The positively and

negatively charged polymers are referred to as cationic and anionic polyelectrolytes,

54 3 General Production Methods



respectively. Polyelectrolytes containing both positive and negative charges are termed

polyampholytes.

Flocculation of cells by polyelectrolytes is a two-step process. The first step is

the neutralization of the surface charge on the suspended cells or cell debris. The

second step involves the linkage of these particles to form large aggregates. The various

mechanisms and theories of flocculation have been summarized [219–222].

Flocculant selection for a specific cell separation process is a challenge as many

factors can impact flocculation. These factors can have their origin in the broth (cell

surface charge and size, ionic strength, pH, cell concentration, and the presence of

other charged matter), the polymer (molecular weight, charge and charge density,

structure, type), and engineering parameters (mixing andmode and order of addition).

The final criteria for flocculant selection should take into consideration all aspects of the

flocculation process. These include the cost of the added flocculant, subsequent

separation performance, process robustness, and yield. In some cases, flocculation

can also provide purification by selectively removing unwanted proteins, nucleic acids,

lipids and endotoxin from the cell broth [223–226].

Flotation If no stable agglomerates are formed, cells can be separated by flotation.

Here, cells are adsorbed onto gas bubbles, rise to the top, and accumulate in a froth. An

example is the separation of single cell protein [227].

3.2.3

Concentration

The enzyme concentration in startingmaterial is often very low. The volume ofmaterial

to be processed is generally very large, and substantial amounts of waste material must

be removed. Thus, if economic purification is to be achieved, the volume of starting

material must be decreased by concentration. Onlymild concentration procedures that

do not inactivate enzymes can be employed. These include thermal methods, precipita-
tion, and to an increasing extent, membrane filtration.

3.2.3.1 Thermal Methods

Only brief heat treatment can be used for concentration because enzymes are

thermolabile. Evaporators with rotating components that achieve a thin liquid film

(thin-layer evaporator, centrifugal thin-layer evaporator) or circulation evaporators

(long-tube evaporator) can be employed.

3.2.3.2 Precipitation

Enzymes are very complex protein molecules possessing both ionizable and hydro-

phobic groups which interact with the solvent. Indeed, proteins can be made to

agglomerate and, finally, precipitate by changing their environment. Precipitation is

actually a simple procedure for concentrating enzymes [228].

Precipitation with Salts High salt concentrations act on the watermolecules surround-

ing the protein and change the electrostatic forces responsible for solubility.
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Ammonium sulfate [7783-20-2] is commonly used for precipitation; hence, it is an

effective agent for concentrating enzymes. Enzymes can also be fractionated, to a

limited extent, by using different concentrations of ammonium sulfate. The corrosion

of stainless steel and cement by ammonium sulfate is a disadvantage, which causes

additional problems in wastewater treatment. Sodium sulfate [7757-82-6] is more

efficient from this point of view, but it is less soluble andmust be used at temperatures

of 35–40 8C. The optimal concentration of salt required for precipitation must be

determined experimentally, and generally ranges from 20 to 80 % saturation.

Precipitation with Organic Solvents Organic solvents influence the solubility of

enzymes by reducing the dielectric constant of the medium. The solvation effect of

water molecules surrounding the enzyme is changed; the interaction of protein

molecules is increased; and therefore, agglomeration and precipitation occur. Com-

monly used solvents are ethanol [64-17-5] and acetone [67-64-1]. Satisfactory results are

obtained only if the concentration of solvent and the temperature are carefully

controlled because enzymes can be inactivated easily by organic solvents.

Precipitation with Polymers The polymers generally used are polyethylenimines and

poly(ethylene glycols) of different molecular masses. The mechanism of this precipita-

tion is similar to that of organic solvents and results froma change in the solvation effect

of the water molecules surrounding the enzyme. Most enzymes precipitate at polymer

concentrations ranging from 15 to 20 %.

Precipitation at the Isoelectric Point Proteins are ampholytes and carry both acidic

and basic groups. The solubility of proteins is markedly influenced by pH and is

minimal at the isoelectric point at which the net charge is zero. Because most

proteins have isoelectric points in the acidic range, this process is also called acid
precipitation.
Precipitation is usually carried out on a small scale. Problems can arise in scaling-up

this process [229]. The mixing time, the residence time in the reactor (which affects

agglomerate formation and enzyme activity), and the shearing forces generated by

stirring (which affect the aggregates formed) are critical parameters. When the volume

being processed is large, the mixing time is appropriately long and, especially with

organic solvents, protein denaturation can occur. Experiments have been conducted to

overcome difficulties of this kind by using a continuous process [230].

3.2.3.3 Ultrafiltration

A semipermeable membrane permits the separation of solvent molecules from larger

enzyme molecules because only the smaller molecules can penetrate the membrane

when the osmotic pressure is exceeded. This is the principle of all membrane

separation processes (Table 4), including ultrafiltration. In reverse osmosis, used to

separate materials with low molecular mass, solubility and diffusion phenomena

influence the process, whereas ultrafiltration and cross-flow filtration are based solely

on the sieve effect. In processing enzymes, cross-flow filtration is used to harvest cells,

whereas ultrafiltration is employed for concentrating and desalting.
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Difficulties arise from concentration polarization. The semipermeable membrane

excludes largermolecules, which tend to accumulate near the surface of themembrane

because back-diffusion into the solution is limited. As a result of the different rates of

diffusion of molecules of different sizes, the separating ability of the membrane

changes. Thus, themembraneholds back smallmoleculesmore strongly thanwould be

expected from its pore size. This effect limits the applicability ofmembrane separation.

The formation of gel layers on themembrane is reduced bymaintaining a turbulent flow

or a laminar flow with high flow rate. Loss of permeability is also caused bymembrane
fouling or deposition on the membrane. In particular, antifoaming agents from fermen-

tation solutions are deposited on the membrane and make concentration of enzymes

more difficult.

Membranes are available for ultrafiltration which exclude molecules ranging from

1000 to 300 000 dalton [231], [232]. Anisotropic membranes consisting of a very thin

membrane layer (0.1–0.5 mm) and a thicker, porous support layer [233] are generally

used. The different membranes employed are flat membranes (plate and frame,

cassette type, or spiral winding module), hollow fibers, and tubular modules

(Fig. 21). Cellulose acetate [9004-35-7] and organic polymers such as polysulfone

[25135-51-7], poly(vinylidene fluoride) [24937-79-9], and polypropylene [9003-07-0]

have proved to be useful as membrane materials. With the exception of cellulose

acetate, thesemembranes can be cleaned easily with alkali or acid and steam sterilized.

Desalting The desalting of enzyme solutions can be carried out conveniently by

diafiltration. The small salt molecules are driven through a membrane with the water

molecules. The permeate is continuously replaced by fresh water. In fact, the con-

centration of salt decreases according to the following formula:

ln
c0
c
¼ V

V0

where

c0 = starting salt concentration

c = final salt concentration

V0 = starting volume

V = volume exchanged
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Table 4. Membrane separation processes

Process Application Separation range, Mr

Cross-flow microfiltration Concentration of bacteria, removal of

cell debris

>1 000 000 (or particles)

Ultrafiltration Concentration of enzymes, dialysis,

fractionation

>10 000 (macromolecules)

Reverse osmosis Concentration of small molecules,

desalting

>200



Hence, a 99 % salt exchange can be achieved when the permeated volume is 5 � V0,

independent of the starting concentration.

3.2.4

Purification

For many industrial applications, partially purified enzyme preparations will suffice;

however, enzymes for analytical purposes and for medical use must be highly purified.

Special procedures employed for enzyme purification are crystallization, electrophor-

esis, and chromatography.

Fig. 21 Different ultrafiltration modules

A) Plate-and-frame module (by courtesy of DDS, Ro-Division);

B) Hollow-fiber module (by courtesy of Amicon);

C) Cassette module (by courtesy of Millipore)
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3.2.4.1 Crystallization

The rapid growth in the utilization of enzymes in commercial sectors such as

agriculture and consumer products requires a cost-effective, industrial-scale purifica-

tion method. Crystallization, one of the oldest chemical purification technologies, has

the potential to fulfill these requirements. Enzyme crystallization is the formation of

solid enzyme particles of defined shape and size. An enzyme can be induced to

crystallize or formprotein-protein interactions by creating solvent conditions that result

in enzyme supersaturation. The theory and history of protein crystallization are well

documented [234–237].Much of the emphasis in enzyme crystallization has focused on

obtaining crystals for X-ray diffraction analysis rather than as a purification process.

However, crystallization is attracting increasing interest as a purification process.

The challenge remains to develop both the theory and screening techniques needed

to establish a robust zone of high-yield crystallization without excessive empirical

experimentation. Recent advances towards this include the use of self-interaction

chromatography for measuring protein osmotic second virial coefficient for predicting

protein crystallization behavior [238] and the development of high-throughput screen-

ing and analysis systems for establishing robust protein crystallization conditions [239].

Protein crystallization theory and scale-up practice have been recently reviewed

[240], [241].

Many reports of enzyme crystallization from bulk fermentation for the purpose of

purification have been published [242–244]. Enzymes that have been crystallized for

commercial production include a cellulase [245], [246], glucose isomerase [247] sub-

tilisin [247], [248], and alcohol oxidase [249].

Figure 22 shows the steps involved in the crystallization process for an industrial

enzyme [248]. Typical crystallization process volumes can be as large as several

thousands of liters of impure enzyme solution as the starting material. The desired

characteristics of industrial scale enzyme crystallization are product purity, process

yield, ease of crystal recovery, and short overall process time. To achieve these aims, the

crystallization process must be carefully designed and developed to produce crystals

with relatively large size and desired morphology.
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Many factors, including salt type and concentration, pH, temperature, the presence

of variable amounts and types of impurities, mixing, and crystal seeding, can affect

enzyme crystallization. Controlling the level of supersaturation throughout the crystal-

lization process is essential for optimization of crystal size, which can be controlled

by use of precipitants such as salt, pH, and temperature [235], [250]. Temperature

plays a key role in the rate of enzyme crystallization. Cellulase [245], [248] and subtilisin

[251], [252] were both reported to crystallize at a much higher rate with increasing

temperature.

Some enzymes can bemade to grow in a variety of different morphologies by simply

changing the crystallization conditions during the course of crystallization. Subtilisin

was shown to form rectangular plate-shaped crystals by first nucleating at low

temperature followed by growing the crystals at elevated temperature. The rectangular

plate-shaped crystal is a hybrid morphology between its high- and low-temperature

morphologies, rods and square plates, respectively [252].

3.2.4.2 Electrophoresis

Electrophoresis is used to isolate pure enzymes on a laboratory scale. Depending on the

conditions, the following procedures can be used: zone electrophoresis, isotachophoresis,
or porosity gradients. The heat generated in electrophoresis and the interference caused

by convection are problems associated with a scale-up of this method. An interesting

contribution to the industrial application of electrophoresis is a continuous process in

which the electrical field is stabilized by rotation [253], [254].

3.2.4.3 Chromatography

Chromatography is of fundamental importance to enzyme purification (Table 5).

Molecules are separated according to their physical properties (size, shape, charge,

hydrophobic interactions), chemical properties (covalent binding), or biological proper-

ties (biospecific affinity).

In gel chromatography (also called gel filtration), hydrophilic, cross-linked gels with

pores of finite size are used in columns to separate biomolecules. Concentrated

solutions are necessary for separation because the sample volume that can be applied

to a column is limited to ca. 10 % of the column volume. In gel filtration, molecules are

Table 5. Chromatographic methods

Type of chromatography Principle Separation according to

Adsorption surface binding surface affinity

Distribution distribution equilibrium polarity

Ion exchange ion binding charge

Gel filtration pore diffusion molecular size, molecular shape

Affinity specific adsorption molecular structure

Hydrophobic hydrophobic chelation molecular structure

Covalent covalent binding polarity

Metal chelate complex formation molecular structure
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separated according to size and shape.Molecules larger than the largest pores in the gel

beads, i.e., above the exclusion limit, cannot enter the gel and are eluted first. Smaller

molecules, which enter the gel beads to varying extent depending on their size and

shape, are retarded in their passage through the column and eluted in order of

decreasing molecular mass. The eluation volume of a globular protein is proportional

to the logarithm of itsmolecularmass [255]. By varying the degree of cross-linking, gels

of different porosities and with different fractionation ranges are obtained. Media that

collectively cover all molecular sizes are available (Table 6). These include different

types of Sephadex, which can be obtained by cross-linking dextran [9004-54-0] with

epichlorohydrin [106-89-8], and Sephacryl, which is prepared by cross-linking allyldex-

tran withN,N0-methylene-bisacrylamide [110-26-9]. Gel filtration is used commercially

for both separation and desalting of enzyme solutions.

Ion-exchange chromatography is a separation technique based on the charge of protein

molecules. Enzymemolecules possess positive and negative charges. The net charge is

influenced by pH, and this property is used to separate proteins by chromatography on

anion exchangers (positively charged) or cation exchangers (negatively charged)

(Table 7). The sample is applied in aqueous solution at low ionic strength, and elution

is best carried out with a salt gradient of increasing concentration. Because of the

concentrating effect, samples can be applied in dilute form.

The ability to process large volumes and the elution of dilute sample components in

concentrated form make ion exchange very useful. The matrix used to produce ion-

exchange resins should (1) be sufficiently hydrophilic to prevent enzyme denaturation

and (2) have a high capacity for large molecules at fast equilibration. In addition,

industrial applications require ion exchangers that give good resolution, allowhighflow

rates to be used, suffer small changes in volumewith salt gradients or pH changes, and

can be completely regenerated.
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Table 6. Gel filtration media

Trade name (manufacturer) Matrix Fractionation range, Mr

Biogel (Bio-Rad) polyacylamide (P-type) 100–400 000

agarose (A-type) 1000–150 � 106

Ultrogele (LKB) agarose/polyacrylamide 60 000–1.3 � 106

agarose 25 000–20 � 106

Fractogel (Merck) vinyl polymer 100–5 � 106

(various types)

Sephadex dextran 50–600 000

(Pharmacia) (various types)

Sepharose agarose 10 000–40 � 106

(Pharmacia) cross-linked agarose 10 000–40 � 106

Sephacryl sephacryl/bisacrylamide 5000–1 � 106

(Pharmacia)

Glycophase surface-modified glass 1000–350 000

(Pierce) (1,2-dihydroxypropyl-substituted)



For hydrophobic chromatography, media derived from the reaction of CNBr-activated

Sepharose with aminoalkanes of varying chain length are suitable [256]. Thismethod is

based on the interaction of hydrophobic areas of protein molecules with hydrophobic

groups on the matrix. Adsorption occurs at high salt concentrations, and fractionation

of bound substances is achieved by eluting with a negative salt gradient. This method

is ideally suited for further purification of enzymes after concentration by precipitation

with such salts as ammonium sulfate.

In affinity chromatography, the enzyme to be purified is specifically and reversibly

adsorbed on an effector attached to an insoluble support matrix. Suitable effectors are

substrate analogues, enzyme inhibitors, dyes, metal chelates, or antibodies. The

principle of affinity chromatography is shown in Figure 23. The insoluble matrix

(C) is contained in a column. The biospecific effector, e.g., an enzyme inhibitor (I), is

attached to the matrix. A mixture of different enzymes (E1, E2, E3, E4) is applied to the

column. The immobilized effector specifically binds the complementary enzyme.

Unbound substances are washed out, and the enzyme of interest (E1) is recovered

by changing the experimental conditions, for example by altering pH or ionic strength.

Metal ions can also serve as effectors. They are attached to thematrix with the help of

complexing agents, e.g., iminodiacetic acid [142-73-4]. Here, enzymes are separated on

the basis of differing strengths of interaction with metal ions [257].

Immunoaffinity chromatography occupies a unique place in purification technology. In

this procedure, monoclonal antibodies are used as effectors. Hence, the isolation of a

Table 7. Ion-exchange resins

Trade name (manufacturer) Matrix Anion-exchange Cation-groups**

Cellex (Bio-Rad) cellulose DEAE CM

ECTEOLA phosphoryl

QAE

TEAE

Bio-Gel A (Bio-Rad) agarose DEAE CM

Trisacryl (LKB) synthetic polymer DEAE CM

Fractogel (Merck) vinyl polymer DEAE CM

SP

Sephadex (Pharmacia) dextran DEAE CM

QAE SP

Sepharose (Pharmacia) agarose DEAE CM

Sepharose FF *

Q-Sepharose

S-Sepharose

Sephacel (Pharmacia) cellulose DEAE

* FF = fast flow.

** CM = carboxymethyl:�O�CH2�COO� Na+; DEAE = diethylaminoethyl:�O� CH2�CH2�N+(C2H5 )2H OH�;
ECTEOLA = mixture of different amines; QAE = 2-hydroxypropylamine: �O�CH2�CH2�N+(C2H5)2�
CH(OH)�CH3 Br

�; SP = sulfopropyl: �O� CH2 � CH2 � CH2 � SO�
3 ; TEAE = triethylaminoethyl: �O�CH2�

� CH2�N+(C2H5 )3 Br
�.
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specific substance from a complex biological mixture in one step is possible. In this

procedure, enzymes can be purified by immobilizing antibodies specific for the desired

enzyme.Amore generalmethodoffers the synthesis of a fusionproteinwithproteinAby

‘‘protein engineering’’. Protein A is a Staphylococcus protein with a high affinity formany

immunoglobulins, especially of the IgG class of antibodies. In this way, enzymes that

usually do not bind to an antibody can be purified by immunoaffinity chromatography.

Covalent chromatography differs from other types of chromatography in that a covalent

bond is formed between the required protein and the stationary phases. The principle is

illustrated in Figure 24 for an enzyme containing a reactive mercapto group, such as

urease (E.C. 3.5.1.5) [9002-13-5] [258].

Industrial-Scale Chromatography The main applications of industrial-scale chromato-

graphy in the 1960s were the desalination of enzyme solutions by use of highly cross-

linked gels such as Sephadex G-25 and batch separations by means of ion exchangers

such as DEAE-Sephadex A-50. The stability and hydraulic properties of chromato-

graphic media have been improved so that these techniques are now used on a
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production scale. Important parameters for the scale-up of chromatographic systems

are the height of the column, the linear flow rate, and the ratio of sample volume to bed

volume [259]. Zone spreading interferes with the performance of the column. Factors

that contribute to zone spreading are longitudinal diffusion in the column, insufficient

equilibration, and inadequate column packing. Longitudinal diffusion can be mini-

mized by using a highflow rate.On the other hand, equilibration between the stationary

and the mobile phases is optimal at low flow rates. Because good process economy

depends to a large extent on the flow rate, a compromisemust bemade. In addition, the

flow rate is also dependent on particle size; the decisive factor is usually the pressure

drop along large columns. Although optimal resolution is obtained only with the

smallest particles, the gel must have a particle size that favors a good throughput and

reduces processing times. The use of segmented columns prevents a large pressure drop
in the column (Fig. 25) [260]. Above all, the column must be uniformly packed so that

the particle-size distribution, porosity, and resistance to flow are the same throughout

the column. If this is not done, viscous protein solutions can give an uneven elution

profile, whichwould lead to zone bleeding. The design of the column head is important

for uniform distribution of the applied sample. This is generally achieved by symme-

trical arrangement of several inlets and perforated inserts for good liquid distribution.

The outlet of the column must have minimal volume to prevent back-mixing of the

separated components.

Fig. 24 Covalent chromatography
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Columns of glass, plastic, or in the case of large columns, metal (stainless steel) can

be used. Metal columns are usually highly polished because a smooth surface is more

resistant to corrosion. Viton or poly(tetrafluoroethylene) (PTFE) is applied as sealing

material. Polyethylene tubing can be used to connect small columns. Larger tubing,

with a diameter of more than 4 mm, must be made of metal, with special screw

connections. No dead angles should be present in which liquid can collect and cause

contamination by microbial growth.

Figure 26 shows a typical industrial chromatographic column. To avoid contamina-

tion of the column, sterile filters are placed at the entrance and exit. Optimal and

efficient production systems not only must meet official standards such as those of the

Food and Drug Administration (FDA) or Bundesgesundheitsamt (BGA), but must also

comply with rules of good manufacturing practice (GMP), which makes cleaning-in-

place (CIP) necessary. The systemmust be operated so that impurities from the process

or from microbial growth can be removed completely. Chromatographic columns can

be cleaned only by washing with chemicals. The reagents used for this purpose are

described in Table 8. Figure 27 shows the steps involved in processing extracellular

enzymes.

3.2.5

Product Formulation

Enzymes are sold as stabilized liquid concentrates or as particulate solids. The primary

task of formulation is to minimize losses in enzymatic activity during transport,
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storage, and use. Enzymes are often exposed to humid, hot, or oxidative environments

in industrial applications such as detergents, textile formulations, and food and

beverage processing. Much can be done at the screening or research stage to identify

enzymes that are structurally more stable or resistant to oxidation; chemical stabilizers

can do little to protect thermally or chemically labile enzymes [261].

Formulations enhance stability by counteracting the primary forces of deactivation:

denaturation, catalytic-site deactivation, and proteolysis [262]. Denaturation occurs by

physical unfolding of an enzyme’s tertiary protein structure under thermal or chemical

stress. Once an enzyme begins to unfold it becomes dramatically more vulnerable to

deactivation and proteolysis. To minimize unfolding, the formulator can alter the

protein’s environment so as to induce a compact protein structure; this is done most

Fig. 26 Production-scale chromatography column (Pharmacia)

Table 8. Reagents for cleaning-in-place (CIP) of chromatographic media

Substance Purification power (protein and fat) Sterilization and removal of pyrogens

Sodium hydroxide ++ +

Acids � +

Sodium phosphate + �
Surfactants ++ �
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effectively by ‘‘preferential exclusion’’ ofwater from the protein surface by addingwater-

associating compounds such as sugars, polyhydric alcohols, and lyotropic salts [263].

The best ways to combat active site inactivation are to ensure sufficient levels of any

required cofactors, to add reversible inhibitors, and to exclude oxidizing or reactive

species from the formulation.

Besides enzymatic stability, a formulation should meet several key secondary

requirements, including preservation against microbial contamination, avoidance of

physical precipitation or haze formation, minimizing the formation of sensitizing

dusts or aerosols, and the optimization of esthetic criteria such as color and odor.

Many of these problems are best addressed by focusing as far ‘‘upstream’’ as

possible, including the choice of rawmaterials in the fermentation or enzyme recovery

process. Downstream operations such as diafiltration, adsorption, chromatography,

crystallization, and extraction can be used to remove impurities responsible for color,

odor, and precipitation [264]. The risk of physical precipitation is minimized by

formulating near the isoelectric point of the enzyme with hydrophilic solvents such

as glycerol or propylene glycol. One can effectively also addmoderate levels of solvating

salts to avoid either salting-out or ‘‘reverse salting-in’’. To prevent microbial contam-

ination, one can use a combination of filtration, acidification, and the minimization of

free water; biocides can be effective, but the range of acceptable chemicals for

controlling or killing microbes is increasingly circumscribed by health and safety

regulations.

Worker safety has been a primary driver in the development of dry granular enzyme

formulations for powdered laundry detergents and textile formulations. Since the

1970s, enzyme granules have become increasingly resistant to physical breakage and

formation of airborne dusts upon handling. Two processes producing the most

attrition-resistant granules to date are high-shear granulation and fluidized-bed spray

coating. These processes use various binders, coatings, and particle morphologies to

produce nonfriable particles which still protect enzymes during storage but allow for

their ready release in solution during application.
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Fig. 27 Isolation of extracellular enzymes

a) Hold tank;

b) Filtration;

c) Precipitation vessel;

d) Centrifuge;

e) Suspension vessel;

f) Spray drier



3.2.6

Waste Disposal

Because of the generally low concentration of enzyme in the starting material, the

volume of material that must be processed is large, and substantial amounts of waste

accumulate. The spent fermentationmediumcan still contain large amounts of unused

nutrients. However, recycling is generally not possible because of the presence of

metabolites in the medium. Solid organ remains and mycelium, which are used as

animal feed, can be separated. The latter must be carefully checked for undesired

metabolites, e.g., antibiotics, before being fed to animals.

In recombinant DNA techniques, the need to maintain absolute containment is of

great concern. Waste must be chemically or thermally inactivated before disposal, to

ensure that no live organisms escape into the environment.

3.3

Immobilization

Synthesis, decomposition, and partial conversion of different compounds in biological

systems are catalyzed by enzymes, water-soluble globular proteins. The catalytic activity

of enzymes is brought about by their tertiary and quaternary (oligomeric enzymes)

structures. All enzymes have a catalytic center, one or several substrate binding sites,

and one or several regulatory sites.

The characteristics of enzymes as catalysts are (1) enzymes are able to catalyze

reactions at ambient temperature and pressure and in a pH range around neutral, and

(2) enzymes have strict substrate specificity, stereospecificity, regiospecificity, and

reaction specificity. These facts suggest that energy-saving, resource-saving, and

low-pollution processes could be designed by using enzymes, because such processes

would operate at relatively low temperature and atmospheric pressure with little

byproduct formation. However, the molecular structure of enzymes that is essential

for their catalytic activity is liable to be destroyed under conditions such as high

temperature, high or low pH, presence of organic solvents, or even conditions suitable

for catalysis. The recovery of active enzymes from spent reaction mixtures is another

problemwhen free (nonimmobilized) enzymes are used. Immobilization is one way of

eliminating some of the disadvantages inherent to enzymes.

Therefore, the immobilization of biocatalysts–not only enzymes but also cellular

organelles, microbial cells, plant cells, and animal cells–is attracting worldwide atten-

tion in the practical application of bioprocesses. In general, immobilized biocatalysts

are stable and easy to handle compared to their free counterparts. One of their most

important features is that they can be used repeatedly in a long-term series of batchwise

reactions or continuously in flow systems. At present, applications of immobilized

biocatalysts include (1) the production of useful compounds by stereospecific or

regiospecific bioconversion, (2) the production of energy by biological processes, (3)

the selective treatment of specific pollutants to solve environmental problems, (4)

continuous analyses of various compoundswith a high sensitivity and ahigh specificity,

and (5) medical uses such as new types of drugs for enzyme therapy or artificial organs.
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These processes require the immobilization not only of single enzymes but also of

several different enzymes, organelles, or cells that catalyze more complex reactions.

Various methods have been developed for the immobilization of biocatalysts, and they

are being used extensively today.

3.3.1

Definitions

Immobilized enzymes are defined as ‘‘enzymes physically confined or localized in a

certain defined region of space with retention of their catalytic activities, which can be

used repeatedly and continuously’’ [265]. This definition is applicable to enzymes,

cellular organelles, microbial cells, plant cells, and animal cells, that is, to all types of

biocatalysts. In some cases, these biocatalysts are bound to or within insoluble

supporting materials (carriers) by chemical or physical binding. In other cases,

biocatalysts are free, but confined to limited domains or spaces of supportingmaterials

(entrapment).
The European Federation of Biotechnology, Working Party on Applied Biocatalysis

(formerly, the Working Party on Immobilized Biocatalysts) has proposed that immo-

bilized cells should be classified as viable and nonviable, where viable includes

growing and nongrowing or respiring. According to the same definition, the terms

dead, resting, and living should not be used [266]. However, in this section, the terms

treated, resting, and growing — and in some cases, living — are used for classifying the

condition of immobilized cells. Treated cells are subjected to chemical or physical

treatment before or after immobilization, and resting cells do not show growth during

utilization.

3.3.2

History

In 1916, NELSON and GRIFFIN observed that yeast invertase (E.C. 3.2.1.26) [9001-57-4]

adsorbed on charcoal was able to catalyze the hydrolysis of sucrose [267]. After that,

several reports were published on the immobilization of physiologically active proteins

by covalent binding on several supports.However, immobilized enzymeswerenot used

in practice until 1953, when GRUBHOFER and SCHLEITH immobilized several enzymes,

such as carboxypeptidase, diastase, pepsin, and ribonuclease, on diazotized polyami-

nostyrene resin by covalent binding [268]. Thereafter, MITZ reported the ionic binding

of catalase (E.C. 1.11.1.6) [9001-05-2] on DEAE-cullulose in 1956 [269]. BERNFELD and

WAN described the entrapment of trypsin (E.C. 3.4.21.4) [9002-07-7], papain

(E.C. 3.4.22.2) [9001-73-4], amylase, and ribonuclease in polyacrylamide gel in 1963

[270], andQUIOCHO andRICHARDS demonstrated the cross-linking of carboxypeptidaseA

(E.C. 3.4.17.1) [11075-17-5] with glutaraldehyde in 1964 [271]. Microencapsulation of

carbonic anhydrase (E.C. 4.2.1.1) [9001-03-0] was reported by CHANG in 1964 [272] and

the preparation of liposomes containing amyloglucosidase (E.C. 3.2.1.3) [9032-08-0] by

GREGORIADIS in 1971 [273]; both were used in enzyme therapy. During this pioneering

period, KATCHALSKI-KATZIR and co-workers made extensive contributions to the theore-

tical understanding of immobilized enzymes [274].
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In 1969, CHIBATA and co-workers of Tanabe Seiyaku Co., Japan, were successful for

the first time in the industrial application of immobilized enzymes. Fungal aminoa-

cylase (E.C. 3.5.1.14) [9012-37-7] was immobilized on DEAE-Sephadex through ionic

binding and used for the stereoselective hydrolysis ofN-acyl-D,L-amino acids to yield L-

amino acids and N-acyl-D-amino acids [275]. The first industrial application of immo-

bilized microbial cells was also performed by CHIBATA and co-workers in 1973 to

produce L-aspartate from ammonium fumarate by polyacrylamide gel-entrapped

Escherichia coli cells containing a high activity of aspartase (E.C. 4.3.1.1) [9027-30-9].

Other processes that have been industrialized use immobilized enzymes andmicrobial

cells. They are discussed briefly in Section 3.3.5.

3.3.3

Methods

For the application of immobilized biocatalysts, their screening to the desired activity

and characteristics is most important. In addition, selection of the appropriate

combination of supportingmaterial and immobilizationmethod, both of which should

be suitable for each biocatalyst, is necessary. No systematic concept is available at

present for design of the most appropriate method of immobilization for various

biocatalysts. Optimization is carried out in general by trial and error.

At present, various immobilization techniques are available [276], and Figure 31

illustrates the principles of thesemethods. Because eachmethodhas its ownmerits and

demerits, selection should be based on the intended purpose, including type of

biocatalyst, type of reaction, and type of reactor.

Supporting materials should have adequate functional groups to immobilize

the biocatalysts, as well as sufficient mechanical strength; physical, chemical, and

biological stability; and nontoxicity. Easy shaping is also important for applying

immobilized biocatalysts to different types of reactors. Furthermore, the economic

feasibility should be examined. Some supporting materials are described in the

following sections.

3.3.3.1 Carrier Binding

Enzyme proteins have amino acid residues containing chemically reactive groups, ionic

groups, and/or hydrophobic groups, as well as hydrophobic domains. These amino acid

residues and thehydrophobic domains canparticipate in the immobilizationof enzymes

through covalent linkage, ionic binding, or physical adsorption. Various types of

insoluble supports (carriers) are utilized as is or after proper modification or activation.

Covalent Binding Amino acid residues that are not involved in the active site or

substrate-binding site of the enzymes to be immobilized can be used for covalent

binding with supports. These are the e-amino group of lysine, the mercapto group of

cysteine, theb-carboxyl group of aspartic acid, the g-carboxyl group of glutamic acid, the

phenolic hydroxyl group of tyrosine, or the hydroxyl groups of serine and threonine.

Hydroxyl, carboxyl, and amino groups are especially excellent targets because of their

relative abundance in enzyme molecules.

70 3 General Production Methods



Enzymes immobilized by covalent binding have the following advantages:

(1) because of the tight binding, they do not leak or detach from supports during

utilization; (2) immobilized enzymes can easily come into contact with substrates

because the enzymes are localized on the surface of supports; and (3) an increase in heat

stability is often observed because of the strong interaction between enzymemolecules

and supports.

On the other hand, disadvantages of covalent binding are: (1) active structures of

enzyme molecules are liable to be destroyed by partial modification; (2) strong

interaction between enzyme molecules and supports often hinders the free

movement of enzyme molecules, resulting in decreased enzyme activity; (3) optimal

conditions of immobilization are difficult to find; (4) this method is not suitable for

immobilization of cells; and (5) supports, in general, are not renewable. Hence, this

principle is well-suited to expensive enzymes whose stability is significantly improved

by covalent binding.

Despite these disadvantages, covalent binding is often applied to the preparation of

immobilized enzymes for analytical purposes. Some typical examples of covalent

binding methods are described below, but many other techniques have also been

reported.

Cyanogen Bromide The cyanogen bromide method was first demonstrated by AXÉN

and his co-workers [277]. It involves the activation of supports having vicinal hydroxyl

groups (1), such as polysaccharides, glass beads, or ceramics, with cyanogen

bromide [506-68-3] (2), to yield reactive imidocarbonate derivatives (3). The sub-

sequent reaction between the activated supports and enzyme molecules gives N-
substituted isourea (4), N-substituted imidocarbonate (5), and N-substituted carba-

mate derivatives (6).

This method has been widely used for the immobilization of various enzymes,

and CNBr-activated supports, such as CNBr-activated Sepharose, are available.

Aminated glass beads and aminated polyacrylamide gel are also used as supports

in this method. The insertion of spacers such as hexamethylenediamine [124-09-4]

is also possible, to avoid strong interaction between enzyme molecules and

supports.

3.3 Immobilization 71



Acid Azide Derivatives The acid azide method, which is used for peptide synthesis, is

also applicable to the immobilization of various enzymes [278]. For example, carbox-

ymethyl cellulose [9004-42-6] (7) is converted to the methyl ester (8) and then to the

hydrazide (9) with hydrazine. The hydrazide reacts with nitrous acid to form the azide

derivative (10), which can then react with enzymemolecules at low temperature to yield

immobilized enzymes (11). Several supports containing carboxyl groups can be used

for this method.

Condensing Reagents Carboxyl groups or amino groups of supports and amino groups

or carboxyl groups of enzyme molecules can be condensed directly through the

formation of peptide linkages by the action of carbodiimide reagents or Woodward’s

reagent K (N-ethyl-5-phenylisoxazolium-30-sulfonate) [4156-16-5]. Carboxymethyl cel-

lulose is one of the supports used for this method [279].

Diazo Coupling Supports having aromatic amino groups (12) are diazotized with

nitrous acid to form the diazonium derivatives (13), which react with enzyme

molecules to yield immobilized enzymes (14). 4-Aminobenzyl cellulose [9032-51-

3] [280] and polyaminostyrene [9060-90-6] [281] are typical supports used for this

method.

Alkylation Alkylation groups on supports can easily react with amino groups, phenolic

hydroxyl groups, and sulfhydryl groups of the enzyme molecules. For example,

halogenated acetyl cellulose (15) [282] and triazinyl derivatives of ion-exchange resins

(16) or cellulose [283] may be used for this method.
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Carrier Cross-linking Supports and enzyme molecules can be cross-linked with bi- or

multifunctional reagents. For example, aminoethyl cellulose [9032-36-4] (17) and

amino groups of enzyme molecules are combined through Schiff’s base linkage

(19) with glutaraldehyde [111-30-8] (18) [284]. Diisocyanates represent another group

of cross-linking reagents. Several supports containing amino groups are also

employed.

Ionic Binding Since catalase was found to be bound to ion-exchange cellulose [269],

this method has been applied for the immobilization of many enzymes, because the

procedure is very simple, the supports are renewable, and the enzymes are not

modified. Themost notable example is the production of L-amino acids by aminoacylase

(E.C. 3.5.1.14) [9012-37-7] immobilized on DEAE-Sephadex [275]. Binding of enzymes

on supports is affected by the kind of buffers used, pH, ionic strength, and temperature.

Several derivatives of cellulose and Sephadex, as well as various ion-exchange resins,

can be utilized for immobilization.

Physical Adsorption Biocatalysts often bind to carriers by physical interaction such as

hydrogen bonding, hydrophobic interaction, van der Waal’s forces, or their combined

action. Although biocatalysts are immobilized without any modification, interaction

between biocatalyst and support is generally weak and affected by such environmental

conditions as temperature or concentration of reactants. Various inorganic supports are

often used. Several synthetic resin beads and natural materials (e.g., chitosan beads

with micropores of controlled size) having strong adsorption capacities are available.

Adsorption followed by cross-linking with glutaraldehyde sometimes stabilizes the
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activity of immobilized enzymes. Phenoxyacetylated cellulose and glass beads are used

as specific supports of a hydrophobic nature. Tannins, which interact strongly with

proteins, are also applied as ligands after appropriate immobilization. Cellular orga-

nelles and various types of cells can be immobilized by physical adsorption. Supports

are renewable under appropriate conditions.

3.3.3.2 Cross-linking

Bi- and multifunctional compounds serve as reagents for intermolecular cross-

linking of enzymes. Cross-linked enzymes are then insoluble macromolecules.

In addition to glutaraldehyde [111-30-8] (20) [271] which is the most popular cross-

linking reagent, several compounds such as toluene diisocyanate [1321-38-6]

or hexamethylene diisocyanate [822-06-0] (21) are used. The yield of enzyme activity

is usually low. Microbial cells are also cross-linked with glutaraldehyde to yield

cell pellets.

3.3.3.3 Entrapment

Entrapped biocatalysts are classified according to the following different types:

Lattice type: biocatalysts entrapped in gel matrices prepared from polysaccharides,

proteins, or synthetic polymers.

Microcapsule type: biocatalysts entrapped in microcapsules of semipermeable synthetic

polymers.

Liposome type: biocatalysts entrapped within liquid membranes prepared from phos-

pholipids.

Hollow-fiber type: biocatalysts separated from the environment by hollow fibers.

Membrane type: biocatalysts separated from the spent reaction solution by ultrafiltration

membranes.

The advantages of entrapping methods are that not only single enzymes but also

several different enzymes, cellular organelles, and cells can be immobilized with

essentially the same procedures. Biocatalysts are not subjected to seriousmodification,

and immobilization eliminates the effect of proteases and enzyme inhibitors of

high molecular mass. However, disadvantages are (1) substrates of high molecular
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mass can hardly gain access to the entrapped biocatalysts and (2) supports are not

renewable. Entrapment within ultrafiltration membranes can avoid the disadvantages

inherent in entrapping methods, although inactivated enzyme molecules often pre-

cipitate on the membrane surface, which results in decreased permeability to reaction

solutions. The lattice-type method is most widely applied for preparing immobilized

biocatalysts. Several examples of this technique are mentioned in the following

paragraphs.

Polyacrylamide Gel Since BERNFELD and WAN [270] reported the entrapment of several

enzymes in polyacrylamide gels (24), different types of biocatalysts including cellular

organelles andmicrobial cells have been immobilized by thismethod. Thismethodwas

also applied to the industrial production of L-aspartate, L-malate, and acrylamide by

immobilizedmicrobial cells. In a typical procedure, acrylamide [79-06-1] (22) andN,N0-
methylenebisacrylamide [110-26-9] (23) (cross-linking reagent) are mixed with bioca-

talysts and polymerized in the presence of an initiator (potassium persulfate [7727-21-

1]) and a stimulator (3-dimethylaminopropionitrile [1738-25-6] (DMAPN) orN,N,N0N0-
tetramethylenediamine [110-18-9]). Although this technique is used for various pur-

poses, acrylamide monomer sometimes inactivates enzymes. Several analogues or

derivatives of acrylamide can also be used in this method.

Alginate Gel Several natural polysaccharides, such as alginate, agar, and k-carrageenan,
are excellent gel materials and used widely for the entrapment of various biocatalysts.

Sodium alginate I [9005-38-3], which is soluble in water, is mixed with a solution

or suspension of the biocatalysts and then dropped into a calcium chloride solution

to form water-insoluble calcium alginate gels that immobilize enzymes, cellular

organelles, or microbial cells [285]. However, gels are gradually solubilized in the
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presence of calcium ion-trapping reagents such as phosphate ions. Aluminum ions or

several divalent metal ions can be substituted for calcium.

This method is used widely for immobilization of various biocatalysts because of its

simplicity and the availability of sodium alginate.

k-Carrageenan Gel CHIBATA and co-workers [286] have extensively screened gel mate-

rials for the immobilization of enzymes and microbial cells in industrial applications

and have found k-carrageenan (25) to be the best.

k-Carrageenan in saline is mixed with a solution or suspension of biocatalysts and

dropped into a solution of gelling reagent, such as potassium chloride [7447-40-7] [287].

Various cations, such as ammonium, calcium, and aluminum, also serve as good

gelling reagents. Hardening of gels with glutaraldehyde and hexamethylenediamine

often stabilizes the biocatalysts entrapped in k-carrageenan gels.

This method has replaced polyacrylamide gels in the industrial production of

L-aspartate [288] and L-malate [289] by means of immobilized microbial cells.

k-Carrageenan gels can be solubilized in saline or in water, which enables the

number of cells in the gel to be counted.

Synthetic Resin Prepolymers With the application of a variety of bioreactions, includ-

ing synthesis, transformation, degradation, or assay of various compounds having

different chemical properties, entrapment of biocatalysts in gels of controlled physi-

cochemical properties has becomedesirable. Selection of suitable gels andmodification

of natural polymers tomeet each purpose are usually difficult. For these reasons, a new

entrappingmethodusing synthetic resin prepolymers has been developed by FUKUI and

co-workers [290].

Specific features and advantages of the prepolymer method are (1) entrapment

procedures are very simple and proceed under very mild conditions; (2) prepolymers

do not contain monomers that may have unfavorable effects on enzyme

molecules; (3) the network structure of gels can easily be controlled by using

prepolymers of optional chain length; and (4) the physicochemical properties of gels,

such as the hydrophilicity–hydrophobicity balance and the ionic nature, can be

changed by selecting suitable prepolymers synthesized in advance in the absence of

biocatalysts.

Photo-cross-linkable resin prepolymers having hydrophilic (26) or hydrophobic (27)

properties, cationic or anionic nature, and different chain lengths have been developed

[290], [291].
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Mixtures of prepolymers and biocatalysts are gelled by irradiation with long-

wavelength UV light for several minutes in the presence of a proper sensitizer such

as benzoin ethyl ether [574-09-4]. This method has been applied for the pilot-scale

production of ethanol by immobilized growing yeast cells.

Entrapment by urethane prepolymers (28) with different hydrophilicity or hydro-

phobicity and chain length is much simpler [290], [292]. When the liquid prepolymers

are mixed with an aqueous solution or suspension of the biocatalysts, the prepolymers

react with each other to form urea bonds and liberate carbon dioxide.

These prepolymers can immobilize not only enzymes but cellular organelles and

microbial cells as well. The hydrophilicity–hydrophobicity balance of these gels has

been demonstrated to affect especially the bioconversion of lipophilic compounds in

organic solvent systems [293].

3.3.4

Characterization

The characteristics of immobilized biocatalysts should be described in the literature

because different methods and preparations must be compared for their evaluation.

However, determination of what kinds of description and what types of parameters

should be given is difficult.Methods for estimating these parameters vary fromgroup to

group. Therefore, at present, the results described in the literature cannot be compared.

The Working Party on Immobilized Biocatalysts within the European Federation of

Biotechnology has made a proposal for the description of several properties of

immobilized biocatalysts [294]. Although the proposal will be difficult to follow

completely, it will be useful for the characterization of immobilized biocatalysts.
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The minimum requirements recommended for characterization of an immobilized

biocatalyst are as follows:

1. General description
reaction scheme

enzyme and microorganism

carrier type

method of immobilization

2. Preparation of the immobilized biocatalyst
method of immobilization, reaction conditions, dry mass yield, activity left in

supernatant

3. Physicochemical characterization
biocatalyst shape, mean wet particle size, swelling behavior

compression behavior in column systems, abrasion in stirred vessels, or mini-

mum fluidization velocity and abrasion in fluidized beds

4. Immobilized biocatalyst kinetics
Initial rates vs.
� substrate concentration for free and immobilized biocatalyst, effect of pH

and buffer

� diffusional limitations in the immobilized biocatalyst system (effect of

particle size or enzyme load on activity)

� degree of conversion vs. residence time (points on a curve)

storage stability (residual initial rate after storage for different periods)

� operational stability (residual initial rate or transforming capacity of reaction

system) after operation for different periods

3.3.5

Application

Immobilized biocatalysts — enzymes, cellular organelles, microbial cells, plant cells,

and animal cells — have been applied to the production or conversion of various

compounds such as amino acids, peptides and enzymes, sugars, organic acids,

antibiotics, steroids, nucleosides and nucleotides, lipids, terpenoids, fuels, or com-

modity chemicals. Some typical examples are described below.

A major industrial application of immobilized enzymes is the production of various

L-amino acids, such as L-alanine, L-isoleucine, L-methionine, L-phenylalanine,

L-tryptophan, and L-valine, by fungal aminoacylase (E.C. 3.5.1.14) [9012-37-7] immo-

bilized on DEAE-Sephadex by ionic binding [275]. This enzyme hydrolyzes stereo-

selectively the L-isomer of N-acyl-D,L-amino acids (29) to yield L-amino acids (30) and

unreacted N-acyl-D-amino acids (31); the latter are subsequently converted into the

racemic formbyheating. In thisway, both the L- and D-isomers are converted completely

to L-amino acids.
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CHIBATA and co-workers also succeeded in producing L-aspartic acid [56-84-8] (33)

from ammonium fumarate [14548-85-7] (32) by polyacrylamide gel-entrapped Escher-
ichia coli cells containing a high activity of aspartase (E.C. 4.3.1.1) [9027-30-9].

An active and stable preparationwas obtained (half-life, 120 d)when the immobilized

cells were incubated with a substrate solution for 48 h at 30 8C [295]. This process is the

first example of an industrial application of immobilized cells and the enzyme partially

isolated from E. coli cells is not as stable even after immobilization. At present, the

process can be improved by entrapping the cells in k-carrageenan gels, followed by

hardening with glutaraldehyde and hexamethylenediamine; these immobilized cells

have a half-life of 680 d [288].

L-Alanine [56-41-7] (34) is produced from L-aspartic acid [56-84-8] (33) by k-carra-
geenan gel-entrapped cells ofPseudomonas dacunhaehaving a high activity of L-aspartate
4-decarboxylase (E.C. 4.1.1.12) [9024-57-1] [296]. This process was commercialized in

1982 by the Tanabe Seiyaku Co. in Japan.

Immobilized penicillin acylase (amidase) (E.C. 3.5.1.11) [9014-06-6] is now widely

used in the production of 6-aminopenicillanic acid [551-16-6] (36) frompenicillinG [61-

33-6] (35). Glucose isomerase (E.C. 5.3.1.18) [9055-00-9] is used in the production of

high-fructose syrup (38) from glucose [50-99-7] (37).
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A process for production of L-malate (40) from fumarate (39) has been developed by

CHIBATA and co-workers by using Brevibacterium ammoniagenes cells containing fumar-

ase (E.C. 4.2.1.2) [9032-88-6] entrapped in polyacrylamide gels [297].

The entrapped cells were treated with bile extract to suppress the formation of

byproduct succinate, which leads to the industrial application of this system in

1974. Later B. flavum was substituted for B. ammoniagenes and k-carrageenan gels

for polyacrylamide gels. k-Carrageenan gel-entrapped cells showed a half-life of 160 d

[289].

The latest use for immobilized biocatalysts is the production of cheap commodity

chemicals such as acrylamide (42) from acrylonitrile (41).

Polyacrylamide gel-entrapped cells of Corynebacterium species are used for the

production of acrylamide at low temperature by Nitto Chemical Industry in Japan.

YAMADA and his co-workers have found that in Pseudomonas chlororaphis, nitrile

hydratase [82391-37-5] participates in this reaction [298].

In addition to the immobilized enzymes and treated cells mentioned above, other

immobilized living or growing cells are now being investigated extensively for the

production ofmore complex compounds by using themetabolic activities of these cells.

Plant and animal cells as well as microbial cells are targets of immobilization because

these cells have self-regenerating and self-proliferating catalytic systems [299]. Geneti-

cally improved cells are also useful biocatalysts.

Bioconversion of lipophilic compounds in organic solvent systems is another subject

of interest industrially. Immobilization in or on proper supports stabilizes biocatalysts

even in the presence of organic solvents [293].

Thus, the applications of immobilized biocatalysts are now expanding along with the

development of immobilization techniques and the improvement of biocatalysts.
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4

Discovery and Development of Enzymes

4.1

Enzyme Screening

4.1.1

Overview

Screening and selection are early processes in the research and development cycle of a

product. In essence this means searching for a particular gene coding for the target

enzyme. In the past this involved exclusively the screening of living microorganisms

(classical microbial screening), but with the application of the modern tools of

molecular biology, screening can be performed without the need to culture the

organisms involved. As with all methods, there are limitations, and a combination

of techniques (combinatorial screening) often provides the greatest success.

The most rewarding starting point for the process of search and discovery is the rich

diversity ofmicroorganisms in nature [300]. It is seldomappreciated that for 85%of the

Earth’s history, life was restricted to microbial forms. The metabolic diversity this has

created is truly immense. During more than four billion years of evolution, enzymes

have emerged that are perfectly adapted for maintaining cellular processes. However,

many enzymes are required to perform in amilieu that is far removed from the natural

physiological conditions andmay even involve exposure to chemicals known to degrade

or denature enzymes, which leads to loss of activity. Usually, enzyme screening and

selection strategies are based on knowledge of the application and the physical and

chemical conditions under which the enzyme must operate. Therefore, selection for

enzyme performance under application conditions is an essential early step in the

screening process. Access to a large gene pool is another prerequisite for a successful

screening program. The approaches can involve the indiscriminate examination of

heterogeneous material (e.g., soil) gathered from the environment, or an ecological

approach with a targeted examination of specific habitats where a particular activity is

likely to be found. Strategies can be adopted to search specifically in poorly explored

environments in order to access a greater variation in genomes fromnovelmicrobes. In

the search for new genes, exploration of extreme environments such as volcanic hot

springs, hypersaline lakes, and polar soils has yieldedmanynovelmicroorganismswith

peculiar properties [301–303]. Alternatively, a taxonomy-based approach involving a
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systematic study of known organisms can also be rewarding. By combining enzyme

screeningwithmodern techniques such as protein engineering and directed evolution,

hybridmolecules with an improved performance under specific application conditions

can be found. This chapter will describe the different screeningmethods currently used

in industry to obtain enzymes with desired properties.

4.1.2

Natural Isolate Screening

The sourcematerial for enzyme discovery can be plant or animal matter andmicrobes,

both prokaryotes (e.g., bacteria and archaea) and eukaryotes (e.g., yeasts and fungi).

Microorganisms are the major source for industrial enzymes. The classical method of

screening natural microbial isolates is a well-established process having its roots in

antibiotic discovery (e.g., penicillins, streptomycin) in the decades after 1945. It involves

the examination of thousands of samples of soils, plant material, etc., and the random

isolation and screening of the resident microbial flora. Although capable of significant

automation, the throughput capacity largely determines the speed of progress. In the

past, screening strategies using soil samples as a starting point were highly empirical.

But much can be done to reduce the need for extensive experimentation. These

processes involve subjecting an environmental sample (e.g., soil) to selective pressure

using the principles of enrichment culture by manipulating the growth conditions so

that only microorganisms expressing a particular enzyme are able to grow and survive.

For example, by providing only xylan as a source of carbon and energy, only microbes

producing a xylanase constitutively or by induction will grow, and the culture becomes

enriched in these organisms. The system is capable of considerable refinement; for

example, if an acidic xylanase is required, then the pH of the enrichment culture can be

designed to permit growth of microbes producing the enzyme at pH 4–6. A successful

outcome can be improved by a judicious choice of environment for examination, for

example, acidic soils, peat bogs, and forest litter.

An ecological approach takes advantage of the natural selective pressure of the

environment. For example, an alkaline environment such as a soda lake at pH 9 is

inhabited only by alkaliphilic microorganisms. It is likely that these organisms have

extracellular enzymes that are stable and perform optimally at high pH, and this is

indeed the case [304]. For screening of feed enzymes such considerations are often less

clear-cut. What, for example, is the natural habitat for a phytase-producing micro-

organism?Phytate, a storage phosphate, is often amajor component of some seeds, and

screeningmicroorganisms in intimate association with the roots of germinating seeds

(rhizosphere) would be an appropriate niche to examine.

The time between collection of the environmental sample and its examination in the

laboratory can be critical, since changes will inevitably occur. Even in the best-preserved

samples, chemical and physical changes may lead to the death of some organisms and

reduced viability of others. The longer the time lapse, the more serious these changes

canbe. There aremany advantages in treating the sample immediately in thefield, since

this can lead to the isolation of a totally different population ofmicrobes. It can be useful

to provide ‘‘bait’’ for specific microbes or types of microbial activities. An example of
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this in situ enrichment is placing cotton linters in an environment such as lake

sediment and retrieving the sample at a later date. The sample can then be taken back to

the laboratory and screened for cellulolytic activity. Many other enrichment techniques

have been developed empirically, such as the use of water- or chitin-agar for isolation of

slow-growing actinomycetes, and such ideas are limitless [305].

In addition to enrichment for desired microorganisms, the numbers of unwanted

microbes can be reduced. In fact, the first problem in processing of samples is often one

of numbers. Composts and soils rich in organic matter contain enormous numbers of

microbes. Some form of dilution is required, or targeting of specific groups. Selective

techniques can involve, for instance, careful air-drying of the (soil) sample, which

reduces thenumbers ofGram-negative bacteria, or a brief heat treatment at 80 8C,which
kills most microorganisms but leaves the resistant spores of bacteria such as Bacillus
intact. Antibiotics may be incorporated into the growth medium. For example, Gram-

positive bacteria are more sensitive towards penicillin than Gram-negative bacteria.

Whatever the screening strategy adopted, all these approaches rely on some form of

selection criteria for the organism-activity combination being sought. The most widely

applied methods involve growing the microbes on an agar plate containing the

appropriate enzyme substrate for detecting the desired enzyme activity. Often the

methods employed are proprietary and frequently constitute more of an art than an

exact science. Some methods, however, are well understood. For instance, incorporat-

ing casein as sole carbon source into an agarmediumwith an opaque surfacewill reveal

protease-secreting organisms as a clear halo of hydrolyzed casein around the growing

colony. Similarly, lipase activity can be monitored by a change in color of an indicator

that visualizes the drop in pH due to the release of fatty acids from a lipid substrate.

Specific cleavage reactions can also be detected by release of a fluorescent product or a

strongly absorbing (chromogenic) product froman appropriate substrate [306–308]. An

interesting possibility is provided by display of a quenched fluorescent substrate on the

cell surface of a recombinant host that after cleavage gives a fluorescent product which

remains associated with the cell [309].

The selection of microorganisms is a very critical stage in the screening process and

can be quite subjective, especially if the numbers involved are very large. Even though

the screening has followed some form of selection process it is often not easy to

distinguish the different types of microorganism growing on an agar medium. This is

particularly true of bacteria, which, unless they are clearly colored, all look much the

same. This gives rise to one of the biggest drawbacks of the random approach to

isolation and screening of naturally occurring strains: the problem of redundancy. The

samemicrobewill recur time and again fromdifferent samples collected fromdifferent

locations, and thismay explainwhy somany products come froma very limited range of

microbes. Until relatively recently most screening strategies were fairly conservative.

The tendency to use rich media that favor fast-growing, nutritionally undemanding

organismshas lead to an overemphasis on particular groups ofmicroorganisms. This is

coupled to the fact that certain fungal genera such as Aspergillus and Trichoderma, and
Bacillus and Pseudomonas species among the bacteria, have traditionally been a rich and

proven source of commercial enzymes. To ensure greater diversity and as a measure of

how extensive a screening has been, some estimate of the biodiversity of the population
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screened is required. A decade ago this was a daunting task involving a detailed

examination of each organism, but nowadays fast molecular methods are available. A

range of techniques rapidly group collections of unknown strains into clusters of related

organisms. Total cell protein patterns, amplified fragment length polymorphism,

ribotyping, amplified ribosomal DNA restriction analysis, internally transcribed spacer

region PCR, single-strand conformational polymorphism combinedwith sophisticated

electrophoresis methods, and image analysis for data acquisition and computation can

provide information on the diversity of a strain collection. Today, the ease with which

small subunit ribosomal RNA (ssu rRNA) gene sequencing can be performed,

combined with a large and growing database for comparison, means that specific

organisms can often be quickly assigned to known taxonomic groups, or novel

microorganisms can be recognized. The clustering of organisms into related groups

of strains can be combined with screening of selection data, thus permitting the

identification of specific attributes with recognized groups of organisms. This infor-

mation allows one to devise particular procedures for the isolation of a specific target

group and the imposition ofmore stringent selection criteria. Even so, it is still too easy

to overlook potential novel isolates, especially when confronted by many hundreds of

culture dishes, each one containing several hundred similar-looking microbial colo-

nies. Nowadays, the task can be performed by colony-picking robots and visual imaging

systems coupled to computers.

One problem often encountered early in the screening process is that natural

microbial isolates usually produce commercially important enzymes in exceedingly

low concentrations. Environmental manipulation that optimizes the growth and

production conditions is limited by the intrinsic maximum ability of the wild-type

organism. Classical genetic manipulation by selecting mutants with improved proper-

ties can lead to an increase of potential yield. The classical techniques of mutation and

selection for microorganisms with improved attributes has been applied for many

decades. Modern methods of molecular biology have accelerated the possibilities of

creating in the laboratory microorganisms with new or improved activities.

4.1.3

Molecular Screening

If a suitable lead enzyme, for example, an acid xylanase, has been identified in a

particular species then a search can be made for homologous enzymes in related

species. The process requires the application of reverse genetics. Enzymes are polymers

of amino acids covalently bonded in a defined sequence. The order in which the amino

acids are arranged in the enzyme can be analyzed by a process known as N-terminal

sequencing. Since the genetic code is universal it is possible to predict the probable

sequence of nucleotide bases in the gene coding for the specific enzyme. Using this

information a probe can be constructed consisting of 15 to 20 nucleotides (primer set)

in the correct sequence, which, because of the double helix nature of DNA, will bind to

the complementary strand. By using the primer set in the polymerase chain reaction

(PCR) on chromosomal DNA from related organisms, a homologous gene can be

amplified and transferred to a host organism such as E. coli for expression of the gene
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product, i.e., a homologous enzyme [310]. In practice the procedure can be a little more

complex than is described here, but it is possible to track down enzymes with identical

functionality (e.g., a xylanase) butwith a significantly different sequence of amino acids,

whereby only the crucial elements of the enzyme such as the active site have been

conserved through evolution. In application tests these ‘‘new’’ enzymes may have

significantly different properties, such as improved temperature or pH stability

compared with the lead molecule. In this way whole families of related organisms

can be screened. Alternatively, the microbial DNA can be probed with DNA carrying a

radioactive or fluorescent label by a technique called hybridization. However, all

molecular methods based on similarity screening have one big drawback. They rely

on a comparison with data that has already been recorded.

4.1.4

Environmental Gene Screening

Even though molecular screening is a very powerful technique it seems limited by the

ability to grow and extract suitable DNA from the target organisms. It is also confined to

known microorganisms that have been isolated, described, and deposited in culture

collections. However, it has been estimated that fewer than 1% of all microorganisms

that exist in nature have been isolated, and even fewer have been adequately char-

acterized and described [311]. It is thought that fewer than 25% of the microbes in a

sample taken from the environment can actually be cultured in the laboratory. There

may be many reasons for this ‘‘unculturable’’ portion of the microbial community.

Some cells may be in a resting phase, damaged, or moribund; some may not be true

residents andnot formpart of the active population; othersmay be opportunistswaiting

for a shift in environmental conditions in their favor; while others may have unknown

requirements for culture that remain unmet in the laboratory.

Cultivation in the laboratory has a strong selective bias; the techniques are very

conservative and have hardly changed for 100 years. Yet we are imprisonedwithin these

constraints since we have no intellectual answers to this problem [312]. The main

biodiversity of life is microbial, distributed among three primary relatedness groups or

domains: Archaea, Bacteria, and Eukarya. The number of validly described species of

prokaryotes is about 4500 and increases at a rate of 100–200 per year. In 1987, WOESE

described the bacterial domain as comprised of about 12 naturally related groups

(divisions) based on ssRNA sequence analysis of familiar cultivated organisms and

showed that they displayed greater evolutionary depth (genetic biodiversity) than plants,

animals, and fungi [313]. Phylogenetic studies of cultured and environmental

sequences have since expanded substantially our appreciation of the scope of bacterial

biodiversity. Three trail-blazing, seminal research reports, all published in 1990,

indicated that bacterial biodiversity based onmolecular studies was significantly larger

than that known from pure cultures. From a DNA-DNA reassociation study it was

estimated that a single sample of forest soil contains about 12 000 bacterial species

[314]. The other two studies reported cultivation-independent retrieval of partial 16S

rDNA sequences from marine bacterioplankton [315] and hot springs [316]. The

retrieved 16S rRNA sequences did not match those of known cultured bacteria and
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thereby provided evidence for numerous as yet unknown bacteria. A more recent

examination of environmental DNA derived from diverse habitats revealed, in addition

to a vast biodiversity of yet to be cultivated microorganisms, that the cultivated

microorganisms may not be the dominant flora in these environments, and this

provides a further challenge to the screening by enrichment culturemethods [317, 318].

Now, after nearly a decade of direct rRNA sequence retrieval from the natural

environment, nearly 40 distinct bacterial divisions (kingdom-level phylogenetic diver-

gences) are resolved. Just four of these divisions account for 90% of all cultivated

bacteria (Proteobacteria, Cytophaga-Flavobacterium-Bacteroides, and the high and low

GþCGram-positives). It is small wonder that most microbial biotechnology is devoted

to organisms that fall into these groups. For over 15 of the bacterial divisions, not a

single organism in culture is known, and for a further 15 divisions one or two cultured

representatives are supported only by the environmental sequence footprint [319]. The

phylogenetic differences between the bacterial divisions are probably reflected in

substantial physiological differences [320].

Fortunately recent technological developments have permitted access to at least a

portion of these uncultivated microbes [317, 321]. It is possible to extract DNA or even

RNA directly from the microbial community present in a sample taken from the

environment. Although there are many techniques for extracting chromosomal DNA

from natural microbial communities, not all cells are equally susceptible to lysis, and

theDNAis never recovered to 100%.Another concern is the detection of organisms that

form only a minor proportion of the total community. Their DNA will be under-

represented unless efforts aremade to normalize the sample. The environmental DNA

can be tested for known genes by using themolecular techniques described above. This

requires good quality DNA, since PCR screening is particularly sensitive to disturbance

by contaminating substances in the environment. Alternatively, the environmental

DNA can be cut into smaller fragments by using restriction enzymes, and the frag-

ments cloned into an expression host such as E. coli. Likewise, environmental RNA can

be used to construct cDNA expression libraries. The clones can then be screened for

new enzyme-encoding genes in a manner similar to many of the techniques described

for the screening of natural microbial isolates thus allowing the detection of desired

activities encoded by genes thatmight show only limited or no similarity at all to known

genes.

4.1.5

Genomic Screening

Spectacular progress has been made in the direct sequencing of the nucleotides of a

DNA strand. Already there are millions of gene sequences in public databases. The

whole genomes of over 800 organisms can be found in public databases such as Entrez

Genomes [http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Genome]. The gen-

omes represent both completely sequenced organisms and those for which sequencing

is in progress. All three main domains of life—bacteria, archaea, and eukaryota—are

represented, as well as many viruses and organelles. At present (2006) 302 prokaryotic

(279 bacteria and 23 archaea) genomes and several microbial eukaryotic genomes have
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been sequenced in their entirety, and the sequencing of more than 20 microbial

genomes is in progress. Random shotgun sequencing allows rapid elucidation of

microbial genomes [322], and technical advances are expected to further accelerate

genome sequencing. Originally, pathogenic species were the main focus of microbial

sequencing projects, but manymicrobes with industrial potential are being sequenced

as well. For example, the genomes of thermophilic, alkaliphilic, acidophilic, and salt-

tolerant microbes have been sequenced [323–327]. This illustrates the general belief

that genome analysis will reveal themechanisms underlying the respective lifestyles of

these microbes, aid in identifying industrially relevant extremophilic enzymes, and

possibly allow the recognition of general protein rules that result in enzymatic

performance under extreme conditions. Global analysis of thermophilic proteins

shows, for instance, a tendency to reduced protein size; increased hydrogen bonding,

beta-strand content, and helix stabilization through ion pairs; and preference for

charged residues over uncharged polar residues [323], [328], [329].

When a microbial genome sequence is available, protein-coding genes can be

identified computationally by essentially twodifferentmethods [330]. Ab initio searches

use a template that integrates general knowledge about gene composition and signals to

find novel genes. A more reliable computational method uses similarity to a protein-

coding gene in another organism to identify novel genes. The latter method depends,

however, on the availability of homologous genes, but it has as added benefit the ability

to indicate gene function. Since prokaryotic genes frequently overlap with each other,

exact prediction is notoriously difficult, and as a result the true number of protein-

coding genes for sequenced microbial genomes remains debatable [331], [332]. A

further complication that adds to the discrepancy between gene predictions and

expressed proteins is presented by alternative splicing, which can occur in microbial

eukaryotes [333]. Several experimental approaches, such as EST sequencing and

scanning-tiling microarray analysis, allow validation of computationally identified

genes [334].

The enormous amount of sequence data in the public domain has driven the

emergence of bioinformatics, which can be defined as the interface between biological

and computational sciences. Bioinformatics uses computational tools to organize and

analyze biological data and aims to extract biological information and knowledge.

Typical examples include identification of homologous genes or specific protein

domains and transfer of functional knowledge associated with these homologues or

domains to predict function for the new genes [335–337]. For example, similarity

searching at the gene level allows in silico screening for enzymes [338]. Note, however,

that sequence data are certainly not flawless, and a considerable error rate should

therefore be considered in the analysis [335], [339]. Error frequency can be reduced by

integration of additional information that can be extracted from genomic or experi-

mental data [340]. Other computational methods that make use of available genomic

sequences to infer function rely on, e.g., genomic clustering of functionally related

genes [341], [342], phylogenetics [343], [344], metabolic pathway alignment [345], [346],

and combined approaches [347].Despite suchpowerful tools, about 25%of the putative

genes revealed by total genome sequencing projects cannot currently be assigned a

function because they only show homology to other unannotated genes. Another 25%
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of the genes are of unknown function and seem to be unique to their particular species

[348]. Conversely, almost 40% of the well-defined enzyme activities that have been

assigned specific E.C. numbers are not yet associated with published gene sequences

[349]. These data indicate that the resources for screening of novel enzymes are still

largely untapped. Sparked by these findings several new high-throughput experimental

technologies have been developed that aim to identify functions for these orphan genes.

Amongst others, expression and structural studies have been initiated to determine

whether such genes encode ‘‘hypothetical’’ proteins to which a specific function can be

assigned [350], [351].

Many methods have been developed that use loss of function, cellular localization,

protein interaction, or timing of expression to predict function for novel proteins and

can be claimed as tools for so-called functional genomics. Essentially, most of these

methods infer function indirectly as ‘‘guilt by association’’ in time or space with

characterized proteins. For example, a wide variety of techniques are available to

disrupt genes, random or directed, on a large scale in virtually any organism [352–357].

Subsequent phenotypic analysis, quite similar to natural isolate screening, allows

determination of putative biological functions of the inactivated proteins. Some of the

gene disruptionmethods also allow analysis of protein localization [358], which can aid

functional annotation.When specifically screening for extracellular enzymes, secretion

can also be predicted on the basis of sequence information [359] or transcript analysis

[360]. Alternatively, the use of yeast-based signal sequence traps allows selection of

secreted proteins from both eukaryotes and prokaryotes without prior sequence

information [361]. Large-scale analysis of protein interactions by genetic 2-hybrid or

biochemical/mass spectrometric approaches has also been used to assign function

[362]. In addition, computational methods have proven successful in predicting

functional interaction between proteins [364].

So far, however, genome-wide transcript analysis has emerged as most used tool for

functional genomics. Based on the assumption that proteins with similar functions

show similar regulation, transcript data can be used to functionally classify genes [363],

[365], [366]. Microarrays of oligonucleotides or entire genes representing the complete

genome can be hybridized with differentially labeled cDNAs obtained from separate

cells or cell states. Comparison of transcript profiles indicates regulation of gene

expression as a result of changes in the cell’s conditions. Alternatively, differential

expression of proteins can also be followed directly at the level of protein—albeit still at

lower throughput— instead of indirect assessment via the analysis of transcription

[367]. Co-regulation of genes (or proteins) can then be used to identify genes that are

relevant to a particular cellular process. For example, global transcript analysis in

Thermotoga maritima is used to identify genes involved in the biodegradation of simple

and complex plant polymers with potential as renewable energy sources, such as xylan

and cellulose [368]. Designing a whole-genome DNAmicroarray for a fully sequenced

microbe is conceptually straightforward [359]. Arraying multiple DNA arrays simulta-

neously can further increase throughput of expression analysis. For example, expres-

sion levels of more than 6000 human genes in 49 different cell types were recently

detected in a single hybridization experiment [370]. Many other applications exist for

the use of DNA microarrays in addition to transcript profiling [366].
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4.1.6

Proteomic Screening

The above-mentioned functional genomics approaches are all clearly very valuable, but

they still infer protein function indirectly. Direct assays for function require high-

throughput expression of the identified genes, followed by functional analysis of

purified proteins. This approach introduces new challenges to protein expression,

including the need for high-throughput cloning and purification [371]. Many new

technologies that facilitate such large-scale approaches are not limited to the full

complement of sequenced genomes, the proteome, but can be adapted for the func-

tional analysis of large numbers of recombinant proteins, for instance, those encoded

by cDNA or environmental libraries.

Although any gene can be engineered to alter specific restriction sites and facilitate

cloning into a suitable vector, this process cannot efficiently be performedwhen dealing

with large sets of genes. To circumvent this, several recombination-mediated cloning

strategies have been developed that allow flexible cloning into many different vectors

[372–374]. High-throughput protein purification requires fusion with specific affinity

tags that facilitate purification, immuno-localization, and/or immuno-precipitation

[375], [376]. For example, genome-wide fusion to different tags has allowed parallel

purification and characterization of thousands of different proteins. Protein fusions

have also been used to improve secretion and solubility of small or low-solubility

proteins. Although addition of tagsmight affect protein function, they strongly facilitate

detection and purification, and can allow cell surface display or immobilization on

beads or any other support [377–379].

Some exciting examples of proteomic screening were reported in the late 1990s and

early 2000s. More than 6000 yeast genes fused to glutathione S-transferase (GST) were

expressed and purified [377]. Pools of purified fusion proteins were assayed for different

enzymatic activities, and after deconvolution specified activities could be assigned to

orphan genes. In a related approach nearly all protein kinases from baker’s yeast were

arrayed in microwells and simultaneously analyzed by using 17 different substrates

[380]. The sameauthors also expressedmost yeast geneswith a 6xHIS tag,which allowed

binding of the fusion proteins to nickel-coated slides. The purified proteins were printed

on these slides and screened for their ability to interact with proteins and phospholipids.

Probing the proteome chips yielded many new functional interactions [378]. In two

independent studies fusion proteins were also used to purify and characterize multi-

protein complexes on anunprecedented scale [379], [381]. In a related study it was shown

that an affinity purified TAP-tagged multiprotein complex retained its activity [382].

Many ideas to construct protein chips are being pursued [383] but from an enzyme

screening perspective attention should focus on methods that are most likely to retain

enzymatic activity. In an interesting alternative [384], instead of printing proteins, an

expression library is printed and overlayed with competent cells, resulting in localized

expression by transformants. The cell clusters can then be screened for clone-depen-

dent properties. Cell surface display of protein libraries has been used to select novel or

improved binders but can also be used to screen for enzymatic activity [385]. For

example, mutants with improved catalytic activity have been identified by surface
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display of cellulase [386] and subtiligase [387]. Combined display of a quenched

fluorescent substrate and a library of protease variants has been used to screen for

novel substrate specificity [309]. Such approaches should alsomake it feasible to screen

expression libraries of natural diversity.

4.2

Protein Engineering

4.2.1

Introduction

Protein engineering employs a combination of tool sets that allow any amino acid in the

amino acid sequence of a protein to be replaced by one of the other 19 naturally

occurring amino acids of proteins in order to change their properties. The genetic

code can also be expanded by the introduction of nonnatural amino acids into a protein

[388–390]. These changes can be either directed to one position or randomly spread

along the whole primary sequence.

The establishment of protein engineering as a new technology has been enabled by

the advent of recombinant DNA technology, accompanied by the continuous improve-

ment of 3D structure determination by X-ray crystallography and NMR spectroscopy.

Until the 1980s the possibilities for changing an enzyme were limited to chemical

modifications, which are restricted to the reactive amino acid side chains and are

neither regio- nor site-specific.

Recombinant DNA technology has revolutionized protein modification in a number

of ways. It is now not only possible to replace one particular amino acid by one of the

nineteen others, but these changes are also permanent. New material of the modified

protein of the same quality is available simply by repeated fermentation of the

production organism, followed by purification. In addition, enzymes produced in

recombinant systems are available in larger quantities and higher purity. This in turn

facilitates the determination of protein 3D structures and thus increases the knowledge

base for further protein-engineering experiments.

Both technologies for protein structure determination, X-ray crystallography and

NMR spectroscopy, have benefited from the availability of larger quantities of pure

proteins, but without the simultaneous development of the physical methods the huge

amount of structural datawould not be available today (seeChap. 1). The quality of X-ray

data has been improved by hardware developments of the traditional X-ray beam

sources and, in particular, by the availability of coherent X-ray beams generated by

synchroton radiation, which allow the resolution of crystallographic data to be brought

down to down to even less than 1 Å (Fig. 28). At this level hydrogen atoms and hydrogen

bonds in protein 3D structures can be directly observed [391], [392].

At ultra-high resolution of 0.54 Å it is even possible to study the valence electron

density of proteins [393].

NMR spectroscopy has gained from the development of better magnets that allow

better separation of signals and finer determination of the chemical shifts of the atoms.
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NMR spectroscopy is also influenced by the general developments in biotechnology

that allow the effective production of the necessary 13C- and/or 15N-labeled proteins.

Both structure determination methods, however, were most influenced in the 1980s

by the sudden availability of continuously increasing computational power. Since

protein X-ray crystallography andNMR spectroscopy are indirectmethods, they heavily

depend upon computational power to process the data, and they require visual

inspection of the results on high-end graphical computers.

The graphical computer systems paved the way for the establishment of the im-

portant knowledge base for protein engineering, the establishment of the structure-

function relationship. Until then it was only possible to study the events around

enzymatic catalysis by interpretation of the kinetic data under different conditions, but

with the availability of structural data and cheaper graphics computers for visualization,

it became possible to rationalize the observation at atomic detail by combining

experimental and structural data. A very good example for this is the structural

explanation for the reduction in the catalytic activity of subtilisin due to oxidation.

BOTT et al. [394] determined the structure of the oxidized form of subtilisin

Fig. 28 Information content of electron-density

maps at different resolutions. The figure com-

pares information available at 1.8 Å (left) with

0.78 Å (atomic resolution, right). Bothmapswere

calculated from the same refined data set and

phases derived from a refined model at 0.78 Å

resolution. In both maps a standard 2Fo�Fc
electron density was contoured at s and 4 s. At
0.78 Å, the 4 s contour delineates individual

atoms, and the relative dimensions indicate

whether the atom is carbon, nitrogen, or oxygen

having 6, 7, or 8 electrons, respectively. Contoring

at 4 s in the 1.8 Å plot does not convey this

information. In the 0.78 Åmappositive difference

electron density is observed for hydrogen elec-

trons, which will be valence electrons partici-

pating in covalent bonds. As such, the positive

electron density will not be centered about the

hydrogen atom nucleus but rather about the

covalent bond.
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(EC 3.4.21.62) fromBacillus amyloliquefaciens and compared it to the nonoxidizednative

form (Fig. 29). In the oxidized form, the oxygen atom of the oxidized methionine 222

projects into the oxyanion hole. Thus, the substrate carbonyl atom will not bind in an

identical manner as in the native enzyme. This may not only affect the relative binding

energy of the substrate Km, but the catalytic rate as well, since the oxyanion hole has

been shown to be critical for catalysis. Substitution of Asn 155, for example, has been

shown to reduce catalytic activity as measured by kcat by 100–1000-fold [395].

Besides structural knowledge, the generation ofmutants is amajor aspect of protein-

engineering experiments. In older days, the majority of mutational experiments were

performed by so-called cassette mutagenesis [396], [397], a technique with which all

nineteen possible natural amino acids could be substituted at a given site. From these

studies variants having altered substrate specificity were found that displayed increased

specificity by asmuch as a 1000-fold by introduction of a singlemutation.Moreover, the

pK values of catalytic residues could be modified and the pH rate profiles could be

tailored to the desired performance pattern. This technique allowed the generation of

site-directed mutations and of small randommutagenesis banks in defined regions of

the molecules. Using this technique, numerous sites near critical subsites were

determined and evaluated in subtilisin. Three amino acid changes were sufficient

to interchange specificities between related subtilisins [398], while in trypsin numerous

changes in addition to the position 189 side chains were needed to interchange trypsin

and chymotrypsin specificities [399].

These efforts are indicative of another recurring theme inmodern protein engineer-

ing, namely, the exploitation of natural diversity for guidance in selecting sites and

Fig. 29 Comparison of the structure of native subtilisin with

the structure of the enzyme with peroxide-oxidized met 222
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substitutions. Natural diversity is the result of millions of years of adaptation to various

extremes of conditions such as temperature, pH, and substrates. Within a certain class

of enzyme the overall tertiary folding pattern is often highly conserved, and thus it is

possible to associate changes that can often be introduced at particular positions and

associate specific substitutions with particular alterations in performance profiles and

substrate specificities. The theme of exploiting natural diversity reappears in most

commonly used techniques, either for rational selection of sites and substitutions or by

recombination as a means of extending diversity.

Mutagenesis Techniques After the recognition that recombinant DNA technology

could be used tomodify the sequence and thereby the function of an enzyme by altering

the DNA sequence encoding for the protein, the next advancement came with the

advent of cassette mutagenesis [396]. Complete sampling of all natural amino acid

substitutions became realizable. With this tool, the full repertoire of diversity was now

available for molecular evolution, at least one site at a time.

Around the same time, the idea of alanine scanning was introduced. In this model,

many sites could be examined by replacement of existing amino acid residues with

alanine. In this case, the diversity looks to identify sites that may play an important role

for functioning of the enzyme. In this approach potential sites are screened that can

later be explored by structural analysis and/or diversity generation.

Thediscovery of error-prone polymerase chain reaction (PCR)was thefirst revolution

in enzyme-variant generation. In fact, PCR allows both the production of site-directed

protein variants and the generation of random variant libraries over the whole gene or

defined parts of it. Mutation frequency of the error-prone PCR experiments can be

driven by the reaction conditions and the choice of the polymerase.

Another method for the generation of molecular diversity at the gene level is gene

shuffling [400–402]. In gene shuffling experiments a set of homologous genes is pooled

and cut into pieces. Finally the fragments are recombined randomly in a subsequent

PCR. As a result an enzyme variant library is obtained that allows the combinations of

all natural variations that were distributed across the genes in the input set to be

explored. The variations not only allow variations of individual amino acids to be tested,

but also the effect of amino acid insertions or deletions among the different proteins.

The ability to identify the right variants for a given purpose determines the success of

a protein-engineering experiment. A site-directed variant is of course easy to char-

acterize, but the screening of a random library requires excellent knowledge about the

assay that is used for screening.

Phage display of proteins has become an important tool for screening and selection of

proteins. In a phage-display approach, the gene which encodes for the protein to be

engineered is linked to one of the genes which encode for the phage’s surface proteins.

As a consequence the protein is expressed at the N- or C-terminus of one of the surface

proteins. Since it is on the surface, the displayed protein can be selected for binding to a

certain target. Phage display allows selection frommore than 109 variants for binding in

a single experiment. In addition the selected protein is always isolated in combination

with the gene that codes for it. The gene can be multiplied by infection of a host

organismwith the phage, followed by either sequencing or a subsequentmutagenesis/
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selection cycle. Phage display has now been proven to be a good tool for selection of

proteins that bind selectively to a target molecule.

Although active enzymeshave been expressed on phages, phage display is not a suitable

technique to change the catalytic properties of enzymes. Because the binding to a

transition state analogue, which can be used for a selective binding screen, does not

correlatewellwith improved catalysis [403], [404], it is necessary to design special capturing

systems for the detection of phage-displayed enzymes with high catalytic activity [405].

For the improvement of an enzyme for technical application it is of outmost

importance that the selective activity assay closely resembles the final application.

Several examples have clearly demonstrated that activity assays with artificial substrates

show no correlation with performance in real-world applications. This was shown by

correlating wash performance of a protease with the enzyme’s activity on casein [406].

The directed-evolution experiment for the improvement of the activity of galactose

oxidase (EC 1.1.3.9) revealed a reasonable correlation between the activity of thedifferent

galactoseoxidase variants on themodel substratemethylgalactose and their performance

on the technical substrate guar. Ironically the best performer in the technical application

had to be excluded from the dataset to obtain the good correlation coefficient of r2¼0.92

(with the best performer included the correlation coefficient was r2¼0.72) [407].

Itmust be clear that none of the protein engineering tools is able to improve enzymes

alone. The strength of protein-engineering projects lies in the combination of

structural/functional knowledge with the right molecular biology approach for the

generation of variants.

Finally, the importance of screening technology has grown during the last few years.

Mainly, automation in combinationwithminiaturization of assays down tomicroscopic

scales has lead to a shift from pure site-directed mutations to regio-directed random

mutagenesis experiments followed by intensive variant library screening.

The most comprehensive use of protein engineering is known under the names

directed evolution, molecular evolution, and molecular breeding. Common to these

approaches is the iterative follow up of randomization and selection steps. Directed

evolution mimics the natural evolutionary process in the laboratory. It can be very

successful, because the laboratory allows a nonnatural selective pressure to be applied

to direct the successive improvement of a particular enzyme to improve its performance

in a technical environment. Directed evolution proved to be very successful. Often three

or fewer iterative cycles of randomization and selection for a desired property can

achieve enormous improvements. This success canmainly be explained by the fact that

the directive influences of natural evolution do not force a molecule to performwell in,

e.g., a laundry washing machine. In addition, the researcher can introduce a much

higher mutation frequency than occurs in Nature.

4.2.2

Application of Protein Engineering in Academia and Industry

Both the academic scientific community and industrial scientists embraced the new

protein engineering technologies when they became available in the second half of the

1980s. In academia, protein engineering is used extensively for elucidating intrinsic
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protein and enzymeproperties such as stability, catalyticmechanism, and activity under

different conditions. Industrial scientists focus on engineering for improved perfor-

mance of enzymes in industrial applications.

Deciphering the Catalytic Mechanism Protein engineering can be used to identify

amino acids which participate in the catalytic mechanism, before or even after the

availability of 3D structural information. The most comprehensive studies on enzyme

mechanisms by protein engineering were performed on tyrosyl-tRNA synthetase

starting in the 1980s [408]. The complete investigation has been summarized

elsewhere [409].

Protein engineering has also been used for the identification of the active sites in

proteins, for example, in lipases. The principle nucleophile in hormone-sensitive lipase

was identified by sequence analysis of the characteristic GXSXG segment of the a/b-
hydrolase fold and subsequent replacement of serine 423, by several other amino acids.

Since all variants had no activity at all, the authors could conclude that serine 423 is

indeed the active site serine of this lipase [410]. Other groups identified in similar

experiments the whole catalytic triad of different lipases [411], [412]. The investigations

ofMARTINELLE, HOLMQUIST et al. [413], [414] expand this concept by investigating the role
of amino acids in the proximity of the active site of Humicola lanuginosa lipase in

substrate specificity. They combined mutagenesis results of interesting mutants with

careful kinetic investigations of the variants under different conditions.

Stability of Enzymes Fundamental Research The intrinsic stability of proteins and the

influence of single amino acids on the stability of proteins have been investigated with

protein-engineering. Since the effect of exchanging an amino acid on protein structure

depends on its position in the protein structure, it is necessary to use the right model

system and to plan the mutation on the basis of the 3D structure of that protein.

One route to a more stable protein is the introduction of disulfide bonds by site-

directed mutagenesis. In subtilisin, an enzyme having no cysteine residues, the

introduction of cysteine for serine or alanine at positions 22 and 87 or 24 and 87

resulted in the formation of disulfide bridges [415] but yielded enzymes with little or no

improvement in overall stability. CLARKE et al. showed in a study on barnase that

engineered disulfide bonds can stabilize and destabilize proteins. Themost stabilizing

disulfide bridge does not change the overall structure of the molecule and leads to local

stabilization according to hydrogen-exchange experiments. The destabilizing disulfide

bridge induced considerable structural changes, including the displacement of a loop in

the vicinity of the new disulfide bond [416], [417].

The influence of single amino acid replacements has been studied in detail with

several model proteins. The studies clearly show that the influence of an amino acid on

helix stability depends on its intrahelical position, the position of the helix in the

globular protein structure, and the solvent accessibility of the mutation site [418–420].

The complexity of interaction between stabilizing and destabilizing mutations

during evolution has been demonstrated in a comparative mutagenesis study with

barnase andbinase. Both areRNAseswith 85%sequence identity.Only 17 amino acids,

scattered over the whole sequence, differ in these proteins, which have the same 3D
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structure but differ in stability. One-by-one replacement and combinations of the single

mutations showed that each mutation has an effect on stability and that the effects are

additive. However, a combination of only six of these mutations created a proteinmore

stable than either of the parentmolecules without affecting the activity [421]. This study

shows that a simple comparison of sequences and 3D structures of enzymes from

mesophilic and thermophilic organisms will not lead to the identification of the

stabilizing amino acid changes, because nature balances several effects during evolu-

tion to obtain a set of enzymes which is good enough for its purpose.

Industrial Application Enzymes have been successfully incorporated into industrial

starch processing. In the first stage a-amylase is used to break down starch into short

oligosaccharides. In the commercial process the enzymemust survive passage through

a steam jet at 105 8C, which is necessary to explode the starch granule, and function at

90 8C for 1–2 h.With the natural amylase of choice,B. licheniformis a-amylase (BLA), the

pH must be adjusted to 6 and then readjusted in subsequent stages. An engineered

a-amylase that would operate at lower pH would save considerable time and money by

eliminating the need for pH adjustment. Analysis of BLA as a function of pH indicated

that stability of the enzymewas reduced at lower pH. Initially, randommutagenesis and

screening was performed in the absence of a reliable model of its three-dimensional

structure, and several variants were identified [422]. Once a structure became available

it was noticed that variants represented substitutions found to exist between related

a-amylases. Surprisingly, the relateda-amylases had lower overall stability thanBLA.By

using the three-dimensional structure as a guide it was realized that all of the variant

substitutions were located on the surface and filled a cavity present on the surface of

BLA. An additional five residues were identified, and each individually increased the

stability of the enzyme and could be combinedwith a cumulative increase in stability by

a factor of 23.

Subtilisin operates in an environment quite different from its natural milieu. As a

detergent additive, subtilisin must perform at highly alkaline pH, high surfactant

concentration, andhigh temperature. Itmust operate on awide variety of proteinaceous

soils andmay encounter other agents such as oxidants like hydrogen peroxide, added as

a bleaching agent. Thus the enzyme was engineered to bemore active and stable under

these conditions. One of the most beneficial results has been mutations from which

susceptibility to oxidants found in commercial bleaching agents has been eliminated.

This was primarily achieved by replacing a bleach-sensitive methionine residue [423].

Investigations on Protein Folding The application of protein engineering for the

dissection of protein folding pathways has been reviewed [424]. The number of

different experimental techniques that have been used for this purpose clearly

emphasizes the interdisciplinary nature of protein engineering.

Changing the Substrate Specifity of Enzymes The use of enzymes as biocatalysts for

chemical reactions has recently regained interest (see Section 6.1). Several protein-

engineering projects have been successfully performed. They mainly applied different

96 4 Discovery and Development of Enzymes



directed-evolution approaches to demonstrate their capabilities for the development

and improvement of new biocatalysts.

The activity of subtilisin E in aqueous DMF was improved by protein engineering

[425], [426]. Subtilisins have only low activity and reduced stability inDMF. The authors

were able to enhance the stability in 40% DMF more than twofold. But even more

important is the activity enhancement that was achieved by subsequent evolution

cycles. The final molecule showed a 471-fold activity improvement in 60% DMF on a

test substrate compared to the wild-type molecule.

The ability to change the substrate range and selectivity by protein engineering

methods has been demonstrated by several authors. ZHANG et al. [427] used DNA

shuffling to modify the substrate specificity of b-galactosidase (EC 3.2.1.23). Whereas

the wild-type molecule showed no activity on test substrates with fucose moieties, the

final enzyme was active against these substrates. The activity against galactose

substrates dropped significantly.

The success of engineering of enantioselective enzymes finally demonstrates that

protein-engineering technologies nowadays can even address the subtlest problems in

chemical synthesis. In several studies on various enzymes it has been demonstrated

that it is possible to protein-engineer enzymes to obtain improved enantioselectivity,

mainly for hydrolysis reactions [428–430].

4.2.3

Outlook

There are similarities between natural and directed evolution, the difference being

largely in the management of diversity. Protein engineering has always been directed

evolution where screening and diversity management intervene in place of natural

selection. Even now knowledge of the three-dimensional structure and its relation to

function is often pivotal in locating critical sites and regions for focused diversity and

recruitment. DNA shuffling techniques again use screening strategies to combine

features between natural selected genes in an effort to recombine or recruit the

desirable features in a family of enzymes.

Now with the knowledge of whole genomes and the expected comparison of the

genomes of closely related species, it may be possible to perform in silico shuffling and

perhaps understand inherent preferences on individual molecular evolution imposed

by the organisms’ metabolome— the ensemble of molecular functions necessary for

the maintenance of metabolism and reproduction in the whole organism. Another

element of in silico directed evolution is the requirement to be able to predict the three-

dimensional structure and with this further be able to recognize the catalytic potentials

and even to deduce the probable physiological role of that molecule within the

metabolome.

4.2 Protein Engineering 97





5

Industrial Enzymes

5.1

Enzymes in Food Applications

5.1.1

Enzymes in Baking

5.1.1.1 Introduction

Bread and baked products are among the main nutritional sources today. Over

600 � 106 t of wheat are grown in the world each year, making it the single most

important crop [431]. Europeans are estimated to obtain approximately half their

required carbohydrates and about one-third of their protein from bread [432].

Throughout the history of bread making, enzymes have always played an important

role. Even the ancient Egyptians made use of enzymes present endogenously in the

flour, although they may not have been aware of the effect. However, not until the 20th

centurywere enzymesused as flour improvers [433]. The first application of enzymes in

baked goods was supplementation of a-amylase by addition of malt to correct the

concentration of endogenous a-amylase in the flour. Later malt was substituted by

microbial a-amylases having a more suitable thermostability for baking. This was the

first enzyme industrially produced as a tool to compensate for variations in natural

flour. Today, a whole range of enzymes is available for end users of flour. These make it

possible to correct suboptimal concentrations of endogenous flour enzymes. Further-

more, these biological catalysts are able to produce value-adding ingredients in situ

from compounds present in the flour, and thus it is possible to upgrade lower grades of

flour.

Inmany cases the beneficial effects of using enzymes in the baking industry are also

obtainable by using chemical agents such as sodium metabisulfite, cysteine, azodi-

carbonamide (ADA), potassium bromate, etc. However, the foodmarket today shows a

clear trend towards more ‘‘green’’ products, and this has clearly favored the use of the

biological catalysts enzymes.

Baking enzymes are summarized in Table 9.
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5.1.1.2 Amylases

Amylases for Flour Standardization The most widely used enzyme in bread baking in

terms of amount dosed and value is so-called fungal a-amylase or Taka-amylase from

Aspergillus oryzae (E.C. 3.2.1.1). This is supplemented to sound flours to optimize their

a-amylase activity with regard to final volume and crumb structure of the baked

product. The primary effect of amylase supplementation was previously believed to be

securing adequate gassing power by degradation of damaged starch granules in the

dough, which facilitates maltose production by endogenous b-amylase. The resulting

maltose can serve as fermentable sugar for yeast fermentation [434]. This mechanism

may be important in some very lean dough systemswithout added sugars, but generally

the primary effect is reduction of dough viscosity during initial starch gelatinization

[435], which provides a prolonged oven spring leading to an increased volume and a

more homogenous crumb structure.

Taka-amylase is named after Takamine, who in 1894 obtained US patent 525 823

on the use of mold fungi for production of amylase. The use of fungal amylase in

bread baking was patented in 1928 [436] but first approved in 1955 for use in bread

baking in the USA. The advantage of Taka-amylase is a very low protease side activity

and an adequate thermostability, so that inactivation of the enzyme occurs after

initial starch gelatinization (70–80 8C). The most common alternatives—malt

amylases from barley or wheat malt—have higher protease side activities and

higher thermostability, and this makes them more prone to negative side effects

when overdosed [437].

Antistaling Amylases The second important goal for use of amylases in baking is

antistaling, i.e., improving the fresh keeping of baked goods. Staling is a highly complex

phenomenon [438, 440–442], but it is generally accepted that retrogradation of amylo-

pectin is the main contributor to bread staling. The original model for the role of starch

was developed by SCHOCH in 1965 [438]. Upon cooling in the first hours after baking the

initial crumb structure is set by amylose gelation, which creates a network in which the

gelatinized starch granules are embedded. Recrystallization of amylopectin side chains

leads to rigidification of the starch granules and to an overall strengthening of the crumb

structure, measured as an increase in crumb firmness. A refinement of this model adds

inter- and intragranular amylose recrystallization to the staling process [439].

Different types of amylases used for antistaling provide different functionalities.

First, a limited effect of fungal a-amylase is caused indirectly by volume increase.

Secondly, endo-amylases weaken primarily the intergranular amylose network, leading

to reduced crumb firmness immediately after baking and during storage. This effect is

more pronouncedwhen endo-amylaseswithhigh thermostability are used. An example

of the most effective type is the B. amyloliquefaciens a-amylase, which has been used in

the USA since the 1950s [443]. This amylase survives baking and is probably active

during cooling of the bread and during storage [444]. Consequently, only a very narrow

window of optimal dosage exists, and even moderate overdosing can lead to keyholing

of the bread and a gummy crumb structure with strongly reduced elasticity

(resilience). As an alternative, intermediately thermostable amylases have been
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developed [444, 445]. They have lower risks of overdosing, but may also be limited in

their antistaling effects [444].

Compared to classical endo-amylases, exo-amylases such as G4-amylase (E.C.

3.2.1.60) and maltogenic amylase (E.C. 3.2.1.133) offer clear improvements for anti-

staling applications. By shortening amylopectin side chains and releasing maltooligo-

saccharides, they efficiently reduce the rate of amylopectin retrogradation, leading to

substantial crumb softening and improved elasticity without risk of excessive weak-

ening of the amylose network [446, 447]. In a model system the shortening of

amylopectin side chains has been shown to reduce retrogradation substantially

[448]. Furthermore, balanced fragmentation of amylose by exo-amylases leads to

accelerated amylose recrystallisation prior to amylopectin retrogradation, thus redu-

cing overall connectivity and crumb firming [439].

5.1.1.3 Xylanases

Xylanases (E.C. 3.2.1.8, b-1,4-D-xylan xylanohydrolase), traditionally named pentosa-

nases or hemicellulases, catalyze the endo-hydrolysis of b-1,4-D-xylosidic linkages in

xylans. In dough, xylanases reduce problems associated with variations in flour quality,

improve dough handling and dough stability, and give improved crumb structure and

bread volume [449], [450].

The target substrates in cereals used for baking are arabinoxylan (AX; Fig. 30), one of

the major nonstarch polysaccharides in cereals, making up 60-70% of wheat cell walls

[451] and 2–3% of cereal flour [450].

Traditionally, the arabinoxylans have been divided into two fractions, a not extractable

withwater arabinoxylan fraction (WU-AX) and awater-extractable arabinoxylan fraction

(WE-AX). Why some AX are water-extractable and others are not has been the topic of

many studies. Early hypotheses explaining the differences were based on structure

analysis of the two fractions, which showed a difference in the degree of substitution

[452]. However, recent literature points more in the direction of both fractions having a

similar degree of substitution [453], but the molecular weights of the two AX fractions

differ, with WU-AX having the higher molecular weight. Furthermore, the concentra-

tions of diferulates in the two fractions differ, and this may at least partly explain the

Fig. 30 Model structure of arabinoxylan
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difference in molecular weight and extractability of the two AX populations. The WU-

AX has a much higher concentration of diferulates than the WE-AX [454]; this higher

concentration of cross-linking between AX molecules will increase the molecular

weight and probably make part of the AX water-unextractable.

Some of the best known characteristics of cereal AX are the water-holding capacity of

WU-AX and the ability of AXs to produce viscosity. GIRHAMMER [455] showed that WU-

AX could absorb water corresponding to 10 times its own weight, and IZYDORCZYK and

BILIADERIS [456] showed that AX has a very high intrinsic viscosity. These characteristics

are probably the main factors determining the functionality of xylanases in the baking

industry. In some baked products these phenomena are beneficial, but in others they

are not.

Depending on the nature of the baked product, the flour AX may influence, in

different ways, dough processing, dough characteristics, and the quality of the final

product. This calls for the use of different, specific xylanases. In proofed and raised

bread types, literature characterizes theWU-AX as detrimental for gluten strength and

hence also for the stability of the dough [457], [458]. By influencing the dough stability,

WU-AX also influences doughmachinability and the quality of the final bread.Without

xylanases the final products will have a more open crumb, and the volume will be

smaller compared to dough in which the WU-AX fraction has been modified by a

xylanase. Solubilizing theWU-AX into highmolecular weight solubilized arabinoxylan

(S-AX) by using a specific xylanase opens the possibility of converting WU-AX into a

functional polymer. The high molecular weight S-AX will act as a hydrocolloid and

increase the viscosity in the dough, giving a more stable dough system. Several

xylanases capable of this modification of AX have been reported [459–462]. The use

of WU-AX-specific xylanases in such baked products will typically improve the dough

stability, dough machinability, and improve crumb structure and volume (10–30%) of

the final product [449].

In dry cereal products such as crispbread, crackers, etc., AX influences the dough or

batter characteristics through its viscosity-enhancing properties [463]. Furthermore,

AX influences the evaporation of water during baking of these products, due to its high

water-binding capacity, which prevents even and fast evaporation of water from the

product. This may result in longer baking time, checking, and darker products. In

contrast to the specificity of the xylanase mentioned above, the xylanase used in dry

cereal products should be specific for WE-AX and S-AX, and thus decrease dough

resistance and dough liquid viscosity.

5.1.1.4 Oxidoreductases

Oxidative enzymes have a beneficial effect on dough development and dough quality.

Dough quality influences other quality parameters such as volume, texture, and crumb

structure of the baked product [464]. During dough mixing and molding, disulfide

linkages are formed and broken between gluten proteins. When this reaction takes place

optimally, it leads to a gooddoughdevelopment, that is, a strong glutennetwork is formed.

Chemical oxidants such as ascorbic acid and bromate are used in breadmakingworldwide

to support and promote the formation of disulfide linkages. Today consumers in the

Western world prefer food without added chemical ingredients. Due to regulatory
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problems with bromate in the USA and the E.C. countries, the wish to replace bromate

exists. Hence, substitution with oxidative enzymes is a desirable alternative.

Glucose oxidase (E.C. 1.1.3.4) is usually obtained from Aspergillus niger. Glucose
oxidase catalyzes the oxidation of glucose with consumption of oxygen to give

gluconolactone and hydrogen peroxide. The generated hydrogen peroxide reacts with

free thiol groups in the gluten with formation of disulfide linkages, which give

increased gluten strength [465]. Glucose oxidase is known to give a dry and nonsticky

dough, the latter characteristic being very useful in combination with xylanases, which

may cause some stickiness when used alone [466].

Hexose oxidase (E.C. 1.1.3.5) is an enzyme originating from carrageenan seaweed,

Chondrus crispus. This enzyme has broad substrate specificity, being able to oxidize

glucose, galactose, maltose, etc. [467]. The enzyme oxidizes the endogenous substrates

of the flour, mainly glucose and maltose, to the corresponding lactones with consump-

tion of oxygen and formation of hydrogen peroxide. The hydrogen peroxide formed

then oxidizes the thiol groups in the gluten proteins with formation of disulfide bonds

[467].

Lipoxygenase (E.C. 1.13.11.12) enters bread production through the use of soybean

flour or bean flour (France) that has not been heat-treated, i.e., is still enzymatically

active. It improves the whitening of the breadcrumb. Lipoxygenase catalyses the

oxidation of unsaturated fatty acids containing cis-cis-1,4-pentadiene groups. The

resulting fatty acid hydroperoxide can react with carotenoids in the dough. According

to CASEY [468] the molecular basis of bread improvement through the action of

lipoxygenase is likely to involve the formation of intermolecular disulfide bridges

between the high molecular weight gluten proteins [468].

Sulfhydryl oxidase (E.C. 1.8.3.2), isolated from A. niger, catalyzes the oxidation of free

sulfhydryl groups to disulfide groups in a variety of reduced thiol systems. A discussion

continues as to whether sulfhydryl oxidase has only limited affinity for SH groups in

highmolecularweight substrates such as gluten [464]. SZALKUCKI wrote: ‘‘further testing

is necessary to demonstrate the commercial utility of sulfhydryl oxidase in baking’’

[469].

Peroxidase (E.C. 1.11.1.7, horseradish peroxidase) is the general name for a group of

enzymes with different substrate specificity. All peroxidases act on hydrogen peroxide

as electron acceptor and oxidize a multitude of donor compounds [470].

During the peroxidase reaction a free radical is produced that reacts nonenzyma-

tically with other compounds present in the dough [471]. It is well documented that

certain peroxidases have a dough-improving effect [471], but different theories exist

concerning the mechanism of function. The peroxidase might form diferulic acid

bridges and thus lead to covalent cross-linking of arabinoxylans [472]. Coupling of

arabinoxylans to proteins has also been demonstrated in model systems; this proceeds

by oxidative cross-linking between ferulic acid and cysteine and/or tyrosine residues in

proteins [471]. Finally, model studies also indicated the action of peroxidases in dough

strengthening to be the result of protein–protein cross-linking through lysyl residues.

Sulfhydryl groups may also be involved [471].

Polyphenol oxidase oxidizes diphenolic groups to quinones. Three types of enzymes

are included in the group of polyphenol oxidases. Tyrosinase (monophenol mono-
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oxygenase, E.C. 1.14.18.1), diphenol oxidase or catechol oxidase (E.C. 1.10.3.1), and

laccase (E.C. 1.10.3.2). Twomechanisms for the action of polyphenol oxidases in dough

are postulated. One involves oxidation of ferulic acid esterified to arabinoxylan, which

induces their cross-linking, and the other assumes cross-linking of gluten proteins

by oxidation of tyrosyl groups or by conjugation between tyrosyl and thiol groups

[473, 474].

A number of enzymes that generate hydrogen peroxide by oxidation of various

substrates with consumption of oxygen have been described as having dough-

improving effects: glycerol oxidase [475], pyranose oxidase (E.C. 1.1.3.10) [476],

L-amino acid oxidase (E.C. 1.4.3.2) [477], galactose oxidase (E.C. 1.1.3.9) [478], and

glucooligosaccharide oxidase [2089].

5.1.1.5 Lipases

Lipases (E.C. 3.1.1.3) can be defined as carboxylesterases which catalyze the hydrolysis

of long-chain acylglycerols to glycerol, free fatty acids, andmono- and diglycerides. The

substrate for lipases in wheat flour is the 2–3% of endogenous wheat lipids. The

composition of the free lipids (extractable with water-saturated butanol at room

temperature) is shown in Figure 31.

Lipids are probably the longest known and used bread improvers, whereas the use of

lipase as a bread improver is relatively new. The understanding of lipase functionality is

continuously being studied, but is mostly based on knowledge of the effects of lipids in

dough and baking. The desirable effects obtained by lipases are improved dough

stability and better dough handling properties, and improved stability of the gas cells in

dough, yielding a nice, homogenous crumb structure and increased bread volume.

Fig. 31 Composition of total wheat flour lipids, extractedwith

water saturated butanol [480]
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Lipase modifies flour lipids or added lipids, and the beneficial effect of an added

lipase is dependent on the effect of the hydrolysis products [481]. Some of these

hydrolysis products are quite surface-active or more surface-active than the unmo-

dified lipid and therefore better stabilize the gas cells in the dough. This again leads to

better crumb structure, increased dough stability, and increased volume [482].

Among the potential reaction products, monoglycerides are well-known crumb

softeners in baking, as they form a complex with starch and thus decrease retro-

gradation [466].

Phospholipases are a class of four enzymes hydrolyzing specific bonds in phospho-

lipids (see Fig. 32): phospholipase A1 (E.C. 3.1.1.32), phospholipase A2 (E.C. 3.1.1.4),

phospholipase C (E.C. 3.1.4.3), and phospholipase D (E.C. 3.1.4.4).

The release of one fatty acyl chain from phosphatidylcholine yields 1-acylglyceropho-

sphorylcholine,more commonly knownas lysolecithin,which is an excellent emulsifier

with a very positive effect in baking [483].

Recently, a new class of lipases acting on polar lipids as well as triglycerides has

become commercially available [484–486]. These new lipases have a higher activity on

galactolipids and phospholipids than on triglycerides. Bymodifying phospholipids and

galactolipids to the corresponding lysolipids (e.g., lecithin to lysolecithin and digalac-

tosyl diglyceride to digalactosyl monoglyceride), very strong surfactants are generated.

The new lipases therefore offer the opportunity to generate surface-active materials in

situ and possibly to reduce or replace the use of added emulsifiers in bakery products

[487]. The ability of the polar lipids to form lipid monolayers at the gas–liquid interface

leads to stabilization of the gas cells in the dough and thus to better gas retention [484].

Furthermore, the interaction between polar flour lipids and gluten proteinsmay play an

important role in gas retention [484].

5.1.1.6 Proteases

Proteases (E.C. 3.4.X.X) catalyze the hydrolysis of peptide bonds in proteins [488].

Depending on the protease used, this modification may lead to a minor modification

that gives more extensible dough [489], [490] or to an extensive hydrolysis of the gluten

structure with loss of the viscoelastic properties [490]. Apart from the impact on the

physical and rheological properties of the dough, some proteases are known to

influence the flavor and color of the final product as well.

Fig. 32 Phospholipase specificity (modified from A. L. Lehninger,

Biochemistry, Worth Publishers, Inc. 1970, p. 199, fig 10-4.)
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As proteins are a highly heterogeneous population ofmolecules, due to the 20 amino

from which they are composed, the population of enzymes capable of hydrolyzing

proteins is also very diverse [491]. This population of enzymes is divided into two

categories: the peptidases and the polypeptidases (synonymous with proteases). The

peptidases are exo-acting enzymes that remove one amino acid or a peptide from the C-

or N-terminus of the protein, and the proteases are endo-acting.

Wheat flour is unique in its ability to form a viscoelastic gluten matrix when mixed

with water [492]. This gluten matrix can retain gas in the dough, giving wheat flour its

unique baking performance. The quality and quantity of protein are therefore major

quality parameters for wheat flour [431], [493].

In normal raised bread products too strong a flour may prohibit a good volume, as

proper expansion of the dough will not be possible. Application of a moderate specific

protease (typically a fungal protease) modifies the gluten, giving a better extensibility,

faster development, and thereby better structure and volume of the final product [490].

The same functionality can be obtained by using chemical reducing agents, such as

L-cysteine or sodiummetabisulfite (Fig. 33). However, the biological, and labeling-free

enzyme solution is often preferred.

Fig. 33 Gluten protein structure and modification by proteo-

lytic hydrolysis or chemical reduction, respectively [After [432]

(H. Uhlig: ‘‘Enzymes in flour processing and baking’’, in:

Industrial Enzymes and theirApplication. John Wiley & Sons,

Inc. (1998). fig 5.36, pp 284)]

110 5 Industrial Enzymes



In cracker, biscuit, wafer, and pizza dough weaker flour having less viscoelastic

properties is preferred [494]. A strong gluten network would prohibit the right shape

and texture of the final product. Applying less specific proteases (typically a Bacillus
protease) to these types of products allows themanufacturer to bemore independent of

flour quality. It is possible to obtain the desired dough rheological properties by using

most flours in combination with protease. Again, the same solution is obtainable with

chemical reducing agents, but the demand for biological and labeling-free solutions

favor enzyme solutions.

Application of peptidases to bread might influence the flavor and crust color of the

product [490]. The products of the peptidase, amino acids or peptides, influence the

flavor. The amino acids are intermediate products in the production of aromatic

components, and peptides are potential oxidants, taste enhancers, sweeteners, and

bitter agents [495]. Furthermore, amino acids released from gluten proteins can

react with sugar through the Maillard reaction, thereby contributing to flavor and

crust color.

5.1.1.7 Transglutaminase

Transglutaminase (protein-glutamine g-glutamyltransferase, E.C. 2.3.2.13) introduces

covalent cross-links in proteins by forming a bond between lysine and glutamine

residues. Based on its ability to cross-link gluten proteins it can be used as a dough

strengthener for bread and other baked products [496]. As further advantages reduction

of the needed work input as well as increased water binding have been reported [497].

Beneficial effects on baking performance of mixed nonwheat/wheat flours have also

been claimed [498]. However, Gerrard and Sutton [499] have recommended disconti-

nuing use of transglutaminase in cereal products containing wheat, barley, rye, or oats

because of the risk of generating the epitope triggering coeliac disease.

5.1.2

Enzymes in Fruit Juice Production and Fruit Processing

5.1.2.1 Introduction

The first application of enzymes in the fruit juice industry was the use of pectinases for

apple juice clarification in the 1930s [500]. The fast clarification of juice after breakdown

of pectin by pectinases and the decrease in juice viscosity resulted in a shorter process

and greatly improved the quality of industrial apple juice. Later, pectinases were applied

to depectinization of red-berry juice. The use of pectinases and amylases to degrade

apple pectin and starch during the hot clarification stage prevents post-bottling haze

formation, and thus concentration of the juice by a factor of six has become possible.

This results in a smaller storage volume, cheaper transportation, and better concentrate

stability without spoilage. Treatment of apple pulp with pectinases and hemicellulases

was introduced later: by lowering the viscosity of the pulp, the press capacity and the

yield were significantly improved. Depectinization of juice with pectinases with high

arabanase activity improved product quality further by preventing araban haze forma-

tion after concentration of the juice. In the production of clear and stable red-berry juice

or concentrate, hot maceration with enzymes ensures a higher juice yield and a better
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color extraction [501]. Nowadays, enzyme suppliers provide fruit juice producers with

tailor-made enzyme preparations optimally blended on the basis of fruit composition

for improved quality and stability of finished products, together with shorter process

duration and larger plant capacity. In association with new equipment and processing

technologies, industrial enzymes allow processors to add value to rawmaterial for food

and feed and to reduce waste quantity. Industrial processes are very diverse and

numerous. Here the most common are described, but differences still exist depending

on the company and plant.

5.1.2.2 Biochemistry of Fruit Cell Walls

The pulp of fruits and vegetables is composed of cells. They are surrounded by a cell

wall, which resists internal pressure and external shock (Fig. 34). Polysaccharides

constitute 90–100%of the structural polymers of walls of growing plant cells, known as

primary cell walls. Secondary cell walls develop from primary cell walls during cell

growth. Cell wall composition depends on fruit species and evolves in dependence on

agronomic and climatic conditions, fruit ripeness, the type and duration of storage of

the fruit (cell growth and cell senescence). The composition of plant cell walls has been

widely studied, and numerous models of the three-dimensional structure have been

proposed [502–504]. Three major independent domains are distinguished: the xylo-

glucan network, the pectin matrix, and the structural proteins. The cellulose–xyloglu-

can network is embedded in the pectin matrix. Pectin is the major structural

polysaccharide component of fruit lamellas and cell walls. Three pectic polysaccharides

are present in all primary cell walls: homogalacturonan and rhamnogalacturonans I and

II [505] (Fig. 35). Recent models divide pectin into so-called smooth regions of

Fig. 34 Fruit cells (fc) and middle lamellae (ml) connecting the cell walls
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unbranched homogalacturonan (60–90%) and hairy regions of highly branched

rhamnogalacturonan I (10–40%) [507], [508]. Homogalacturonan is a homopolymer

of (1!4)-a-D-galactosyluronic acid residues, capable of forming gels. Carboxyl groups

of the galactosyluronic acid residues of primary cell wall homogalacturonan can be

methyl-esterified at the C-6 position and acetyl-esterified at the C-2 or C-3 position.

Helical chains of homogalacturonan that are less than 50%methyl-esterified can form

a gel-like structure and condense by cross-linking with calcium ions, which are present

in primary cell walls. Degree of methylation, molecular weight, and pectin content are

specific to fruit species (Table 10).

Table 10. Fruit pectin composition

Fruit Pectin, wt% Methylation wt%

Apple 0.5–1.6 80–92

Blackcurrant 1.0–1.2 50–80

Grape 0.1–0.4 50–65

Orange peel 3.5–5.5 65

Pear 0.7–0.9 50–70

Pineapple 0.04–0.1 22–40

Strawberry 0.5–0.7 20–60

Fig. 35 Model of pectin smooth regions (SR) and hairy

regions (HR) model [506]. Ara ¼ arabinose, Gal ¼ galactose,

GalA ¼ galacturonic acid, Rha ¼ rhamnose, Xyl ¼ xylose
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These characteristics must be taken into consideration in choosing the right

pectinase balance for best fruit processing.During ripening, the protopectin in primary

cell wall is slowly transformed into soluble pectin by the action of endogenous

pectinases present in the fruit. The decrease in molecular weight is due to pectin

depolymerases, and the decrease in degree esterification mainly to pectin methylester-

ase. However, these activities are very low. Homogalacturonan contains chains of up to

about 200 galacturonic acid units, 100 nm long, with some rhamnose. A xylogalactur-

onan subunit (XGalA), substituted with xylose at the C-3 position of the galacturonic

acid residue, has been identified as part of the galacturonan backbone. It can bemethyl-

esterified. Rhamnogalacturonan I (RGI) has a backbone of up to 100 repeats of the

disaccharide rhamnose-galactose. The side chain can vary in size from a single glycosyl

residue to 50 or more glycosyl residues [505]. In general, about half of the rhamnosyl

units of RGI have sidechains, but this can vary with cell type and physiological state.

[509].

Arabinans are mostly 5-linked arabinofuranosyl units forming helical chains, but

arabinosyl units can be interconnected at each free O-2, O-3, and O-5 position to form a

diverse group of branched arabinans [510]. The RGI of primary cell walls is branched

with (1!5)-a-L-arabinan, (1!3)- or (1!2)-a-L-arabinosyl residues, and arabinogalac-

tan (AG) type II with a (1!3),(1!6)-b-D-galactan backbone, with (1!3)-a-L-arabinosyl

residues [512, 511]. Other macromolecules such as cellulose, xyloglucan, and arabi-

nogalactan proteins (AGP) are associated with the plasma membrane [513]. Rhamno-

galacturonan II (RGII) is a low molecular weight (ca. 4.8 kdalton) complex

polysaccharide with a backbone of nine (1!4)-a-D-galactosyluronic acid residues

and four side chains attached to O-2 or O-3 of the backbone.

The side chains are composed of twelve different sugars [514]—apiose, 2-O-methyl-

l-fucose, 2-O-methyl-D-xylose, aceric acid (3-C-carboxy-5-deoxy-l-xylose), Kdo (3-deoxy-

D-manno-octulosonic acid), Dha (3-deoxy-D-lyxo-heptulosaric acid)—bound in more

than 20 different linkages. The two main hemicelluloses of all primary cell walls are

xyloglucan and arabinoxylan. Hemicelluloses bind tightly via hydrogen bonds to the

surface of cellulose linking or cross-linking microfibrils to create a cellulose–hemi-

cellulose network. Interconnections with the pectic polysaccharides are of primary

importance for the integrity of the pectin network. Cellulose is a (1!4)-b-D-glucan

which accounts for about 20–30% of the dry matter of most primary cell walls and is

particularly abundant in secondary cell walls. In 1993-1994, VINCKEN and VORAGEN

demonstrated that xyloglucan was a key structure of apple cell walls for the degradation

of cell-wall-embedded cellulose (around 57% of the apple cell-wall matrix) [515]. The

cellulose–xyloglucan network determines the strength of the cell wall and is embedded

in an independent pectinmatrix, hemicelluloses, and proteins. In apples the xyloglucan

fraction makes up about 24% of the total amount of sugar. About 5 wt% of some

primary cell walls ismadeup of the hydroxyprolin-rich structural glycoprotein extensin,

which binds some polysaccharides together. Fractions of the different macromolecules

in fruit are given in Table 11.

Starch is present in unripe apples in amyloplasts. This is the largest biological

molecule, with a molecular weight of 105–109 dalton. Starch is composed of two

components: amylose and amylopectin [516]. Amylose, the minor component, is a
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(1!4)-a-D-glucan and has a linear structure. Various degrees of polymerization have

been ascribed to this fraction, with chain lengths in the range of 100–1000 glucose

units. Amylopectin contains a-(1!6) and a-(1!4) glucose linkages. Amylopectin

exhibits branching at the 1!6 position, and its degree of polymerization is far higher

than that of amylose. The ratio amylose/amylopectin can vary in natural starches in the

general range 1/3 to 1/4.

5.1.2.3 Cell-Wall-Degrading Enzymes

Pectinases Progress in enzymology has been so fast that certain activities are not yet

described in the International Enzyme Classification (E.C. no.). Many microorganisms

produce enzymes that degrade fruit cell walls. Commercial pectinases for the fruit juice

industry come from selected strains of Aspergillus sp. Enzymes are produced during

fungal growth, purified, and concentrated. Pectinases are defined and classified on the

basis of their action toward pectin (Fig. 36). Pectin lyase (PL, E.C. 4.2.2.10) is a pectin

Table 11. Fruit cell wall composition in g/kg fresh matter

Fruit EIR� Pectin Hemicellulose Cellulose Lignin Protein Total

Apple 20 272 169 349 2 76 868

Pear 15 281 148 267 69 82 847

Mango 25 408 91 236 27 127 889

Pineapple 13 163 267 210 85 94 819

Strawberry 12 411 66 232 11 255 975

Raspberry 20 168 89 177 73 277 784

Cherry 13 396 49 130 169 244 988

Papaya 26 364 165 124 4 127 784

*Ethanol-insoluble residue.

Fig. 36 Fruit pectin and pectin-degrading enzymes.

Ara ¼ arabinose, Gal ¼ galactose, GalA ¼ galacturonic acid,

OMe ¼ methyl ester, OAc ¼ ethyl ester, Rha ¼ rhamnose, Xyl ¼ xylose.
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depolymerase of the endo type which has a great affinity for long, highly methylated

chains and acts by b-elimination of methylated a-1,4 homogalacturonan with the

formation of C4-C5 unsaturated oligo-uronides [517]. Pectin methylesterase (PME,

E.C. 3.1.1.11) removes methoxyl groups from pectin, and at the same time decreases

the affinity of PL for this substrate. This results in the formation of methanol and less

highly methylated pectin. PME from Aspergillus has a strong affinity for highly meth-

oxylated pectin such as apple pectin and acts according to amultichainmechanism [518].

Demethylation with PME generates free carboxylic acid groups and the pectin becomes

negatively charged. Polygalacturonase (PG, E.C. 3.2.1.15) exists in two forms: endo-PG

and exo-PG. Both types act only on pectin with a degree of esterification of less than

50–60%.Endo-PGacts randomly on thea-1,4-polygalacturonic backbone and results in a

pronounced decrease in viscosity. Exo-PG acts at the nonreducing end of the chain. Exo-

PG releases small fragments from the chain and does not significantly reduce the

viscosity.

Seven endo-PGs, two exo-PGs, and seven PL isoenzymes from Aspergillus niger have
been described [519], [520]. Different enzymes acting on rhamnogalacturonan I

were identified and purified from Aspergillus sp. [521]. RGase A was identified as a

hydrolase that splits the a-D-GalAp-(1!2)-a-L-Rhap linkage of RGI, while RGase B

appeared to be a lyase that splits the a-l-Rhap-(1!4)-a-D-GalAp linkage by b-elimina-

tion. Two novel enzymeswere also identified: a rhamnogalacturonan rhamnohydrolase

and a rhamnogalacturonan galacturonohydrolase. As an accessory enzyme for the

RGases, rhamnogalacturonan acetyl esterase (RGAE) was also described. Although the

structure of RGII substrate has been described, enzymes able to hydrolyze it are still

unknown and have not been described yet (2003).

Arabanases are pectinases, since they remove arabinose covalently bound to the

homogalacturonanbackbone.Threeenzymeshavebeendescribed: an endo-arabinanase

(a-1!5; ABFA) and two arabinofuranosidases, namely, exo-arabinofuranosidase A

(a-1!2;a-1!3) (ABFA) and exo-arabinofuranosidase B (a-1!3;a-1!5; ABFB; E.C.

3.2.1.55). All three are produced byAspergillus niger [522]. High activities are required for

apple and pear processing. In general, pectinase activity and ratio of the different

pectinases can vary in different commercial preparations.

Hemicellulases Hemicellulases are enzymes that hydrolyze arabinogalactans, galac-

tans, xyloglucans, and xylans. Arabinanases are classified as pectinaseswhen they act on

pectin side arabinans. They are also classified as hemicellulases when acting on

arabinogalactans or arabinoxylans. Aspergillus sp. produces enzymes that hydrolyse

arabino-(1!4)-b-D-galactans type I and arabino-(1!3)-(1!6)-b-D-galactans type II

[512], [523], [524].

The exo-(1!3)-b-D-galactanase is able to release galactose and (1!6)-b-D-galacto-

biose. Aspergillus enzyme is able to bypass a branch point in a b-(1!3) backbone. The

action of this enzyme is enhanced by the presence of ABFB. Xylanases hydrolyse the

(1!4)-b-D-xylans in synergy with ABFs [525].

Amylases In fruit juice industry, fungal acid amylase and amyloglucosidase are used

to process fruits which contain starch. This is the case for unripe apples at harvest time.
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Aspergillus niger produces acida-amylase and amyloglucosidase [526]. These exogenous

enzymes are applied after starch gelatinization (occurring above 75 8C) for preventing
post-bottling haze formation (starch retrogradation). Acid endoamylase (AA) acts on

amylose and amylopectin. It produces dextrins, which are substrates for glucoamylase

or amyloglucosidase (AG) a-1!4,1!6 exo-hydrolase, which release glucose from the

non-reducing end of the chain.

5.1.2.4 Apple Processing

After oranges, apples are themost important rawmaterial worldwide for the production

of clear juice and clear concentrate. In 2004/2005 1.3� 106 t of apple juicewas produced

[528]. The major producers of apple juice are China, Poland, and Argentina [527].

5.1.2.4.1 Apple Pulp Maceration

The current trend is to process apple juice from table varieties having defects or not sold

for table consumption (Golden Delicious, Granny Smith, Jonagold, Red Delicious).

Apples processed in the crop period are easily pressed with a relatively high yield. They

are stored at low temperature in controlled atmosphere for several months and

processed according to market demand. During storage, the insoluble protopectin

is slowly transformed into soluble pectin by endogenous apple pectinases (protopecti-

nase type), and starch is slowly degraded by endogenous apple amylases into glucose

and consumed during post-harvest metabolism. Soluble pectin content can increase

from 0.5 up to 5 g per kilogram of over-ripe apple [529]. Apples become difficult to press

unlessmaceratedwith pectinases (Fig. 37). In the traditional process, enzymes are used

at two different stages (Fig. 38). Application of commercial pectinases from Aspergillus
sp. in apple mash is necessary because activity of endogenous enzymes is too low to

cause an immediate noticeable effect. Because apple pectin is highly methylated,

commercial enzyme preparations must contain a high concentration of pectinlyase or

pectin methylesterase in association with polygalacturonase and arabanase, together

with side activities such as rhamnogalacturonase and xylogalacturonase. Rapidase

Press (DSM), Rapidase Smart (DSM), Pectinex UltraSP (Novozymes), and Rohapect

MA+ (AB Enzymes) pectinases sold for apple pulp maceration contain enzymes

necessary to obtain a good pressability and high yield throughout the entire season.

Fig. 37 Effect of pectinases on percentage apple juice yield during the processing season
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Commercial products contain more or less the enzyme activities described below, but

with different ratios from non-GM and GM organisms.

Pulp enzyming results in a fast decrease in pulp viscosity, a large volume of free-run

juice, and fast pressing. The yield is over 90% with hydraulic press and pomace

leaching, compared to 75–80% maximum without enzyme treatment.

5.1.2.4.2 Apple Juice Depectinization

Pectin is the main cause of juice turbidity. One liter of juice with 13% dry matter can

contain 2–5 g of pectin after pressing, depending on the ripeness of the fruit. Pectinase

dosage is determined in the laboratory by performing the alcohol test. Acidified ethanol

(2 volumes of ethanol containing 0.5% HCl þ 1 volume of apple juice) is used to

precipitate residual pectin with a molecular weight of up to 3000 dalton. It is important

to use acidified ethanol; otherwise, precipitation of organic acids or calcium pectate

occurs because of the pH change after mixing ethanol with the juice, and thus a a false

positive result is obtained. Pectinlyase or pectin methylesterase plus polygalacturonase

and arabanase are the most important enzymes. Arabinose represents 55% of neutral

sugars in hairy regions of apple pectin. Arabanase activity prevents haze formation after

juice concentration. The juice clarification is carried out after enzymatic depectiniza-

tion [530]. The first stage consists of destabilization of the cloud by PL, which has no

Fig. 38 Production of apple concentrate

118 5 Industrial Enzymes



visible effect but results in a strong decrease in the viscosity of the juice (Fig. 39). PL cuts

pectin at random, and cutting 1–2% of the linkages is enough to reduce apple juice

viscosity by 50%. PG becomes active only after the action of PME. Because of its high

molecular weight, PG cannot hydrolyze pectin with a degree of methylation greater

than 50–60% due to steric hindrance. At this stage, PL is no longer active and pectin

hydrolysis is due to the system PME/PG. The second stage is cloud flocculation. The

sedimentation necessary for the clarification of apple juice occurs only after enzymatic

degradation of pectin and starch. The cloud is composed of proteins that are positively

charged at the pH of the juice (3.5–4.0) since their isoelectric point lies between pH 4.0

and 5.0. These proteins are bound to hemicelluloses that are surrounded by pectin as a

negatively charged protective colloid layer. Pectinases such as Rapidase C80 Max

(DSM), Pectinex C80 Max (Novozymes), and Rohapect DAL (AB Enzymes) partially

hydrolyze the pectin gel, and thus results in the electrostatic aggregation of oppositely

charged particles (positive proteins and negative tannins and pectin), flocculation of the

cloud, and then clarification of the juice [530]. The optimal pH for this mechanism is

3.6. The alcohol test shows whether juice depectinization is complete.

At the beginning of the processing season, unripe apples contain 5–7 g of starch per

liter of juice. At this point, the iodine test gives a dark blue color and starch can be

precipitatedwith iodine. Starch is present as granules 2–13mmin size, composed of 30%

amylose and 70% amylopectin chains. The latter can fix 20 wt% iodine. Apples contain

endogenous amylases, but the process is too short and activities are too low to degrade the

starch. When the juice is heated to 75–80 8C, starch changes from an insoluble form to a

soluble form (gelatinization with water). If no amylase is added, these molecules can

subsequently undergo retrogradation and form large aggregates that are difficult to

hydrolyze and clog filters. The addition of fungal amylase and amyloglucosidase results in

the hydrolysis of soluble starch into glucosemonomers. Retrogradation and post-bottling

haze formation are prevented, and clarification and filterability are improved. Prepara-

tions such as Hazyme DCL (DSM) and AMG (Novozymes) contain a-amylase and

amyloglucosidase fromAspergillus niger. The dosage is determined by the iodine test. The

third stage is clarification with finings and sheet filtration, which is being replaced by

micro- or ultrafiltration (UF). Inorganic membranes have cut-offs from 20 000 to

500 000 dalton. Insoluble particles and soluble undegraded molecules such as parts

of RGI, RGII, proteins including enzymes, and polyphenols, remain to a greater or lesser

extent in the retentate, depending on the cut-off of the filtration membrane. Recently, it

Fig. 39 Apple juice depectinization
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was found that undegraded RGI, RGII, and dextrins can foul UFmembranes. Rapidase

UF (DSM) andNovoferm43 (Novozymes) contain rhamnogalacturonases and other side

activities to improve ultrafiltration flow rate.

In conclusion, apple juice is easily produced after pulp maceration and juice depecti-

nizationwith enzymes,with possible concentrationof up to 708brix (percentage byweight
of soluble solids in a syrup at 68 8F), without risk of gel or haze formation.A fewproducers

make ‘‘natural’’ or cloudy apple juice, e.g., in Germany and the USA. Until now, they did

not add enzymes, because the existing commercial pectinases induce fast clarification of

the juice.DSMsells a purifiedpectinmethylesterasewithout pectindepolymerase activity.

It can be used in the cloudy-juice process at themaceration stage to improve the yield, and

also in the French cider process with calcium for defecation with flotation techniques.

5.1.2.5 Red-Berry Processing

The production of clear juice and concentrate from blackcurrant, raspberry, or

strawberry requires enzymatic maceration and depectinization [531], [532]. Clarifica-

tion, filtration, and concentration are difficult because these juices have high pectin

content (typical content of residual lowmolecular weight pectin of 7 g L�1 compared to

0.5 g L�1 in apple juice). It is assumed that pectin hairy regions remain as soluble colloid

in the juice and hemicelluloses tend to bind to phenolics and proteins during

processing and storage. The result is the formation of irreversibly linked brown

complexes that enzymes can no longer break down. An additional problem is related

to the frequent contamination of red berries, mainly strawberry and raspberry, with

Botrytis cinerea. This parasitic fungus, growing on rotten berries, secretes a b-1,3-1,6-

linked glucan into the berries with amolecular weight of ca. 106 dalton [533]. This gum

reduces the filterability and the clarity of the juice. It is possible to hydrolyze this glucan

with b-glucanases with Filtrase (DSM)Glucanex (Novozymes).

Single-Stage Red-Berries Process The single-stage process consists of simultaneous

blackcurrant or blackberry maceration and depectinization (Fig. 40). Pectinases are

used to improve juice and color extractionwhile retaining the organoleptic properties of

the fruit. However, the extracted color is sometimes partly destabilized by anthocya-

nases (side activities of pectinases) or by oxidation. Oxidation can be chemical or

enzymatic, due to the endogenous polyphenol oxidase (PPO) of the fruit, and is

catalyzed by metal ions. It is therefore recommended that the pulp be heated to

90 8C to inhibit fruit oxidases prior to maceration with enzymes. Some red berries are

very acidid (pH 2.6–2.8) and have high contents of phenolics and anthocyanins, which

are inhibitors of pectinases. Hence, red-berry processing requires commercial pecti-

nases that are especially stable under these conditions. This is the case forKlerzyme150

(DSM), Klerzyme Intense (DSM), and Pectinex BEXXL (Novozymes).

Two-Stage Red-Berries Process The two-stage process consists of enzymatic macera-

tion of fruit pulp, followed by a second addition of enzyme for juice depectinization at

low temperature. Raspberries or gooseberries are heated to 90 8C for at least two

minutes to increase color extraction and to destroy fruit polyphenol oxidase. The pulp is

then cooled to 20–25 8C for enzymatic maceration. After pressing, the extracted juice is
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depectinized with pectinases. The low processing temperature after heating prevents

aroma losses, and high-quality juices and concentrates can be produced. In the case of

strawberries, it is inappropriate to heat the pulp because it would create an unpressable

purée, aromas loss, and juice browning. Hence, strawberries are processed at ambient

temperature [532].

5.1.2.6 Tropical Fruit and Citrus Processing

Tropical Fruit Tropical fruit is mainly processed to purée and stored before further

processing to cloudy or clear juice. Fruit purée, cloudy or clear juice fromapricot, peach,

kiwi, mango, guava, papaya, and banana are often processed without enzymes. The

main problem is viscosity, which can be decreasedwith pectinases [528]. Pectinases and

amylases can be later used for clear juice production.

Fig. 40 Production of blackcurrant concentrate
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Citrus Fruits The development of frozen concentrated orange juice started in 1940.

Orange juice is the most consumed fruit juice in the world. Citrus fruit processing

includes exploitation of all byproducts, among which pectin and essential oils are the

most significant (Fig. 41). Although in certain countries it is not permitted to use

enzymes in the production of premium orange juice, they can be used in other

applications. Enzymes can increase the yield of solids recovery during pulp washing,

facilitate the production of highly concentrated citrus base, improve recovery of

essential oil from peel, debitter juice, and clarify lemon juice [528]. An example of

citrus processing using enzymes is fruit peeling. The whole orange or grapefruit is

treated with pectinases for digestion of albedo (the white, inside part of the peel), which

binds flavedo (the orange or yellow, outside part of the peel). The fruit peel is scored and

whole fruits are treated with a 2% pectinase solution by vacuum infusion technology.

After vacuum break, fruits are maintained at 40 8C for 15–60 min for albedo digestion

inside the fruit. Peeled fruits are then rinsed, cooled, and packed.

Another example is the production of clear lemon concentrate. Cloudy lemon juice

coming from the extractor contains particles composed of pectin and proteins remain-

ing in suspension andbinding citral aroma (predominant lemonflavor). Clarification of

lemon juice was achieved in the past by addition of large amounts of bentonite or sulfur

dioxide. Today, clarification can be carried out with the very acidic pectinase Clarex

Citrus 12XL (DSM), which degrades the pectin part of the cloud. Enzymes are added to

the juice in amounts of 10 g hL�1 at 8–10 8C to avoid juice oxidation. The insoluble

solids are removed by filtration or ultrafiltration. The brilliant lemon juice can be

concentrated at 658 brix.

Fig. 41 Citrus processing
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5.1.2.7 Conclusion

Nowadays, enzyme producers provide a wide range of pectinases for processing of fruit

to give various products such as puree, cloudy juice, clear juice, and concentrate. The

evolution of technology and processes including enzymes allow processors to obtain

higher juice yield (productivity) together with higher quality of finished products. The

use of specific pectinases adapted to the fruit process improves the shelf life of juices

and concentrates (stability of color and freedom from turbidity). Apart from juice

processing, the wide range and the high specificity of commercial enzymes open the

way to new processes and new types of fruit-derived products. The trend is to process

fruit under milder and more strictly controlled conditions to obtain new fruit products

with sensory characteristics closer to those of fresh fruit.

However, because processing technology evolves faster than regulation, it is neces-

sary to define food standard values and process references (equipment, process stages,

type of enzymes. . .). In Europe, a Code of Practice has been developed to maintain

quality and authenticity standards [534]. Members of Association of the Industry of

Juices and Nectars from fruits and vegetables (AIJN) in parallel with the Association of

Microbial Food Enzyme Producers (AMFEP) have established references for fruit juice

composition and enzyme specifications, in line with commercial standards and

regulations of different countries.

5.1.3

Enzymes in Brewing

5.1.3.1 Introduction

Brewing is an old and traditional process that uses a variety of rawmaterials; in centuries

past, many brewing processes have evolved, and they show the versatility and craftman-

ship of historic brewmasters. By far themost important brewing style is the ‘‘lager’’ type,

characterized by the use of very pure water, low-temperature fermentation, and a long

maturation period. Even in this relatively young beer style, many variations have

developed. The common denominator in the brewing of beer is that part of the starch

of a cereal is converted into alcohol. In the first stage enzymes hydrolyze starch into

fermentable sugars. In a second process stage, these sugars are converted to alcohol and

carbon dioxide by yeast. (Not all beers use yeast for fermentation; e.g., in the case of

gueuze beers and weissen, bacteria are involved.)

The traditional source of enzymes used for the conversion of cereals into beer is

malted grain, and malted barley is a key ingredient in brewing. Malting depends on

many factors, including the barley variety and quality, the malt kilning regime and the

skill of the malter. The extent and success of the malting process depends on the

development, distribution, and survival of indigenous barley enzymes, and in the case

of the notoriously heat labile malt enzymes, quality varies from season to season and

from region to region.

During themalting of barley a series of enzymes—proteases, amylases, glucanases,

and cellulases—developes in the malt. Enzymes such as b-amylase, exo-peptidase,

and carboxy-peptidase are present in the starchy endosperm of the barley, and are
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activated during malting. In the aleurone layer of the barley, b-glucanase, endo-

proteases, a-amylase and pentosanases are formed during malting. The formation

and activation of the enzymes is promoted by increasing moisture and oxygen

concentrations during the steeping process, and is then fixed by the kilning of the

green malt. At this stage each enzyme with its individual properties is present at its

individual concentration.

Detailed steps of the brewing process are never universal due to their wide variety in

both startingmaterial, brewing style, and technical preferences and possibilities. In this

chapter a simplified brewing scheme is adopted (Fig. 42):

– Milling: reducing the size of the dry malt

– Mashing: adding water to the malt; controlled rise of temperature to allow

enzymes to degrade proteins and carbohydrates

– Brewing: boiling the mash

– Filtration:separate spent grain and most (lautering)

– Cooling of the most

– Fermentation: convert sugars into alcohol and carbon dioxide

– Filtration: separate yeast from bright beer

– Maturation: settling of insolubles, reduction of vicinal diketones

– Packaging: in casks, kegs, bottles, cans

– Pasteurization: improving microbiological stability

Fig. 42 Schematic of the brewing process
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Of the steps in this schemes, four are directly affected by enzymes (mashing,

fermentation, maturation, and packaging); indirectly, the several filtration steps are

strongly affected, too. Enzymes have an impact on several qualities of the final product,

such as appearance, taste, and economics.

Starting frommalt, the concentration of each enzymewill change to someextent during

storage,milling, and steeping, i.e., before themashing step. Each enzymes set of intrinsic

properties (temperature stabilities, substrate affinities, pH dependences, etc.) does not

change, but the expression of enzyme activity is dependent on the reaction conditions

(time, temperature, pH [536], salts [537], other enzymes, etc.), i.e., themashing conditions.

Since brewing, and therefore mashing, is a highly optimized process [538], there are

several undesirable consequences if too little of an enzyme activity is expressed in the

mash; for example:

– The extract yield is too low

– Wort separation takes too long

– Fermentation is too slow

– Too little alcohol is produced

– The beer filtration rate is reduced

– Off-flavour of the beer (diacetyl)

– Inferior stability of the beer

Auxiliary enzymes are used to supplement endogenousmalt enzymes in order to solve

or prevent these problems (see Section 5.1.3.3). Furthermore, enzymes can be used

improve the brewing process (e.g., better adjunct liquefaction, shortening of the beer

maturation time, production of beer from cheaper raw materials; see Section 5.1.3.4).

Finally, byusingnewenzymes it has become feasible to produce ‘‘nontraditional’’ types of

beer (low-calory ‘‘light beer’’, IMO beer, ‘‘sparkling wine’’; see Section 5.1.3.5).

5.1.3.2 Enzymes in Malting and Mashing

During the malting process, enzymes migrate from the aleurone layer into the starchy

endosperm. Cell-wall material is degraded by hemicellulases and b-glucanase, and

breakdown of proteinaceousmaterial by proteases enables amylases to act on the starch

granules. Each malt enzyme has its own set of intrinsic properties. The most notable

property is the dependency of both activity and stability on a host of physicochemical

parameters [temperature, water quality (pH, salts), malt and adjunct concentration and

composition, etc.]. The dependency is different for each enzyme. Figure 43a shows

enzyme initial activity and stability (half-life time) as functions of temperature at twopH

values. The action of an enzyme is determined by its capability to convert a substrate

into a product (starch to maltodextrins, or protein to oligopeptides), that is, the

integrated enzyme action over a period of time during which the enzyme simulta-

neously loses its enzymic function due to (e.g., thermal) instability. As a consequence,

somewhere between temperatures too low for the enzyme to be highly active, and

temperatures toohigh for the enzyme to survive, an optimumfor the enzymic effectwill

occur. It is dependent on many physicochemical parameters, for example, pH, as
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illustrated by Figure 43b, or time (Figure 43c). Clearly, the optimum temperature is a

derived variable and not an intrinsic property of an enzyme. In the end, it is the

optimum overall process that will prevail over the fate of a single enzyme.

During mashing the situation is complicated, since some substrate molecules are

formed by the action of one enzyme, and competed for by another enzyme, and these

figures are based on a highly simplified model.

Figure 43d shows such a simulation of product formation with time by a typical

enzyme at constant temperature, and Figure 43e over a temperature course typically

used in a double-decoctionmashing procedure. These graphs illustrate how conditions

Fig. 43 Enzyme activity as a function of various parameters
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(e.g., temperature) for this enzyme might not completely ideal during mashing, and

that a shorter mashing time would optimize the economics of this enzyme.

As a further illustration, Figure 43f and Figure 43g show that for another typical

enzyme, a longer mashing period at lower temperature would be better suited.

Since many enzymes act simultaneously, and the results [e.g., high FAN (free alpha

amino nitrogen) vs stable foam] often contradict on the molecular scale, the mashing

process is a balancing act between obtaining enough activity from one enzyme without

destroying another before the goal of its action is achieved [539]. The simulationmodel

in Figure 43e applies to a highly simplified case. In contrast to the simulation, the

composition of the solution changes rapidly during realmashing, one enzyme uses the

product of another’s action as its substrate, proteases also destroy enzymes, and

temperature and viscosity change. Even when using identical malt and mashing

conditions, relatively small differences between brewing water qualities of two regions

can already give rise to substantial differences in mashing results.

Although the mashing process may be too complicated to translate into a kinetic

model, brew masters achieve excellent mashing results by skillfully balancing and

adapting the many process parameters [540]. In mashing, a premeasured amount of

grain is infused with a specific volume of strike water at a predetermined temperature,

and themash is stepped through a series of so-called temperature rests. It is themethod

used to reach the temperature of these rests which distinguishes the infusion from the

decoctionmashingmethods, and for simplification each rest is given a name according

to its major designated effect (Table 12).

The acid rest (see Section 5.1.3.4.2) is rarely employed and has been replaced by the

use of brewing salts. The protein rest is used primarily with larger amounts of

incompletely modified malts to produce amino acids (as nutrients for the yeast) and

to break down other proteins (e.g., those that cause chill haze) without destroying the

proteins that provide the beer with a good frothy head.

Fig. 43 (continued)
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In some cases it can be economically or technically feasible to use exogenous enzyme

activities to assist the endogenous malt enzymes, e.g., for the production of a special

beer, or to cope with the effects of poor malt modification. A new balance has to be

established between parameters such as time and temperature on the onehand, and the

combined effects of both endogenous and exogenous enzymes on the other. The

combination of different enzymes can result in a more robust, faster, or more

economical over-all production process. If malt has been replaced to a large extent

by brewing adjuncts such as unmalted barley, corn grits, rice, or sugar syrups, the level

of endogenous enzymes will be proportionally reduced, and the additional exogenous

enzyme activities become an intrinsic part of the production process.

Sources of exogenous enzymes may be vegetal (papain), fungal (glucanase), or

bacterial (protease). Industrial producers of enzymes have been using many sources

from as early as the 1960s.

The wide variety of exogenous enzymes range from close-to-malt enzymes to

enzymes originating from extromophile bacteria. With the use of bacterial enzymes,

the latest achievements of modern biotechnology become available to the brewmaster.

Enzymes hitherto unavailable are now economically feasible for use on an industrial

scale, with only personal or commercial sentiments standing between the brewmaster

and the deployment of enzymes from GM organisms.

A traditional all-malt lager brewing process is used as starting point where possible,

and the next sections address three areas for using exogeneous enzymes:

1. Solving or preventing problems occurring during the brewing process

(Section 5.1.3.3),

2. Improving the brewing process (Section 5.1.3.4),

3. Enabling a nontraditional brewing process (Section 5.1.3.5).

5.1.3.3 Enzymes for Problem Prevention or Solving

5.1.3.3.1 Bacterial a-Amylase in Mashing

The most important change brought about in mashing is the conversion of insoluble

starch molecules into soluble, fermentable sugars and unfermentable dextrins. The

principal enzymes responsible for starch conversion are a- and b-amylase. a-Amylase

(E.C. 3.2.1.1) rapidly splits insoluble and soluble starch into many shorter chains that

can be attacked by b-amylase (E.C. 3.2.1.2). In all-malt brewing, amaximumfinalmash

temperature of 78 8Cresults in the best separation ofwort from spent grain. By adding a

Table 12. Rest periods in mashing

Temperature Enzyme Rest period Duration

30–40 8C phytase acid rest 10–30 min

40–50 8C protease protein rest 20–40 min

60–66 8C b-amylase conversion rest 40–70 min

68–70 8C a-amylase conversion rest 20–40 min
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bacterial a-amylase, the temperature can be increased to 85 8C in the final mashing

phase. The exogenous enzyme extends the degradation of remaining starch into soluble

oligosaccharides, continues to do so in the lauter tun, and thus prevents an increase in

viscosity due to gelatinization of starch during wort separation. Adding thermostable

bacterial a-amylase just before the mash is pumped into the lauter tun degrades any

remaining starch. As the mash in the lauter tun is at a higher temperature, it is thinner

and passes through the filter medium more quickly and smoothly.

Adding bacterial a-amylases becomes essential when a high fraction of adjuncts has

diluted the concentration of endogenous enzymes in the mash tun. Since this dilution

factor applies to all endogenous enzymes, additional enzyme dosage or enzyme

cocktails containing, e.g., b-glucanase and protease in addition to amylase, are used.

If a thermostable bacterial a-amylase is used, brew masters often prefer separate

addition of the b-glucanase and protease to add flexibility (compared to an enzyme

cocktail with fixed composition) to adapt to their particular malt/adjunct situation.

5.1.3.3.2 Fungal a-Amylase in Fermentation

Slow fermentation can result from incomplete saccharification in themashing process.

If the problem is diagnosed in an early phase, direct addition of fungal a-amylase (E.C.

3.2.1.1) in the fermenter can correct the problem. The enzyme action at relative low

temperatures lowers the attenuation limit (degree of attenuation is the percentage of

fermentable carbohydrates in the wort extract), increases fermentability, and more

alcohol is produced, resulting in a ‘‘drier’’ more attenuated beer.

5.1.3.3.3 b-Glucanase in Mashing

Theb-glucanase (E.C. 3.2.1.4) frombarley is very heat labile and survives for only a very

short time at mashing temperatures. If not enough b-glucan is broken down, the

remaining glucans will partly dissolve, bind water, and cause problems later in the

process by increasing viscosity (and thus extending wort runoff times) and by causing

haze.

Optimizing the mashing process by varying temperature/time regimes often

improves the performance of amylases and increases FAN values. If the new regime

decreases b-glucanase performance, this may cause several related problems:

– Poor runoff,

– Poor extract recovery,

– Poor spent-grains drainage,

– Slow yeast sedimentation, poor centrifuge efficiency,

– Poor beer-filter performance, problems with haze.

b-Glucanases from, e.g., fungal origin, selected for improved thermostability under

mashing conditions, result in amore robust and stablemashing process. They assist in

the mashing of grists containing insufficiently modified or unevenly modified grains,

aid runoff from the mash tun by reducing wort viscosity, and improve beer finability

and filterability.
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5.1.3.3.4 Cysteine Endopeptidases (Postfermentation)

If insufficient protein is removed by hot and cold precipitation (protein is needed

throughout as, e.g., yeast nutrient, FAN, and for foam), polypeptides can cross-react

with polyphenols during the final stages of beer production (conditioning, lagering) to

cause an undesirable, so-called chill haze. Soluble proteolytic enzymes, such as papain

(E.C. 3.4.22.2) and, to a lesser extent, bromelain (E.C. 3.4.22.32) andficin (E.C. 3.4.22.3),

are commonly used (mostly in conjunction with other stabilization agents such as

poly(vinyl pyrrolidone) (PVP) or silica gels (e.g., Lucilite) before final filtration to

improve the colloidal stability of the beer, and thus control chill haze in and increase the

shelf-life of packaged beer. Papain, extracted from the fruit ofCarica papaya, is effective
in the temperature range of 30–45 8C and the pH range of 4.0–5.5. Added to

conditioning tank, this a-specific endo-peptidase breaks down high molecular weight

proteins that react with polyphenols before being destroyed during pasteurization.

The use of immobilized proteases has been studied, but has not beenwidely adopted.

5.1.3.3.5 Glucoamylase in Mashing

If the amount of dextrins remaining in the beer as nonfermentable sugars is too high,

the addition of exogeneous glucoamylase (E.C. 3.2.1.3) to the mash tun results in

cleavage of terminal a-1,6 glycosidic bonds of the oligosaccharides, and thus in an

additional amount of fermentable glucose in the wort. Since glucoamylase only reacts

with oligosaccharides of maximal 10–15 glucose units in length, this enzyme does not

prevent starch hazes caused by high molecular weight amylose and amylopectin

molecules.

5.1.3.4 Enzymes for Process Improvement

5.1.3.4.1 Adjunct Brewing

In adjunct brewing, malt is partly replaced by another starch source (e.g., corn, rice) for

economical reasons or to produce a lighter taste. With malt as the sole enzyme source,

the malt enzymes have a more difficult job since their relative concentration during

mashing is lower.When higher percentages of adjunct are used a separate pre-mashing

step with exogenous enzymes is introduced to enable a more predictable and simpler

production process. As heat-stable amylases aremuchmore stable thanmalt amylases,

simpler liquefaction, shorter process times, and an overall increase in productivity can

be achieved. Eliminating the malt from the adjunct cooker means less adjunct mash

and thus more freedom in balancing volumes and temperatures in the mashing

program.

Traditionally, the use of barley has been limited to 10–20% of the grist when using

high-quality malts. At higher contents of barley (> 30%, or with low-quality malts)

processing becomes more difficult, and the mash must be supplemented with extra

enzyme activity (apart from a-amylase, some extra b-glucanase and endo-peptidase are

needed) if the brewer uses unmalted barley while maintaining brewing performance.

Other raw starch adjuncts are used to partially replace malt as the carbohydrate source.

Adding thermostable bacterial a-amylase to the mash allows extension to the higher

temperatures needed for liquefying starches from, e.g., rice ormaize. Brewing systems
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that use raw starch or grits from rice, maize, or sorghum will have a separate cooking

stage for these materials, preferably at elevated temperatures of up to 108 8C (jet

cooking). Malt amylases are not suitable for this, and thermostable bacterial a-amylase,

or a protein-engineered more robust version thereof, is needed. Pre-gelatinized

adjuncts, such as micronized cereals added to the mash need (nonthermostable)

bacterial a-amylase to ensure that no residual starch is present in the worts. The

enzyme hydrolyzes both malt and adjunct starches, liberating soluble dextrins. This

action is supplemental to the action of the natural malt a- and b-amylases.

The presence of approximately 200 ppm Ca2þ is important when using nonthermo-

stable a-amylase, especially when hydrolysis occurs at higher temperatures. Enzyme

inactivation occurs when the temperature is raised to ca. 100 8C for 1–20 min. For all

practical purposes the enzymewill be destroyed in the brewing kettle duringwort boiling.

Liquid adjuncts as carbohydrate source include cane and beet sugar syrups, and the

corn based DE (see Section 5.2.3.3.3) syrups produced by the corn starch processing

industry. ‘‘Brewer’s syrup’’ (a maltose syrup produced from, e.g., corn, with a carbohy-

drate spectrum close to that of sweet wort) has become popular as adjunct in the UK,

South Africa, and some Asian countries. The solubilization and partial hydrolysis of

corn starch is performed outside of the brewery by starch processors using modern

industrial enzymes such as thermostable (protein-engineered) bacterial a-amylase,

pullulanase, and b-amylase extracted from malt or barley. By using different sacchar-

ification reaction conditions (time, temperature, enzyme), by blending or by introdu-

cing fungal a-amylase and glucoamylase, starch processors can nowadays meet any

brewer’s syrup specification, both in composition and in economics.

5.1.3.4.2 Improved Mashing Processes

Proteases The endogenous endo- and exo-proteases are highly heat labile and act

mainly in the malthouse. Carboxy-peptidases are a little less heat sensitive, and

continue to operate for a while in the mash. Proteases (and also b-glucanase) are

quickly destroyed in an infusion mash at 63–668 C. When using decoction mashing

techniques and a reduced initial mash temperature, significant enzyme activity can

occur in the early stages of mashing. Therefore, malts for use in decoction mashing

systems need not be so wellmodified asmalts in infusionmashes. During the so-called

protein rest (30 min at 40–50 8C) protease reduces the overall length of the high

molecular weight proteins— the cause of foam instability and haze— to lowmolecular

weight proteins in the mash. Endo-proteases split high molecular weight proteins into

simpler peptides by breaking the peptide bonds between amino acids. Endo-proteases

are responsible for degrading insoluble globulins, and albumins already dissolved in

the wort, into medium-sized polypeptides. The reduction in content of albumins and

globulins is important for reducing the haze caused both by proteins and polyphenols

(tannins derived from themalt husks andhops). As a rule, reducing thenumber of large

protein molecules in beer makes it less prone to haze. The medium-sized proteins are

not useful yeast nutrients, but are important for foam stability and thus head retention,

as well as for body or palate fullness. Some brewers prefer to limit the duration of the

protein rest to improve the foamquality of the beer. Awide variety of endopeptidases are
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readily available; historically, the proteases originating from Bacillus amyloliquefaciens
have proved adequate for in assisting the available malt proteases.

Pullulanase Endogenous b-amylase (1,4-a-D-glucan maltohydrolase, E.C. 3.2.1.2) is

an exo-enzyme that cleaves external a-1,4-glucosidic links to form maltose molecules

and b-limit dextrins. The latter contain a-1,6-glycosidic links and cannot be cleaved by

either a- or b-amylase; b-limit dextrins remain in the wort throughout fermentation as

nonfermentable sugars. The natural enzyme produced in the wort that can cleave this

link is limit dextrinase (dextrin a-1,6-glucanohydrolase, E.C. 3.2.1.142), a heat-labile

enzyme that is readily inactivated at mashing temperatures. The exogeneous enzyme

pullulanase (pullulan 6-glucanohydrolase, E.C. 3.2.1.41) hydrolyses a-1,6 glycosidic

linkages in branched polysaccharides, e.g., amylopectin. The enzyme requires at least

two a-1,4 glucose units to be on either side of the a-1,6 link, and thus maltose is the

main final reaction product. The activity and stability of exogenous pullulanasemust be

compatible with mashing conditions, and not all industrial enzymes used in the starch

processing industry qualify. The tolerance for fermentation pH values and limited

thermostability prevent carry-through risk for pullulanase, and limit its action to

achieving a set degree attenuation.

Phytase The traditional acid rest used to be responsible for reducing the initial mash

pH for traditional decoctionmashing of lager beers starting fromunder-modifiedmalt.

The enzyme phytase from barley malt is active at 30–53 8C and breaks down insoluble

phytin (a complex organic phosphate containing both calcium and magnesium) to

phytic acid. The phytase reaction releases hydrogen ions in the process and may be

accelarated and extended by adding a more thermostable phytase of bacterial origin.

Highly modified malts contain too little endegenous phytase because of the high

kilning temperatures and depend fully on exogeneous phytase to achieve phytase-

induced acidification, whether during the acid rest or during the intitial mashing phase

at higher temperature.However, the acidity of highly kilnedmalts is normally sufficient

to lower the mash pH without an acid rest.

Diastase/b-Amylase Themost obviousmethod to enrich the enzymatic activity ofmalt

is to add an extract of malt enzymes. Composition (concentrations of various enzymes)

may vary between the various products, dependent on malt type and extraction

processes. For economical reasons, addition of malt or barley extracts is only used

if no high-quality malt is available and the use of bacterial and fungal enzyme is

undesired.

5.1.3.4.3 Shelf-Life Improvement

During fermentation, yeast takes up all dissolved oxygen, and in the following

processing steps the atmosphere in tanks and equipment is pure carbon dioxide.

Typically the oxygen concentration in beer is below 200 ppm. After packaging, the

concentration of oxygen in beer may vary from less than 500 to 1000 ppm. Traces of

entrapped oxygen (and polyphenols such as delphinidin acting as pro-oxidants), lead to

formation of the volatile aldehydes responsible for stale flavor in beer. Antioxidants,
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such as sulfite, ascorbic acid, and catechin, can thus protect beer frombecoming stale in

the presence of oxygen [543].

Various antioxidants have been added to green beer to either remove oxygen or to

negate its effects. Ascorbic acid (vitamin C) at 1.5 g/hL reduces oxidation haze and the

effect, similar to reducing dissolved oxygen. The reduction of agents containing sulfur

can reduce chill hazes. Sodium hyposulfite has some effect on chill haze when used in

amounts of 20 ppm, and sodiummetabisulfite and ascorbic acid (10–20 ppmeach) have

a synergistic action in protecting the activity of papain in beer during and after

pasteurization. In contrast to the reducing agents, which are needed in equimolar

amounts to the dissolved oxygen, enzymatic oxygen removal uses the small concentra-

tion of available glucose as the electron donor to scavenge oxygen. The removal of

oxygen by glucose oxidase (b-D-glucose:oxygen 1-oxidoreductase, EC 1.1.3.4) plus

catalase (H2O2 oxidoreductase, EC 1.11.1.6) is the sum of two reactions: glucose

oxidase converts glucose and oxygen to gluconic acid and hydrogen peroxide, which

is transformed by catalase into water and oxygen (net reaction: glucose +1/2 O2 !
gluconic acid).

In practice, a system with only enzymic deoxygenation is less efficient than a

combination of enzymes and chemical reductants. The concentration of free glucose

in beer may be too low for effective removal of oxygen, but it was demonstrated [544]

that by adding only glucose oxidase and sulfite successfully suppressed the flavor

deterioration of the beers. Another possibility is that the peroxide formed in the first

reaction, and/or intermediates leading to oxygen formation in the second reaction, are

reactive and responsible for oxidative deterioration of beer flavor [545].

5.1.3.4.4 Accelerated Maturation

Lagering involves secondary fermentation of remaining fermentable extract at a

reduced rate at low temperatures and low yeast count. The low temperature promotes

the settling of remaining yeast and precipitation of haze-forming material (protein/

polyphenol complexes). The maturation period or diacetyl rest reinvigorates the yeast

culture so that it metabolizes byproducts such as diacetyl and 2,3-pentanedione that

were excreted early in the fermentation. During the maturation period 96% of the

diacetyl and 2,3-pentadione is used in biosynthesis (i.e., amino acid valine/leucine

synthesis in particular) by active yeast and 4% of a-acetolactate formed in beer is

oxidized to diacetyl. The flavor threshold for diacetyl is 0.10 mg/L, and this small

molecule causes an unpleasant buttery or butterscotch taste, considered a major off-

flavor for lager-type beer.

Depending upon the yeast type, the physical environment, etc., this process takes 5 to

7 weeks with traditional lagering. Employing a diacetyl rest is particularly important

when producing beers with high adjunct fraction due to the high levels of diacetyl

produced [546]. It is also important in brewing lagers, as they do not have a heavy flavor

impression.

In accelerated lagering the beer is fully attenuated, virtually free of yeast, and stored at

higher temperatures to reduce the concentration of vicinal diketones, which are

responsible for off-flavors in beer. Accelerated lagering reduces the time needed to

achieve a product similar to beer brewed with a cold-lagering process to 7 to 14 d, with
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the same clarity and flavor stability [547]. Sometimes freshly fermenting wort is

added to diacetyl-laden beer in cold storage (kräusen) so that active yeast absorbs

diacetyl.

With the exogenous enzyme a-acetolactate decarboxylase (ALDC, (S)-2-hydroxy-
2-methyl-3-oxobutanoate carboxylyase, E.C. 4.1.1.5) the excess a-acetolactate can be

directly converted into harmless butanediol, bypassing the formation of diacetyl.

By eliminating one of the major reasons for an extended lagering period, ALDC

enables brewers to extend their peak lagering capacity.

5.1.3.4.5 Starch-Haze Removal

Fermentation problems, such as sticking fermentations or unacceptably low attenua-

tion limits, are only noticed after mashing, when certain notable fermentation para-

meters are not met. Undegraded starch or high molecular weight carbohydrates that

will neither fine nor ferment out, rearrange into insoluble complexes that cause beer

with a starch or carbohydrate haze. Under these circumstances it is important to apply

corrective action swiftly to avoid atypical flavor profiles. At the lower temperatures

common in fermentation, fungal a-amylases are capable of rapidly hydrolyzing the

interior a-1,4-glucosidic linkages of barley, malt, and cereal starch and the formation of

maltose and a carbohydrate profile similar to that derived from indigenous malt

amylases.

5.1.3.5 Special Brewing Processes

Low-calory beer (diet/light lagers) is based on the American lager style of brewing. Corn

is the major adjunct, amounting to 50–65% of the total grain bill, and processed with

added enzymes, e.g., glucoamylase to break down nonfermentable carbohydrates and

attenuation is higher than normal beers. Dry beer, super dry beer, and sparkling wine are
highly carbonated fermentation products with almost complete conversion of all

carbohydrates into alcohol and CO2 assisted by bacterial and fungal enzymes. The

main starch source in sorghum beer (bantu or kaffir beer, pombe, burukutu, pito), is

unmalted sorghum, supplemented with maize. After acidification with lactic acid to

lower the pH to 4, bacterial a-amylasemay be added, and the cooker is heated to boiling

for 90–120 min. After cooling to 60–628C, malted sorghum and/or bacterial glucoa-

mylase is added for a partial saccharification. After coarse filtration and cooling to 30–

35 8C, yeast is added. The fermenting turbid mash is packed in open bottles, jerrycans,

or vessels, ready for consumption after 16–24 h. Still experimental is the production of

IMObeer. The consumption of isomaltooligosaccharides (IMO: glucose oligomers with

a-1,6-glucosidic linkages) is claimed to stimulate the health-promoting activity of

colonic bacteria of genus Bifidobacterium, as well as producing a mild sweet taste

and low cariogenic properties. IMO-containing syrups are usually produced from

starch bymeans of cooperative reactions, one ofwhich is transglycosylation catalyzed by

(immobilized [548]) enzymes of microbial origin, by conversion of high-maltose syrup

into IMO-containing syrup. The transglycosylation product contains about 38% of

panose, 4% of isomaltose, 28% of glucose and 23% of maltose, and the usage of IMO

syrup in the brewery to replacemaltose imparts functional properties to traditional food

products with minimal changes in production technology and product taste.
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By introducing transglucosidase (EC 2.4.1.) during an enzyme assisted mashing

process, it is also possible to produce IMO in situ.

High-gravity brewing involves worts of up to 18 8Pand even higher. After fermentation

and maturation, the beer is diluted with cold carbonated water to the designated

gravity or to a prescribed alcohol concentration. Advantages associated with high-

gravity brewing are that it results in beers that are more consistent (alcohol content,

original gravity, etc.) andmore physically stable because the compounds responsible for

haze are more easily precipitated at the higher concentrations [549]. Handling more

concentrated wort results in increased utilization of equipment and lower energy costs.

The disadvantages are problematic mashing, longer fermentation times, different

flavor characteristics, and poorer hop utilization than normal-gravity fermentations

[550]. Exogenous enzymes are used to assist in mashing (neutral protease, bacterial a-

amylase) and fermentation (fungal a-amylase).

5.1.4

Enzymes in Dairy Applications

5.1.4.1 Introduction

Dairy products are among the classic examples of fermentation-derived foodstuffs, and

their history of development goes back several millennia. Through the ages a huge

variety of dairy products has been developed based on empirical experimentation.

Profound understanding of biochemical, microbiological, and physicochemical pro-

cesses has mainly been achieved during the second half of the 1900s. Economical

interest and scientific progress have led to the development of dairy food science as a

special branch within food science, and it is the basis of control in manufacturing a

huge variety of dairy products. Emphasis on understanding and controlling taste and

texture development has led to a still growing assortment of cheeses and desserts.

Enzymes originating from raw materials, microbial starter cultures, or other sources

are prime tools in improving existing and creating novel dairy products.

5.1.4.2 Cheesemaking

5.1.4.2.1 Cheesemaking Process

A basic element in the process of cheesemaking is the clotting of the milk. Milk turns

into a gel structure through the action of coagulating enzymes, briefly called coagulants.

The casein proteins in milk lose their colloidal stability and aggregate to form a gel

structure. After cutting of the gel, the liquid whey fraction, containing whey proteins,

minerals, and lactose, separates from the casein chunks. The caseinmaterial, the curd,

is collected in molds. After pressing and brining, the cheese is kept under conditioned

storage for ripening. Storage time may last from weeks to months, even years,

depending on the type of cheese.

5.1.4.2.2 Mechanism of Renneting

About 80% of milk protein consists of casein, which is hydrophobic by nature. The

bovine caseins may be subdivided in four species of phosphoproteins that exist, due to
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their poor solubility in water, in agglomerates. The four species as1-, as2, b- and k-

casein occur in relative molar concentrations of about 4:1:4:1.6. Caseins aggregate to

form submicelles, which together form the casein micelle [551]. The outer surface of

the casein micelle consists of submicelles containing a relatively high content of k-

casein molecules. Hydrophilic, negatively charged parts of the k-casein molecules

protrude from the periphery of the micelle and guarantee micelle stability due to

electrostatic and entropic repulsion. The coagulating enzymes specifically split off a

distinct part of these k-casein hairs, hydrolyzing the Phe-Met bond (at amino acid 105–

106) and thus provoke destabilization of the wholemicelles, which aggregate with each

other. The part of k-casein split off is called the caseino macro peptide. Calcium ions

facilitate caseinmicelle aggregation but do not affect the enzyme reaction. The enzyme

reaction is very sensitive to pH but less to temperature. The aggregation rate is strongly

affected by temperature between 25 and 35 8C. Renneting is thus described by the

enzymatic reaction and by Casein Micelle Aggregation [552], [553].

5.1.4.2.3 Types of Coagulants

Commercially available coagulants used in the cheesemaking industry consist of

animal rennet and microbial coagulants from non-GM and GM microorganisms.

Animal rennet is obtained from the gastric mucosa of young mammals, usually of

bovine origin. Animal rennet is a mixture of chymosin and pepsin (E.C. 3.4.23.1). The

ratio of chymosin to pepsin depends on the age of the animal, being highest (about

95%) for unweaned calves. The high ratio of chymosin to pepsin in the calf stomach is

explained by the fact that chymosin does not hydrolyze immunoglobulins, which are

present in the colostrum and needed to build up immunity, whereas pepsin does.

Due to the limited availability of calf rennet, substitutes frommicrobial sources have

been sought, and nowadays microbial coagulants cover a considerable part of the

demand for of coagulating enzymes worldwide. Microbial coagulants are produced by

fermentation. Most widely applied are enzymes from Rhizomucor miehei, Rhizomucor
pussilus, and Cryphonectria parasitica.
A third group of coagulants is made by genetically modified microorganisms. The

bovine gene encoding for chymosin type B is cloned in the genome of fungi and yeasts

such as Aspergillus oryzae and Kluyveromyces lactis. Chymosin type A cloned and

expressed in E. coli is no longer commercially available. Several efforts have been

made to clone microbial genes from R. miehei or R. pussilus in other microbial

expression hosts, but, although technically feasible, none of these have reached

commercial application.

In some minor cheese types plant proteases from cardoon and Solanum dobium are

used.

Coagulants are commercially available in liquid, powdered, tabletted, and paste

formulations of varying strengths. Animal rennets are made in standardized ratios of

chymosin to pepsin.

5.1.4.2.4 Properties of Coagulating Enzymes

All coagulating enzymes are aspartic endoproteases. Two aspartic acid residues are

located in the active center of the enzyme and play an essential role in the proteolytic
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mechanism. All coagulating enzymes are more or less inhibited by pepstatin, a

microbial oligopeptide from strains of Streptomyces [554]. Coagulants are of comparable

size and three-dimensional bilobal, structure and contain highly conserved regions.

The amino acid homology between microbial coagulants is high, but they diverge

extensively from mammalian ones [555]. The three-dimensional structures have been

elucidated by crystallographic studies [556]. Chymosin and pepsin are secreted as

inactive zymogens, whereas the microbial enzymes are not. In low-pH environments,

as in the stomach, the propeptides are split off to activate the enzyme. Table 13 lists

some biochemical characteristics of coagulating enzymes.

Chymosin in animal rennet consists of types A and B, which are point-mutated at

position 290, where chymosin A has Asp and chymosin B has Gly [557]. Chymosin A is

said to have a higher specific activity for renneting but is less stable [558]. Due to its high

specificity for cleaving the Phe-Met bond between amino acid residues 105 and 106 ofk-

casein at the natural pH of cheesemilk, chymosin is considered the standard renneting

enzyme to which others are compared. At lower pH, aspartic proteases lose their

specificity and aspecifically hydrolyze proteins randomly, even themselves. Apart from

the coagulant from C. parasitica, which cleaves between amino acid residues 104 and

105 in k-casein [555], the other coagulants also hydrolyze the Phe-Met bond of k-casein.

In general, microbial coagulants are more proteolytic than animal rennet. There are

differences between the various coagulants in terms of the ratio of theirmilk clotting to

their overall proteolytic activity, whereby a high ratio is important. The milk clotting to

proteinase (also called caseinase) ratio (MC/PA) is used as a quality characteristic of

coagulants [559]. These ratios vary with pH. At pH 6.5 chymosin derived through

fermentation has the highest ratio, followed in order of decreasing ratio by calf rennet,

bovine pepsin, and proteases from R. pusillus, R. miehei, and C. parasitica. The MC/PA

ratio is directly related to cheese yield, one of the most important economical

characteristics in the cheesemaking process. A high caseinase activity results in a

relatively large amount of casein protein fragments that are washed away with the whey

fraction and thus do not end up in the cheese curd. There is a huge, but also, conflicting

amount of scientific literature describing comparison studies of cheese yield with

different coagulants. In an elaborate study [560] the most relevant commercial

coagulants were studied in a single comparable process (Table 14).

Although the differences appear to be small, considering the huge amounts of milk

processed, the economical relevance is considerable.

Heat lability is another important characteristic of coagulants [561]. For Emmental

cheese, the cheesemaking process of which involves a cooking step at 50 8C to inactivate

Table 13. Biochemical characteristics coagulating enzymes

Coagulant Source E. C. no. M, kDa IEP Glycosylation Topt. 8C (milk clotting)

Chymosin bovine 3.4.23.4 35.7 4.98 no 40–44

Mucorpepsin R. miehei 3.4.23.23 38 4.58 yes 58–62

Mucorpepsin R. pussilus 3.4.23.23 30–39 4.41 yes 42–45

Endothiapepsin C. parasitica 3.4.23.22 33. 8 4.89 no 42
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all residual coagulant in the cheese,mostly coagulant fromC. parasitica is used because
of its low heat stability. Any proteolytic activity of coagulants inwhey, which is nowadays

used in many food applications, should disappear following normal pasteurization

(12 s, 72 8C). The following order of heat lability is known: porcine pepsin > bovine

pepsin > C. parasitica > chymosin > R. pusillus > R. miehei. Commercial types of R.
miehei coagulants have been chemically modified in order to lose stability and

to meet application demands. The heat stability of all coagulants increases with

decreasing pH.

5.1.4.2.5 Cheese Ripening

Cheese ripening [562] is mainly due to proteolytic breakdown of the casein protein.

Endoproteases such as the endogenous milk enzyme plasmin and coagulating

enzymes are responsible for the generation of casein polypeptide fragments. Plasmin

is a trypsin-like alkaline endoprotease that occurs in milk also in its inactive plasmino-

gen form. It ismainly associated with the caseinmicelle. Plasminmay becomemore or

less active when plasmin- and plasminogen-activation inhibitors were separated with

the whey fraction. Exoproteases, originating from the bacterial starter cultures, further

break down part of these peptides to the level of free amino acids. These amino acids

function as precursors for flavor compounds to be synthesized by the catabolic enzyme

systems of the starter cultures. In this way the various types of starter cultures are

responsible for the typical characteristics of cheese varieties. In this simplified

description it is clear that coagulants play an important role in the ripeningmechanism.

At lower pH, as in cheese, coagulants become more and more aspecific. The various

coagulants differ considerably in their ability to breakdown casein proteins. For that

reason not all coagulants are suitable for all types of cheeses. Microbial coagulants are

believed to be less suitable for long-ripening cheeses and are found to develop bitter off-

flavors, although chemical modifications and processing optimization result in

improved performance.

The separation of whey from curd is a crucial moment in the cheesemaking process

in which retention ofmilk constituents in the curd is determined. Minerals and lactose

are not retained in the curd. Particles such as bacteria and fat droplets are entangled in

the casein network and end up almost entirely in the curd. The water present in cheese

is mainly protein-bound and can not be regarded as a solvent. On the basis of partition

Table 14. Performance of commercial coagulants

Coagulant Yield reduction, %

Calf rennet 0.0

Calf rennet/pepsin 1/1 0.09

Bovine rennet 0.14

Mucorpepsin (R. pusillus) 0.45

Mucorpepsin (R. miehei) 0.59

Endothiapepsin (C. parasitica) 1.11
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calculations only a few percent of a water-soluble component present inmilkwould end

up in the cheese. Retention of proteins is determined by the extent and nature of

interaction of the proteins and casein. Whey proteins are completely expelled, but a

lysozyme is fully retained. Retention of coagulants in the curd depends on the pHof the

rennetedmilk at themoment ofwhey separation. Chymosin is retained to about 15%at

pH 6.5, which is a common pH in semihard cheesemaking (Gouda, Cheddar). In

the Camembert cheesemaking process whey separation occurs at pH 6.2, and

about 50% of chymosin is retained. Under the same conditions retention of

porcine pepsin is 65%. Chymosin is electrostatically bound to the para-k-casein

part of k-casein after having split off the caseinomacropeptide. This interaction,

based on differences in isoelectric points of the two proteins, becomes stronger at

lower pH [563]. The microbial coagulants are retained to about 18% in curd, inde-

pendent of pH [564]. As coagulants participate in the first stage of proteolysis in cheese

the extent of retention is of significant importance for the rate of cheese ripening.

5.1.4.2.6 Cheese Flavors and Ripening Acceleration

For several semihard and hard cheese types long ripening, and consequently long

storage times under strict temperature and humidity conditions, contribute substan-

tially to the cost of cheese. For this reason, ripening acceleration has long been a topic of

study. Acceleration of ripening can be achieved by changes in the process, addition of

enzymes to the cheesemilk, or bymanipulation of lactic acid bacteria (LAB) from the so-

called starter culture.

The most obvious way to accelerate ripening is by elevating the storage temperature.

However, this results in unbalanced flavor and texture characteristics.

As cheese ripening is, for the most part, due to proteolysis of casein, addition of

proteases would be an effective way to enhance ripening. The problem of addition of

specific proteases, apart from finding the proper proteolytic specificities, is that

proteases added to the cheese milk most often do not end up in the curd. Like whey

proteins, extra added enzymes usually end up in the whey fraction. For this reason,

specific formulation techniques, such as encapsulation in lyposomes, cross-linking,

and entrapment of the proteases for targeting into the curd have been sought. In the

Cheddar cheesemaking process, in which salt is added to the curd, addition of enzymes

along with the dry salt presents an opportunity for addition, in contrast to many other

cheese types. An uneven distribution of enzymes, resulting in ‘‘hot spots’’ in the cheese

matrix may, however, result.

In practice the costly methods of formulationmean that the desired cost reduction is

not achieved. Moreover, ripening acceleration results in a mature flavor that often does

not match with the textural characteristics. Another approach to accelerate cheese

ripening is by modification of starter cultures, both genetically or by composition.

Addition of extra LAB is not feasible due to uncontrolled acidification of the cheesemilk

resulting in unwanted cheese characteristics. An elegant way may be the addition of

attenuated starter cultures [565] in which the LAB have been killed by hot/cold

temperature shock or by exposure to microwaves, but catabolic enzyme activities

are still present. The problems of fast acidification of the cheesemilk and low retention

in curd have been solved in this way.
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In the past the application of lysozyme (to lyse LAB in cheese) and lactase (to convert

lactose into glucose and galactose, thereby offering other nutriants to LAB) have been

studied, but did not result in commercial application.

Proteases and lipases have found commercial application in the production of spray-

dried cheese-flavor protein derived from enzyme-modified cheese (EMC) processing.

EMC is made of short-ripened, enzyme-inactivated cheese to which additives such as

bile salts, flavors, and enzymes are added. Maturation proceeds at relatively high

temperatures andhighwater content in a short time. Lipases and proteases ofmicrobial

origin are preferably used.

5.1.4.2.7 Lipase

Milk fat consistsmainly of triglycerides. Lipases (triacylglycerol acylhydrolase, E.C. 3.1.1.2)

hydrolyze triacylglycerols to di- and mono-acylglycerols, free fatty acids, and glycerol.

Lipolysis plays a significant role in the flavor formation ofmold-ripened cheeses, blue

cheeses, and some Italian types [566]. In other types of cheese the contribution of

lypolysis to flavor formation is still obscure. Milk contains the endogenous lipoprotein

lipase (LPL, E.C. 3.1.1.34). This LPL is associated with casein, is consequently

incorporated in the curd, and may partially survive pasteurization. In milk this lipase

is relatively inactive due to its immobilization on the caseinmicelle and due to themilk

fat being present in milk fat globules surrounded by a protective proteinaceous

membrane. Severe agitation or homogenization may damage these structures, after

which lypolysis may occur, and the milk becomes rancid.

Pregastric esterases are present in rennet paste and are held responsible for the

‘‘piccante’’ taste of several Italian hard cheeses. Pregastric lipase powders are now used

in Italian types of cheese alongwith amilk coagulant in view of the poormicrobiological

quality of rennet pastes. Due to pasteurization of raw milk, endogenous lipases are

inactivated. Cheese types that, in the past, weremade fromrawmilk are nowmade from

pasteurized milk and added lipases.

Replacement of mammalian lipases by microbial ones is a topic of interest. Lipases

from R. miehei and Aspergilli strains are commercially available and useful for the

manufacture of Italian cheese types. These enzymes have a preference for hydrolyzing

fatty acids located at the 1,3-positions of the glycerol group. The short-chain fatty acids

are flavorful and volatile and contribute most to lypolitic flavor development.

Lipases in blue cheeses originate from the P. roqueforti surface mold.

5.1.4.2.8 Lysozyme

Hen’s egg lysozyme (muramidase, E.C. 3.2.1.17) is an enzyme consisting of 129 amino

acids, cross-linked by four S��S bridges and able to split b-(1,4) linkages between

N-acetylmuramic and N-acetylglucosamine residues that constitute the cell wall of

Gram-positive bacteria. Lysozyme is found in secretory fluids such as human and cow’s

milk, tears, and cervical mucus. Lysozyme is active in acidic conditions and is able to

withstand 100 8C with little loss of activity.

In the cheesemaking industry lysozyme and nitrate are used in the prevention of

the defect of ‘‘late blowing’’, which is caused by gas (carbon dioxide and hydrogen)

produced by outgrowing butyric acid bacteria, in particular Clostridium tyrobutyricum.
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At the same time organic volatile acids are formed, which negatively affect the taste and

flavor.

Lysozyme does not seem to affect lactic acid bacteria when applied in low concen-

trations, although successful application has been reported in the use of lysozyme to

accelerate St. Paulin cheese ripening through enhanced lysis of lactic acid bacteria [567].

In its lytic action against the Micrococcus lysodeikticus substrate the enzyme is

inhibited by the presence of NaCl. This inhibition is stronger at higher pH [568].

For this reason lysozyme is most effective in stages before brining and before the salt

has reached the interior of the cheese by diffusion. Lysozyme associates strongly with

as-casein and b-casein but not with k-casein. This strong association is responsible for

almost full retention of lysozyme in cheese curd.

Lysozyme has foundmany other applications [569] in the preservation of food (meat,

fruits, vegetables, seafood, and wine).

5.1.4.2.9 Milk Protein Hydrolysates

A relatively new area of applications has developed for protein hydrolysates. The milk

derived caseins and whey proteins are one of the important substrates available in

nature.Hydrolysis of proteins hasmajor impact on their functionalities. Fragmentation

of the protein due to proteolysis strongly affects its physicochemical characteristics

such as molecular shape and size, electrochemical properties, and hydrophobicity, and

hence solubility, foaming, and emulsifying and gelation properties. Allergenicity is

decreased and taste is severely changed, most often to bitterness. All these character-

istics are very much controlled and determined by the degree of hydrolysis of the

protein, which in turn is determined by the processing conditions and by the type of

proteolytic enzymes used. The degree of hydrolysis can vary from less than 10 to more

than 40%.

Endo- and exoproteases with defined specificities may be employed to control the

degree of hydrolysis, the concentration of free amino acids, the peptide size distribu-

tion, and even to control the taste, whereby the prevention of bitterness is often a

challenge.

Numerous proteases from animal (e.g., pancreatic pepsin, trypsin) or plant (papain,

bromealin) origin, but also industrial enzymes from microbial sources (B. subtilis, B.
licheniformis) are used. Aminopeptidases of microbial origin are often used to improve

taste, by removing hydrophobic residues from bitter peptides.

Milk protein hydrolysates are used in health and fortifying sports drinks, in infant

and low-digestible enteral nutrition, and dietetic foods.

5.1.4.2.10 Transglutaminase

An enzymewhich is e to play an important role in the texture and rheological properties

of dairy food is transglutaminase (E.C. 2.3.2.13). This enzyme catalyzes the acyl transfer

reaction between thec-carboxyamide group of glutamine residues and e-amino groups

of lysine betweenproteins. In thiswayhigh-molecular proteinaceous polymers are built

and influence the hydration, gelation, emulsification, and foaming properties of food

substrates such as whey protein, casein, soy, and fish meat proteins. The degree of

cross-linking depends on the three-dimensional structure of the protein substrates. The
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nonglobular structure of caseins or denatured proteins facilitates this cross-linking

[570].

In the dairy, applications in themanufacturing of yogurt, preventing syneresis, and in

the renneting ability of skimmilk in fresh cheesemaking and in cream whipping have

been described [571].

5.1.4.3 Milk Processing

5.1.4.3.1 b-Galactosidase

b-Galactosidase (E.C. 3.2.1.23) or lactase is an enzyme that has found ample application

in the hydrolysis of lactose, a disaccharide consisting of a glucose and a galactose

moiety, in cow’s milk. The consumption of milk is hampered for some people due to a

deficiency of lactase in the digestive system. Lactose intolerance in these people,

predominantly in Asian countries but also in Africa and South and Middle America,

results in symptoms such as bloating, diarrhea, and flatulence [572]. In many cases

these symptoms occur after consumption of 200–300 mL of milk.

Hydrolysis of lactose initially results in cleavage next to a glucose molecule, which is

released, and an enzyme/galactose complex is formed. Cystein and histidine play an

essential role in the active center. TheSHgroupdonates a proton to the galactose oxygen

atom, and the nucleopholic imidazole group of histidine attacks the C-1 carbon atom of

galactose. In the next phase an acceptor ROH (e.g., water) protonates the sulfhydryl

anion and liberates free galactose.When the acceptor is another sugar a di-, tri-, or even

a polysacharide is synthesized. This activity, also called transferase activity, is made use

of in the production of nondigestible oligosacharides. Transferase activity may vary

between types of different sources, and oligosaccharide yield is affected by equilibrium

concentrations of reactants and reaction conditions.

Ions such as Ca2þ and Naþmay inhibit the reactions, whereas Kþ, Mg 2þ, andMn2þ

are activators. The reaction is product-inhibited. Especially galactose strongly inhibits

the enzyme-catalyzed reaction.

Table 15 lists microbial sources and characteristics of b-galactosidases [573].

Table 15. Microbial sources and characteristics of b-galactosidases

Origin pHopt. Topt Km (mM)

lactose�
M, kDa Activator Inhibitor

Fungal

Aspergillus niger 3.5 58 85 124

Aspergillus oryzae 5.0 55 50 90

Yeast

Kluyveromyces lactis 6.5 37 35 115 Kþ, Mg2þ Ca2þ, Na2þ, Zn, Cu
Bacterial

E. coli 7.2 40 2 540 Naþ, Kþ

B. subtilis 6.5 50 700

B. stearothermophilus 6.2 55 2 220 Mg2þ

L. thermophilus 6.2 55 6 540
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The specific applications of lactases are determined by the optimum pH and pH-

dependent stability characteristics of the different lactases. Neutral lactase is predo-

minantly used in the production of low-lactose sterilized milk. Another concept

includes lactase tablets to be added to the milk by the consumer a prescribed period

of time before consumption. Acid lactase is able to withstand the acid environment of

the stomach and can be consumed with the milk and help the consumer hydrolyze

lactose in the digestive tract.

Neutral lactase has also found application in lactose conversion in sweet whey

(pH 6.1) and in themanufacture of lactose-free petmilk. Fungal lactase ismore suitable

in acid whey. Minor applications [573] are found in the manufacturing of yogurt

(different outgrowth of cultures), in the sweetening of dairy-based beverages (lactose is

less sweet than glucose and galactose), and in preventing the perception of sandiness

due to crystallized lactose in ice cream.

5.1.4.3.2 Other Enzymes

Other enzymes such as glucose oxidase (E.C. 1.1.3.4), catalase (E.C. 1.11.1.6), super-

oxide dismutase, lactoperoxidase (E.C. 1.11.1.7), and sulfydryl oxidase have limited

applications. Glucose oxidase, catalase, and lactoperoxidase are involved in the pre-

servation of raw milk. Sulfhydryl oxidase is used to eliminate off-flavors generated due

to the UHT treatment of sterilized milk.

5.1.5

Other Food Applications

5.1.5.1 Introduction

The use of enzymes for food applications has increased steadily over the past two

decades, not only in traditional application areas such as starch processing, brewing,

fruit processing, and dairies. In applications such as baking, the use of enzymes has

grown even more [574].

The appearance of new enzyme applications is due to the increasing diversity of the

enzymes available, the majority based on GM technology. In future new enzymes for

food applications are expected to lead to major developments in the use of industrially

produced enzymes [575].

5.1.5.2 Meat and Fish

5.1.5.2.1 Meat Processing

Cookedmeat is considered tender if it is easy to chew and, at the same time, retains the

desired texture. Tenderness is influenced by a number of factors, which are as yet not

well understood. This applies not only to the biochemical reactions involved in rigor

mortis, but also to their termination. Indeed, numerous endogenous enzymes take part

in this process, including endogenous proteinases, particularly the cathepsins. These

enzymes change muscle protein during maturation or aging of meat.

The mechanism of the maturation process has been studied in detail [576]. Natural

maturing of carcasses or pieces of meat takes approximately 10 d at 1–2 8C. Slow
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maturation has the advantage of producing very tender meat, but also the disadvantage

ofmoisture loss and shrinkage.Optimalmeatmaturation in special cold-storage depots

(1–28C, 83–86% humidity) leads to a water loss of up to 7% over three to four weeks.

Since 1940, attempts have been made to use exogenous enzyme preparations as meat

tenderizers. Proteinases capable of digesting connective tissue andmuscle protein have

been chosen for this purpose.

Papain (E.C. 3.4.22.2) [9001-73-4], bromelain (E.C. 3.4.22.33) [9001-00-7], and fiacin

(E.C. 3.4.22.3) [9001-33-6] are the enzymes used on a commercial scale. The main

problem associated with the use of enzymes is their even distribution in the tissue.

Factors influencing this distribution are diffusion, time, salt content, and enzyme

concentration.

If enzyme preparations are only sprinkled onto the surface ofmeat (as recommended

for kitchen use) or if pieces ofmeat are dipped into an enzyme solution, only the surface

is tenderized, and the interior remains tough. After enzyme application in the kitchen,

e.g., using 2% NaCl with 0.002% bromelain, the meat is repeatedly poked to make it

easier for the enzyme to penetrate. Themain effect of the proteinase, though, is exerted

during cooking.

Commercial methods can be divided into premortem and postmortem procedures.

In postmortem treatment, a proteinase solution is spread in the carcass by repeated

injections, possibly under pressure. In the premortem method (the Swift technique

developed in 1960) a very pure, sterilized papain solution is injected intravenously

2–10 min. before the animal is slaughtered.

Yet another method involves injecting a papain solution that has been reversibly

inactivated by oxidation. In the last stages of cooking the enzyme is reactivated by the

liberation of mercapto groups.

Pancreatic proteinases are used in the maturation of fish. Bacterial proteinase is

employed to dissolve bone meat or segments of meat.

5.1.5.2.2 Fish Processing

Until recently, industrial enzymes have only been used in limited amounts in the fish

industry [577]. Today interest in controlling or aiding traditional fish processes has

increased, anduses have emerged for enzymes in deskinning,membrane removal, and

roe purification.

Fish sauce is a traditional product in someAsian countries, with an annual production

of about 250 000 t. The production procedure consists of mixing small, uneviscerated

fishwith high concentrations of salt and storing themixture in sealed vessels at ambient

temperature for 6–18 months. During this process hydrolytic enzymes slowly degrade

the fish tissue by proteolytic action with the formation of peptides and amino acids.

There is some interest in accelerating fish sauce processing. Plant enzymes such as

bromalein, fiacin, and papain digest fish tissue over a shorter period [578], and fungal

proteinase increases the initial rate of protein hydrolysis.

Enzyme processes are also important in the traditional salt curing of herring,

proteolytic enzymes having a favorable effect on both the flavor and texture of salted

herring.
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Another application of proteolytic enzymes is the deskinning of fish such as tuna,

which are difficult to skin by manual or mechanical means. This process is based on

placing the fish in a warm water bath containing a proteolytic enzyme for 10–90 min.

After immersion, water jets can remove most of the skin. Enzymes are also used for

deskinning and tenderizing squid.

Another use of proteolytic enzymes is in fish roe purification. Here the enzyme hydro-

lyzes the supportive and connective tissue that covers salmonor trout roe eggs and the roe

sack, leading toayieldof 85%compared to50–65%whenusingconventionalprocessing.

In Scandinavia and Canada 40–50 t of caviar (1986) are produced by this method.

5.1.5.3 Protein Cross-linking

The quality of meat protein is an important factor for meat texture and water binding.

The addition of ingredients such as vegetable proteins tomeat products iswell known to

improvewater binding and other characteristics. It is, however, also possible to improve

the meat product by modifying the meat protein by cross-linking. One such modifi-

cation uses the protein-cross-linking enzyme transglutaminase, which in nature is

known to cross-link proteins. The physiological function of transglutaminase cross-

linking is to enhance the strength of the molecular structure of the protein network

[579]. Substrate specificity is a key aspect in developing protein–protein cross-linking.

Transglutaminase (E.C. 2.3.2.13) catalyzes acyl-transfer reactions, introducing cova-

lent cross-links between proteins, as well as peptides and primary amines. In protein

cross-linking, e-amino groups of lysine residues and g-carboxyamide groups of glu-

tamine residues act as acyl acceptors and acyl donors, respectively (Fig. 44).

Transglutaminase of microbial origin is now commercially available [584] and has

found several applications in the meat industry, both as a gelling agent and in

connection with improving water binding.

Transglutaminase can also produce restructured meat by binding meat pieces [585],

[586]. The meat binding system is based on the use of transglutaminase and caseinate

simultaneously. Caseinate treated with transglutaminase acts as a glue to hold food

Fig. 44 Reaction catalyzed by transglutaminase (a)

acyl-transfer reaction, (b) cross-linking reaction,

(c) L. deamidation Source: Ajinomoto information http://

www.transglutaminase.com/english/frame/ajinomoto1.htm
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components together.Using this system, a larger piece of restructuredmeat or fishfillet

can be prepared from smaller pieces. Mincedmeat can also be bound together without

salt and phosphates to give more consumer acceptable products.

5.1.5.4 Flavor Development

5.1.5.4.1 Protein Hydrolysis

Hydrolyzed protein has been used for centuries to improve the taste of food products.

The use of soy protein is well known in the production of the soy sauce by enzymatic

hydrolysis duringmicrobial fermentation. Soy and other vegetable proteins can also be

used to produce a flavoring called HVP (hydrolyzed vegetable protein) by chemical

hydrolysis. This chemical hydrolysis, however, has a number of disadvantages, includ-

ing very high salt concentration and formation of unacceptable components. More

recent developments have shown that better results can be obtained by using enzymatic

reactions to produce HVP and other flavor-enhancing proteins.

There are many applications for enzyme-enhanced flavors, including soy and wheat

hydrolysates for flavoring soups and sauces, and meat hydrolysates for flavor improve-

ment of meat products, soups, and sauces. Milk protein hydrolysis and lipid hydrolysis

contribute to flavor improvement in cheese products.

Naturally occurring food proteins do not contribute chemically to flavor formation in

foods. It is, however, well known that peptides and amino acids, which are hydrolyzed

protein products, do have a flavor. Amino acids taste either bitter or sweet, with the

exception of aspartic and glutamic acidwhich have a sour taste [580]. Traditionally, these

hydrolyzed products, available as flavor enhancers for soups and stock cubes etc., have

been produced by acid hydrolysis of proteins during heat treatment. Flavors produced

in this way are widely used in the food industry. Increasing concern about the less

healthy compounds that develop during acid hydrolysis has led to alternative flavor

production processes based on enzymatic hydrolysis of protein.

Protein hydrolysates produced by enzymes often have a bitter taste. This bitterness

may bemore or less pronounced depending on the type of amino acid and the length of

the peptides. The development of bitterness depends on the degree of protein hydro-

lysis. As the degree of hydrolysis (DH) increases, the level of bitterness rises to a

maximum before falling again (Fig. 45) [581].

Bitter peptides are characterised by their high content of hydrophobic amino acids,

peptides with a high content of hydrophilic amino acids generally having a bland taste.

From present knowledge of the amino acids in common food proteins, it can be

predicted that casein-,maize-, and hemoglobin-derived hydrolysates have a tendency to

be more bitter, while protein hydrolysates from meat, fish, and gelatin are less bitter.

Flavors produced by enzymatic hydrolyses of protein depend on the type of protein used

(animalorvegetable), the typeof enzyme,and thecombinationofenzymesused.Byselecting

special enzymes, the formation of bitter peptides can to a certain extent be avoided [582].

The ability of protease to developflavor is used to accelerate the ripening of fermented

sausages [583]. The ripening time can be reduced by 30–50% using a combination of

endo- and exoproteases (Table 16). The use of proteases in fermented sausages also has

an impact on the microorganism used in the fermentation process.
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5.1.5.4.2 Lipid Hydrolysis

Traditionally, lipase has beenused to enhance theflavor of cheese, especially in strongly-

flavored products such as Parmesan [583]. Lipase degrades triglycerides and liberates

fatty acids, which are generally not flavors themselves (with the exception of short chain

fatty acids) but precursors for flavor substances.

Lipases from different sources (Table 17) have been used to enhance flavor devel-

opment in cheese and dry-fermented sausages.

Lipases show specificity for fatty acid chain length and esterification position, but it is

not completely clear which fatty acid profile is ideal for the flavor profile.

Animal lipases release mainly short-chain fatty acids, whereas microbial lipases

release long chain fatty acids. The unsaturated fatty acids released by lipase act as

substrates for oxidation reactions and are thus precursors for flavor compounds such as

aldehydes and ketones.

Table 16. Proteases used to accelerate ripening of dry fermented sausages [583]

Enzyme Type Source

NCCDO151 proteinase Serine-proteinase Lactobacillus paracasei subsp.
paracasei

Pronase E Mixture of proteinases,

amino-and carboxypeptidase

Streptomyces griseus

Aspartyl-proteinase Acid proteinase Aspergillus oryzae
Papain Thiol-proteinase Carica papaya
Alcalase Serine-proteinase Bacillus lichiniformis
Bromelain Endoprotease Ananas comosus
Neutrase Metalloproteinase Bacillus subtilis
Fungal Protease

(Protease P)

Mixture of acid, neutral and

alkaline proteinase

Aspergillus oryzae

Flavozyme Mixture of proteases with both

exo- and endopeptidase

Aspergillus oryzae

Fig. 45 Quality relation between bitterness and DH of proteins.

Source: Novo, Enzyme Information. IB-number 282-IB. Date 1982-12-23.
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5.1.5.5 Egg Powder

Egg powder has been produced since the early 1900s. One of the problems faced in

connection with egg powder production is the Maillard reaction of protein and glucose

in eggs. As early as the 1950s, an enzymatic process was developed to remove glucose

from liquid whole egg or egg white (albumin) based on the use of glucose oxidase (E.C.

1.1.3.4) and catalase (E.C.1.11.1.6) [587]. The desugaring of egg albumin with catalase

and glucose oxidase is performed at approx. 10 8C, and the pH is adjusted to 6.8–7.0 to

optimize the performance of the enzymes. This pH adjustment is carried out by slowly

adding citric acid solution (to prevent local protein precipitation). Acidification is

followed by the addition of hydrogen peroxide. The addition of catalase converts H2O2

to oxygen and water (Fig. 46). Glucose is oxidized to glucone d-lactone by glucose

oxidase with oxygen consumption.

If oxygen becomes the limiting factor,more hydrogen peroxide should be added until

the desired glucose concentration (0.1%) is reached. The desugaring procedure for

whole egg or egg yolk is similar to the procedure for albumin, but no acid is added to

adjust the pH.

Lipase and phospholipase have recently found applications in egg processing. Egg

yolk contains phosphatidylcholine (PC), an emulsifier commonly known as egg

lecithin. The enzyme-modified product is derived from the catalytic hydrolysis of a

free fatty acid from the PC molecule, which yields lysophosphatidylcholine (Fig. 47).

Table 17. Lipase for flavour development [583]

Enzyme Type Source

Lipase – Throat glands of kid goat

Lipid esterase – Rhizopus arrhizus
Lipase 1,3-specific Lactobacillus plantarum MF 32

Pancreas lipase 1,3-specific Porcine pancreas

Lipase – Mucor miehei
Lipase – Candida cylindracea
Palatase M1 1,3-specific Rhizomucor meihei
Lipozyme1 1,3-specific Rhizomucor meihei
Lipase AP61 1,3-specific Aspergillus spp.
Novozym1 667BG 1,3-specific Thermomyces lanuginosus

Fig. 46 Oxidation of glucose by glucose oxidase. Reduction of

hydrogen peroxide by catalase.

148 5 Industrial Enzymes



This structural modification improves the emulsification properties of the yolk without

altering appearance or nutritional profile. Compared to traditional egg yolk, the

structure of emulsions prepared with the enzyme-modified product is more stable

andheat-resistant.Generally, the emulsionshave greater viscosity andbody and are able

to emulsify more oil, often at reduced usage levels.

5.1.5.6 Oils and Fats

The commercial application of enzymes in oil and fat processing is still rather limited.

This situation is expected to change over the next few years due to growing interest in

milder processes and the availability of new enzymes.

Lipases are by far themostwidely used enzymes in oil processing. Their natural ability

to hydrolyze oils and fats can be used to enrich oil and fat products with a specific fatty

acid. Lipases can also be used to rearrange fatty acids and produce fats and oils with

other physical characteristics.

Phospholipase (E.C. 3.1.1.4) is commercially used for removing phospholipids during

oil refining (degumming).

Lipoxygenase (E.C. 1.13.11.12) can catalyze the oxidation of polyunsaturated fatty acid.

5.1.5.6.1 Fat Splitting

Thehydrolysis of fats and oils is ofmajor importance to the oleochemical industry in the

production of fatty acids and their derivatives. These products are used in soaps,

detergents, and pharmaceuticals as well as in food applications. Hydrolysis or fat

splitting is normally carried out under pressure at a high temperature (typically 3–

6 MPa and 250 8C). However, this process is not suitable for oils with a high content of

polyunsaturated fatty acids. For this type of oil, hydrolysis by an enzymatic process is of

great advantage. The enzymatic process is easily carried out at 40 8C in a 50–70% oil-in-

water emulsion. To enable reuse of the enzyme, a number of processes based on

immobilized lipase have been developed, making the process more economically

feasible.

Fig. 47 Hydrolysis of phospholipid by a phospholipase A2
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This principle is of special interest in the enrichment of long-chain polyunsaturated

fatty acids from fish oil. Enzymatic hydrolysis of fish oil leads to partial glycerides high

in eicosapentaoenic acid (EPA) and docosahexaenoic acid (DHA).Candida rugosa lipase
is of special interest in this process, because this enzyme shows relatively low activity on

DHA compared to EPA [588], [589]. If required, the partial glyceride high in DHA fatty

acids canbe re-esterifiedwithDHAorEPA to generate triglycerides enrichedwith these

fatty acids (Fig. 48) [590].

5.1.5.6.2 Interesterification

It iswell-known that polyunsaturated fatty acids (PUFA) play an essential role in human

nutrition and have important biomedical properties. Therefore, many physical meth-

ods have been developed for extracting and enriching these fatty acids, including

crystallization, distillation, and the use of supercritical carbon dioxide. Lipase now

offers an alternative, having the advantage ofmild processing conditions thatminimize

fatty acid degradation and oxidation. These reactions rely on the principle that some

lipases are able to discriminate between certain fatty acids, and that other lipases are

selective for the position of the fatty acid in triglyceride moiety.

A special feature of lipases is their ability to work in nonaqueous environments. This

property has beenused to develop lipase-catalyzed rearrangement processes to generate

tailored triglycerides that would be difficult to obtain by conventional physical and

chemical methods. Lipases in nonaqueous media utilise the ‘‘reverse’’ reactions,

whereby lipases catalyze esterification and rearrangement reactions under low-water

conditions (Fig. 49).

These systems, however, must contain small amounts of water to keep the enzyme

hydrated. Lipases from different sources differ considerably in their ability to work

Fig. 48 Reaction scheme for the enrichment of fish oil.

Source: R. Diks, J. Bosleve in T. Uwe, T. Bornscheuer (eds.):

Enzymes in LipidModification, Wiley-VCH, Weinheim 2000.
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under low-water conditions. Lipase from Rhizomucor miehei displays good activity in

low water environments (aw < 0.2) and is often used for these types of applications.

Lipase is normally immobilized for this type of reaction. Immobilization presents

opportunities for reusing the enzyme, easy separation of the product from the enzyme,

and running a continuous process.

The current main application of immobilized lipase in nonaqueous media is the

production of tailored triglycerides for use in confectionery fat and nutritional supple-

ments (Fig. 50).

In the production of cocoa butter substitute (Fig. 51), a mixture of high-oleate

sunflower oil (OOO) and stearic acid is passed through a packed bed reactor with

immobilised R. miehei lipase. The fatty acid exchange occurs in the sn-1 and sn-3

Fig. 49 Lipase catalysed transesterification reactions.

Source: R. Rastall (ed.): Ingredients Handbook, Enzymes,

Leatherhead Food International, Surrey 1999.
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positions of the triglyceride to generate SOS, which is a cocoa butter equivalent. The

mixed fatty acid (oleic and stearic acid) is removed and can be hydrogenated and reused.

Unwanted triglycerides can be removed by crystallisation and recycled.

Lipase-catalysed interesterification can also be used to improve the nutritional

properties of dietary fat. An example of this is the production of tailored triglyceride

for use as a nutritional supplement in infant formula [592]. Humanmilk fat contains a

high proportion of unsaturated fatty acids at the sn-1 and sn-3 positions, with palmitic

acid in the sn-2 position. Lipase from the human pancreas releases the fatty acid in the

Fig. 50 Reactions catalysed by a 1-,3-specific lipase.

Source: R. Rastall (ed.): Ingredients Handbook, Enzymes,

Leatherhead Food International, Survey 1999.

Fig. 51 Schematic production of cocoa butter equivalent (CBE).

Source: R. Rastall (ed.): IngredientsHandbook, Enzymes,
Leatherhead Food International, Surrey 1999.
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sn-1 and sn-3 positions and produces 2-monoacylglycerol. The body readily absorbs

these components.

Humanmilk substitute based on vegetable oils mainly has saturated fatty acid in the

sn-1 and sn-3 positions, which, when released by pancreatic lipase, tends to form

calcium soaps and is poorly absorbed by the body. Enzymatic interesterification makes

it possible to produce a triglyceride with unsaturated fatty acid in the sn-1 and sn-3

positions and palmitic acid in the sn-2 position (OPO). In this process, palm oil high in

palmitic acid is treated with oleic acid to form OPO triglyceride.

Similar techniques can be used to incorporate medium-chain fatty acids (C8–C10) in

specific positions in a triglyceride to generate lipidswith improved nutritional properties.

Enzymatic interesterification of fats and oils for margarine and shortening has now

become an attractive alternative to the traditional interesterification reaction using high

temperature and inorganic catalyst. The enzymatic process is more attractive because

it is carried out at 40–70 8C, a temperature range in which no trans fatty acids are

formed.

5.1.5.6.3 Esterification

Enzymatic esterification for the production of diglyceride has attracted interest due

to the nutritional aspects of 1,3-diglycerides. Commercial products containing high

levels of diglyceride are on the market in Japan, where they have increased their

share of the cooking oil market. Use of 1,3-diglyceride in cooking oil contributes to a

lower serum lipid level, as pancreatic lipase hydrolyzes 1,3-diglyceride into free fatty

acids and glycerol, while no 2-monoglyceride (a building block for serum lipid) is

formed.

5.1.5.6.4 Oil Degumming

Crude vegetable oil such as soy oil contains phospholipids, which are normally removed

by chemical and physical methods. During the last decade there has been a tendency to

move away from chemical (caustic) refining processes and use only physical processes

to reduce the amount of effluent. For reliable physical processing, it is essential that the

phospholipid content of vegetable oil is reduced to a very low level (< 15 ppm P) before

bleaching and deodorization take place.

Crude vegetable oil has a phospholipid content of up to 3%, depending on the type of

seed and extraction procedure. The first stage of the refining process, water degum-

ming, removes most of these phospholipids, but about 0.6% nonhydrating phospho-

lipid still remains in the oil. A number of physical methods have been developed to

lower the phospholipid content further.

A newer method based on enzymatic hydrolysis of phospholipids by phospholipase

A2 has, however, provided an interesting alternative. Phospholipase A2 catalyzes the

hydrolysis of fatty acids in the sn-2 position and forms the more water-soluble

lysophospholipid, which is more easily washed out of the vegetable oil [593]. This

method gives an oil with a residual phosphorus content of less than 10 ppm.

Phospholipase A2 is also used for the production of lysolecithin, which has superior

emulsification properties [591]. Lysolecithin is used in the food, cosmetic and phar-

maceutical industry.
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5.2

Enzymes in Nonfood Applications

5.2.1

Enzymes in Household Detergents

Household detergents need to remove a broad range of complex soil from different

fiber surfaces. Soil and stain components with good water solubility are easily removed

during the cleaning process. Most other stains are partially removed by the surfactant/

builder/bleach system of a detergent, although the result is often unsatisfactory,

depending on the washing conditions.

In most cases a suitable detergent enzyme aids the removal of soils and stains.

Whereas the detergent components have a purely physicochemical action, enzymes act

by degrading the dirt into smaller and more soluble fragments. However, to remove a

stain totally still requires the joint action of the enzyme, the surfactant system, and

mechanical agitation.

5.2.1.1 Historical Development

The first enzyme-containing detergent was introduced to the householdmarket as early

as 1913when Röhm&Haas in Germany added the protease trypsin, extracted from pig

pancreas, to their detergent Burnus, utilizing a patent of OTTO RÖHM [594].

Because the activity and stability of trypsin are moderate in the presence of typical

detergent ingredients, the detergent enzyme concept did not really catch on until 1963,

when Novo developed andmarketed a muchmore alkali- and builder-tolerant bacterial

protease called Alcalase [595].

Small detergent producers in Switzerland (BIO-40 from Gebrueder Schnyder) and

the Netherlands (Biotex from Korman and Schulte) were the pioneers in the com-

mercial utilization of Alcalase, which initially was only considered useful for washing

bloodstained laundry from hospitals and slaughterhouses.

Gist-Brocades followed a few years later with the alkaline Maxatase protease

(1965).

Within five years of their introduction into detergents, more than 50% of all heavy-

duty laundry detergent for domestic use in Europe contained protease enzymes,

compared to only 15% in the USA.

1970–1980 The rapid growth of the enzyme-containing detergents was temporarily

discontinued in the early 1970s when industrial hygiene and safety problems became

evident. Significant improvements in detergent manufacturing techniques, the devel-

opment of low-dust encapsulated enzyme prills, and improvements in industrial

hygiene practices and procedures resolved the issue. Since then enzyme sales have

again increased steadily.

The first a-amylase for detergents (Termamyl, from Novozymes) was developed in

the early 1970s and has increased tolerance to temperature and alkali.

In the mid-1970s the first liquid detergents were introduced in Europe and the USA

using specially developed liquid enzyme preparations.
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1980–1990 Washing conditions, especially in Europe, gradually shifted further to

lower temperatures (from 60 to 40 8C), reduced water quantities, and shorter washing

times, and major changes in formulation took place (phosphate-free detergent,

activated bleach). New proteases better adapted to these working conditions and

new enzyme activities became available.

The first detergent cellulase Celluzyme (Novozymes), a multicomponent cellulase,

was developed for improved cleaning and stain removal.

New genetic technology andprotein engineering techniques have been introduced for

designing further optimized enzymes for detergent conditions or to achieve acceptable

production economy. In this way the first bleach-compatible protease (Maxapem, Gen-

encor) and the first detergent lipase (Lipolase, Novozymes) have been developed.

1990–2000 New detergent markets opened up in India, South America, Eastern

Europe, the former Soviet Union, and China. Because of the specific washing condi-

tions in these regions, such as cost constraints, low detergent concentrations, very low

washing temperatures, and presoaking, new enzyme developments were again needed

to cope with these difficult washing conditions.

Second-generation detergent proteases, amylases, and lipases were developed by

using protein engineering and genetic techniques for further improved performance

under difficult washing conditions (low temperature, single wash effects (cleaning,

stain removal, whitening, softening, other, achieved with one single wash treatment.))

and with improved compatibility with new detergent technology (improved activated

bleach) and for broader application (e.g., in automatic dish washing, liquid detergents,

tablets, gel pads).

Up to the 1980s enzymeswere primarily developed and used for aiding stain removal

and cleaning of fabrics. Since the mid-1990s also enzymes with specific fabric-care

effects (color brightening and fabric softening) appeared on themarket. (Carezyme and

Endolase monocomponent cellulases from Novozymes) as well as enzymes delivering

new benefits for stain removal and cleaning (Mannaway, Novozymes).

Table 18 lists enzyme products for detergents by type and manufacturer.

5.2.1.2 Laundry Soils

Laundry detergents need to remove a broad range of complex soil fromdifferent fabrics

and fiber types under varying washing conditions. The most frequent soiling on

garments and fabrics include all kind of body soils on shirts, underwear, and socks;

a variety of food and beverage stains; oily soils; and particulate stains.

The body soils are complex mixtures secreted by sebaceous and sweat glands in the

skin or can stem from fecal, urinal, or vaginal secretions. These soils are mixtures of

lipids, proteins, glycoproteins, blood and blood degradation components, skin epider-

mal debris, salts, and particulate materials collected from the environment. The fresh

lipid fraction contains polyunsaturated fatty acids (linoleic and linolenic acid) and their

triglycerides and unsaturated hydrocarbons (squalene), which can be rapidly auto-

xidized when exposed to air, heat, and moisture. The lipid autoxidation reactions yield

high molecular mass complex compounds with lipids, proteins, and carbohydrates.

This results in a gluelike matter that entraps skin debris and particulate soil
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components. This aged body soil is tough to remove from fabrics and tends to build up

on the fabric during the lifetime of the garment.

Thefoodstainsencountered in laundryarealsocomplexsoils.Theycontainsubstantial

amounts of animal and vegetable fats and oils; proteins, e.g., from eggs and meat

products; carbohydrates such as sugars, starches, and other complex carbohydrates;

residuesfromplants,e.g., fromgrassorspinach;andmixedoxidationproducts.Chemical

andenzymaticbrowningof foodproductsoccursduringstorageandpreparationof foods,

mostly by formation of dark-coloredMaillard reaction products from carbohydrates and

proteinsathigher temperatures.Natural dyes andpigmentspresent in foodstuffs suchas

carotenes and chlorophylls add to the deep coloring of some food stains. In particular

carotenes are highly soluble in oils and fats, e.g., in tomato-based sauces, and this adds to

the difficulty of removing these stains from fabrics. Certain dairy-based foodstuffs can

contain substantial amounts of less common carbohydrate-based gums for stabilizing

and texturizing the food, such as carrageenan, guar, and locust bean gums, and these are

often difficult to remove from fabrics by detergents and even by current amylases.

Colored stains from beverages such as wines, vegetable and fruit juices, and tea

contain complex mixtures of natural dyes and pigments such as anthocyanine and

colored polyphenolic compounds, sugars, and organic acids. These materials can

eventually be polymerized to higher molecular mass substances that are more difficult

to remove from fabrics and fibers. Coffee can in addition contain substantial amounts

of browning products formed during roasting of the coffee beans.

Particulate soiling can consist of insoluble metal carbonates, oxides, silicates (clay),

carbon black, dust, and humus collected from the environment, e.g., airborne soot on

shirt collars or garden soil on socks.

Organic soils on fabrics also can stem from the laundry process and fabric care treatments

suchas surfactant andbuilder residues, fabric softeners, and fromironingaids, e.g., starches.

However, the frequency and type of soiling on garments is also geographically

different, owing to different consumer habits. Figure 52 exemplifies the differences in

soiling incidences in a typical north and south European country.

5.2.1.3 Detergent Composition and Washing Process

5.2.1.3.1 Washing Process

Any washing process is an interplay between the washing equipment used; the

materials entering the process, i.e., the detergent components and additives; water

quality; the wash load composition; and the washing procedures followed, e.g., time,

temperature, agitation. The equipment and wash procedures for laundering in three

principal geographical areas are summarized in Table 19.

As can be seen the average laundry conditions can vary significantly across the main

geographical areas. Within each region also local washing habits exist such as separate

addition of hypochlorite-based bleaches in southern Europe; extended boil washing as

in Turkey; and multicycle use of the washing water in Japan.

All of this does not facilitate the formulation of detergent effective in the broad range

of usage conditions. Often detergent compositions are adapted to these local washing

habits.
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Not all detergent components are effective over the whole range of temperatures

from4 8Cup to boilwash andover the range of detergent concentrations.Here enzymes

can become important detergency boosters especially for washing in the low tempera-

ture range and under conditions of low product usage.

5.2.1.3.2 Detergent Compositions

Detergent compositions also vary by geography and from country to country.

The household laundry detergents available to consumers can be roughly divided

into five segments according to the physicochemical properties of the wash solutions

prepared from the detergents:

� Near neutral pH, low ionic strength detergents aremostly liquid detergents having

solution pH from 7.5 to 9. They contain no bleach and only low levels of salts.

Dilute and concentrated liquid detergents are marketed. The latter type of liquid

detergent contains only small amounts of water (< 10%).

Fig. 52 Soiling in Germany and Spain: incidence ranking [596]

Table 19. Washing equipment and procedures [597]

USA/Canada Japan Western Europe

Machine type Top-loaded

agitator

Top-loaded

impeller

Front-loaded

rotating drum

Wash time, min 12 10 20–90

Wash load, kg 2–3 1–1.5 3–5

Main wash water volume, L 35–80 30–45 8–15

Main wash temperature, 8C 10–50 10–40 30–90

Water hardness, ppm CaCO3 low (100) very low (50) high (250)

Recommend product usage,

g regular detergent/L

1–5 1–3 5–10
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� Mildly alkaline pH, medium ionic strength detergents are typically compact

powder detergents from Japan and regular powder detergents from the USA.

Their solution pH is about 9 and they contain no bleach.

� Alkaline pH, high ionic strength detergents with a solution pH from 9.5 to 11, and

with an activated bleaching system, e.g., European regular powder detergents,

They also contain sodium sulfate as a filler, and builder systems, e.g., sodium

triphosphate or zeolites and sodium carbonate. High dosages are used, which give

a wash liquor with a high ionic strength.

� Alkaline pH, medium ionic strength detergents with bleach are represented by

European compact powder detergents, which have gained a large market share

during the early 1990s They are compact as a result of removal of most or all of the

sodium sulfate; solution pH is from 9.5 to 11.

The household detergents aremostly delivered as low-dusting powders or granulates

or as liquids with low or high viscosity (gels). Laundry bar soaps are still popular in

certain countries (South Europe, Latin America).

More recently (2000) detergents in tablet form or as a single-dose pouch containing

liquid detergent have been launched with success in Europe and North America by

Unilever and P & G [598–600].

Practically all of these laundry detergents contain enzymes, although some specialty

flanker brands are free of any enzymes. Some specialty laundry detergents combine

fabric-cleaning and fabric-care technologies delivered during the laundering process

without use of additives (two-in-one products).

Examples of laundry detergent compositions are given in Table 20.

Table 20. Examples of laundry detergent composition (in wt%) [601]�

Liquid Liquid,

concentrated

Granular

low bleach,

USA/JP

Granular

high bleach,

Europe

Granular

compact,

Europe

Tablet

Surfactants 10–50 10–30 7–22 10–20 10–20 15–25

Builders 0–10 5–15 20–70 20–40 20–45 15–30

Bleaches 0 0 0–5 11–27 13–28 10–25

Enzymes 0–6 0–1 0–1 0.3–0.8 0.5–1.5 0–3

pH of 1%

solution

7.5–9 7.5–9 9.5–11 9.5–11 9.5–11 9.5–11

�Surfactants: linear alkyl benzene sulfonates, alcohol sulfates, alcohol ether sulfate,

alcohol ethoxylates, cationic surfactants. Builders: zeolites, sodium carbonate, sodium

silicate, sodium citrate, sodium tripolyphosphate (STTP), sodium nitrilotriacetate (NTA),

polycarboxylates. Bleaches: sodium perborate, sodium percarbonate, tetraacetylethylenediamine

(TAED), nonanoyl benzene sulfonate (NOBS) and others. Additives (not listed): foam

regulators, stabilizers, processing aids, optical brighteners, antiredeposition agents, corrosion

inhibitors, perfumes, colorants, fillers such as sodium sulfate in powders or water in liquid

detergents.
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5.2.1.4 Enzyme-Aided Detergency and Soil Removal

Soilandstaincomponentswithgoodwatersolubilityareeasilyremovedduringthecleaning

process.All other stains are partially removedby the surfactant/builder/bleach systemof a

detergent,althoughtheresultisoftenunsatisfactory,dependingonthewashingconditions.

In most cases a suitable detergent enzyme may help the removal of soils and stains.

Contrary to the purely physical action of the surfactant systemenzymesworkbydegrading

the dirt into smaller and more soluble fragments. However, to remove a stain totally still

requires the joint effects of the enzyme, surfactant system, and mechanical agitation.

Proteases and amylases can remove protein and starch stains, respectively. Fats and

oils are generally difficult to remove at lowwash temperatures (< 40 8C) by conventional
detergents. By using lipases, it is possible to improve the removal of fats/oils of animal

and vegetable origin even at temperatures at which the fatty material is in a solid form.

Particulate soils can be difficult to remove, especially if the particle size is small.

Removal of particulate soil from cotton fabric can be improved by use of a cellulase that

removes cellulose fibrils from the surface of the yarn.

Various kinds of dirt may adhere to textile surfaces via a glue of proteinaceous,

starchy, or fatty material. In such cases of anchored dirt, an enzyme may assist in

removing the dirt even though it does not attack the dirt directly. Compounds from

several of these classes are intimately mixed in combined soiling, e.g., human sebum

on shirt collars, cocoa milk, gravy, or chocolate.

Bleachable stains are the only group of stains for which no enzyme product for

detergent applications has been marketed so far. However, the patent literature

indicates that efforts are being made by the major enzyme suppliers and detergent

producers to develop an enzymatic bleaching system for detergents.

5.2.1.5 Detergent Enzyme Performance Evaluation and Screening

Not all enzymes with a potential for stain degradation and/or removal are suitable for

inclusion in detergent products. Enzyme performance is influenced by factors like

detergent solution pH, ionic strength, wash temperature, washing time, detergent

composition, and mechanical handling. Detergent surfactants, bleach systems, and

other enzymes can influence both performance and stability.

The enzymes must have a broad enough substrate specificity because the average

load of dirty laundry contains the enzyme substrate in a multitude of forms. For

example, in the case of proteases the protein substrate may have been oxidatively

modified or complexed with carbohydrates.

A detergent enzymemust be active at the pHof detergent solutions (between 7 and 11)

and at the relevant wash temperatures (4 to 60 8C). Importantly, the enzyme must be

compatible with detergent components such as surfactants, builders, bleaches, and other

enzymes, not only during the wash process but also upon storage when incorporated in

the detergent. In particular, such an enzyme must be resistant toward denaturing

surfactants and bleach and towards protease degradation under these conditions.

Enzymes can be screened by assay of their activity on soluble substrates under

conditions different from those encountered in a realistic wash. Enzyme screening

often uses spectrophotometric assays with chromophoric soluble substrates, and the

procedure can be fully automated for high-throughput analysis. The assay results can
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indicate the enzyme’s performance on soluble substrates with respect to pH and

temperature variations and with respect to enzyme compatibility with

detergent components or enzyme-inhibiting conditions, etc. However the analytical

data thus obtained with soluble substrates are not necessarily representative of

the wash performance of the enzyme, and often low correlation is achieved with

performance results obtained with enzymes under realistic laundry conditions (Fig. 53).

It is also important to realize that enzymes can have significant performance effects

on substrates that apparently are unrelated to their target substrates. For example,

proteases can deliver significant performance benefits on removal of protein-based

bloodstains but also on grass stains on fabrics. Therefore real wash trials using a broad

range of consumer relevant stains remain necessary to completely evaluate the wash

performance of detergent enzymes.

Wash-performance assessments often use pre-soiled test pieces. For example the

commonly used stains for protease evaluation are milk, blood, and grass applied to

cotton or synthetic fabrics. These stains alsomay contain particulatematter, e.g., carbon

black, as part of the stain matrix. These standardized test materials are available ready-

to-use from a number of research and testing institutes in Europe and the USA, e.g.,

Center for Test Materials, Vlaardingen, Holland; Wascherei Forschungs Institut,

Krefeld, Germany [603]; EMPA St. Gallen, Switzerland [604] (Table 21); Instituut voor

Reinigingstechnieken TNO, Delft, Holland [605]; Test Fabrics, Middlesex, New Jersey

[606] and SDLTextile Innovators [607]. Alternatively, enzymemanufacturers can supply

stain preparation procedures, or specific stain material can be made in-house by the

enzyme formulator. Finally, naturally soiled and stained fabrics obtained from house-

holds can be used for more realistic performance assessment.

Laboratory wash trials are usually conducted in small-scale models of washing

machines. The Terg-o-tometer [608] simulates the top-loaded U.S. type of washing

machine, and the Launder-o-meter [609] or Linitest [610] simulates the European drum-

typemachine [611]. These small-scalemodels use 0.2 to 1 L of wash solution. Both have

temperature-controlled heating and a timer. The wash solution is agitated with an

Fig. 53 Example of deviating analytical activity on soluble sub-

strates and laundry scale cleaning performance data [602]. Savi-

naseprotease: analytical performanceondenaturedhemoglobin,

25 8C, 10 min.; wash performance on grass stain, 30 8C, 10 min.
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impeller in the Terg-o-tometer and by rotation of a closed pot in the Launder-o-meter or

Linitest equipment. The test stain of defined size is laundered in thewash solutionwith

controlled detergent concentration and solution pH and with or without the enzyme

under test. The enzyme concentration in the initial screening tests can be in the range of

1–100 mg/L of enzyme degradable protein.

The evaluation of the enzyme effects on the test pieces can be made visually by

grading by an expert panel under controlled illumination conditions and by instru-

mentally measuring the reflectance of light under specified conditions. Typically, the

intensity of light remitted R at 460 nm when illuminating the test pieces with a

standardized daylight source is expressed as a percentage, DR or DE, of the intensity of
incident light at the same wavelength. The DR or DE value is then a measure of the

enzyme effect; it is defined as the difference in R between fabrics washed with and

without enzyme. The R value is known to correlate well with the visual impression of

whiteness of the fabric.Depending on type anddegree of soiling, differences inR orEof
2–3 units are detectable by the human eye.

Digital imaging systems can be used for the instrumental evaluation of the perfor-

mance effects in larger routine performance screening of enzymes using standardized

stains and small-scale laboratory performance test methods.

For the complete evaluation of detergency effects of an enzyme two-steps can be

considered: (1) ‘‘Primarywashing effects’’ (cleaning efficacy) refer to the removal of soil

and stains after one wash. Testing is carried out as described above using either

artificially soiled test fabrics or naturally soiled laundry. (2) ‘‘Secondarywashing effects’’

(effects after repeated washing) refer to potential multiwash performance (e.g., with

Lipase) or to the detection of damage such as loss of tear strength, incrustations (ash

residues), and graying. The latter evaluations are usually based on 25 or 50 washes,

including a control fabric.

A convenientway to report detergent enzymeperformance is theuse of dose–response

curves. Typically, the enzyme-related performance increases significantly in the lower

enzyme concentration range, but reaches a maximum level at higher enzyme doses.

Figure 54 compares protease performance as a function of enzyme dosage. The

performances at 60 8C reaches a plateau at an enzyme dosage of approximately

0.04 wt% of the enzyme granulate in the detergent. At this enzyme concentration, the

Table 21. Examples of standard performance test materials from EMPA [604]

Soil Cotton fabrics Polyester/cotton blend

Carbon black/olive oil 101 104

Blood, milk, carbon black 116 117

Lipstick 141 142

Make-up 143 144

Starch 161 162

Tea 167 168

Grass 164

Blood 111

Wine (red) 114
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fabric iscleanand thestaincanbe totally removed, i.e., themeasuredRvalue is identical to

that of an unsoiled test piece washed under the same conditions.

The extent to which the enzyme is able to remove stains and soils from the fabric

depends on the detergent composition, the wash temperature, wash solution pH,

washing time, wash load, etc. Enzyme wash performance varies between liquid and

powder detergents and with the composition of the soiling. Figure 55 shows that the

fabric composition also influences the stain-removal profile for the same soiling (EMPA

117 on polyester–cotton and EMPA 116 on cotton only).

Further scale reduction of the performance evaluation of detergent enzymes has

been achieved, and high-throughput performance screens for enzymes are being

developed. This type of performance assessment uses multiwell titer plates, each

Fig. 54 Example of a dose response curve for Savinase 6.0 T

protease (Novozymes) in a powder detergent, 4 g/L in a

Launder-o-meter test at 60 8C for 40min. Source: Novozymes.

Fig. 55 Stain removal performance of a U.S.

liquid detergent (0.4% Savinase 16L) and a U.S.

powder detergent (0.8% Savinase 8.0T) on dif-

ferent standard soilings in a Terg-o-tometer

operating at 68dH water hardness, 20 8C, 10 min.

EMPA 117 (milk, blood, and ink on polyester/

cotton); AS 10 (milk, oil, and pigments on 100%

cotton); grass (on100%cotton); EMPA116 (milk,

blood, and ink on 100% cotton); WFK blood

soiling (on 100% cotton). Source: Novozymes.
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holding milliliter volumes of wash solution under controlled temperature conditions

(Fig. 56). A realistic level of agitation of the solution is assured with miniaturized

stirrers. Using optimized test conditions a good correlation with real laundry condi-

tions can be achieved. The performance can be evaluated visually or preferably

instrumentally using titer plate readers and software that are commonly used in

protein chemistry. Such miniaturized performance assessment has many advantages

such as very low consumption of enzyme, on the order of micrograms versus

milligrams in other small-scale tests, and the high-speed evaluation of many perfor-

mance conditions in a multiwell experiment.

The final conclusion on the performance of a detergent enzyme candidate must be

confirmed in a realistic laundry appliance using realistic wash loads and with wash

programs at various wash temperatures and detergent usage versus water hardness.

Finally these performance tests can be repeated in all important geographical or local

washing conditions to confirm the robustness of the enzyme to the wash conditions.

5.2.1.6 Enzyme Types

5.2.1.6.1 Proteases

Proteases hydrolyze proteins into smaller fragments, i.e., peptides or amino acids. In a

detergent context, protein stains on fabric (laundry) or hard surfaces (e.g., in dish-

washing) are degraded into fragments which can be removed or dissolved by other

components of the washing liquor.

Proteases are well-established ingredients in most household laundry detergents

worldwide, except in somedeveloping countries. They are used to remove stains such as

blood and grass. The effects of proteases are very clear, and the enzyme cost,

considering the effect, is relatively low. On some food stains, e.g., cocoa, a combined

effect with amylases or lipases may be observed.

Fig. 56 High-throughput performance screen for detergent enzymes. Enzyme performance on grass

stain is evaluated at one enzyme level versus the hardness profile of the wash solution (0–10mmol Ca2+).

Left: the multiwell grass stain after treatment; right: instrumental evaluation of the multiwell grass stain.

Source:unpublisheddatacourtesyof G.Bechmann,C.Joos,S.Cooremans(ProcterandGambleEurocor).
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Most of the commercial detergent proteases are subtilisins and are classified as such in

the Chemical Abstract Service. The EnzymeClassification number is E.C. 3.4.21.62. The

name subtilisin derives from the name of the bacterial species, Bacillus subtilis, from
which the protease was first isolated. Subtilisins are extracellular serine endo-peptidases,

and the term also now covers proteases isolated from related Bacillus species.
The first protease of this type was subtilisin Carlsberg from Bacillus licheniformis,

isolated in 1947 (also known as subtilisin A, Alcalase Novo). Later, in 1954, subtilisin

was also isolated from B. amyloliquefaciens, also known as subtilisin BPN0, Nagase,
Primase, Bacterial Proteinase Novo, Sub Novo.

The commercial detergent proteases are very similar in structure, and there are no

fundamental differences between them. They are all characterized by very broad

substrate specificity and mainly differ in temperature optimum, pH optimum, bleach

sensitivity, and Ca ion demand. Some are highly alkaline, i.e., have a maximum activity

in the high pH range, such as Maxacal and Savinase. Others are low-alkaline, e.g.,

Maxatase, Alcalase, and Subtilisin Novo (BPN0). Table 22 presents examples of

commercially available protease and application ranges. They all have a molecular

weight between 20 000 and 30 000, and have a serine residue in the active site of the

enzyme. Figures 57 and 58 illustrate the pH and temperature profiles of some

commercial low- and high-alkaline protease in analytical assay on dimethylcasein

(DMC) substrate.

Protease performance can be strongly influenced by detergent pHand ionic strength.

Surfactants influence both protease performance and stability in the wash solution. In

general, anionic surfactants aremore aggressive than amphoteric surfactants, which in

turn are more aggressive than nonionic surfactants.

All detergent proteases are destabilized by linear alkylbenzenesulfonate (LAS) and

alkyl sulfates (AS), the most common types of anionic surfactants in detergents. The

higher the LAS concentration and wash temperature, the greater the inactivation of the

enzyme. The presence of nonionic surfactants or ethoxylated alkyl sulfates, however,

counteracts to some extent the negative effect of LAS. Since almost all detergents

contain some nonionic surfactant or ethoxylated AS, the stability of proteases in a

washing context is not problematic.

Phosphate builders such as sodium triphosphate and non-phosphate builders such

as zeolite and citrate remove free calcium from the washing solution. Co-builders such

as nitrilotriacetic acid and polycarboxylates also may be incorporated into the detergent

formulation. Wash performance of detergents decreases with increasing calcium

Table 22. Examples of commercially available detergent proteases (Novozymes) [613–617]

Product name Microorganism pH application range Temperature application range

Alcalase Bacillus species 6–10 10–80

Esperase Bacillus species 7–12 10–80

Everlase GM Bacillus spp. 8–11 15–80

Savinase GM Bacillus spp. 8–11 15–75

Durazym GM Bacillus spp. 8–11 15–70
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concentration. Protease performance varies, but high calcium concentrations tend to

reduce protease performance. Therefore, it is an advantage to add a builder system to

the detergent. Proteases need a small amount of calcium for the sake of stability, but

even with themost efficient builder systems, stability during washing is generally not a

problem.

Bleach systems in laundry products can also oxidize proteinaceous stains on fabric,

oftenmaking themmore difficult to remove. Detergent proteases can partly counteract

Fig. 57 pH-dependent activity of different detergent

proteases at 25 8C, 10 min reaction time, DMC substrate

[614–616].

Fig. 58 Temperature-dependent activity of different deter-

gent proteases in solution at pH 8.5 (Alcalase) and 10.1

(Savinase, Esperase), 10 min reaction time, DMC substrate

[614–616].
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this negative effect of the bleach system.Most detergent proteases are stable during the

wash cycle in the presence of such oxygen-based bleach systems.

However, storage stability in detergents containing bleachmay be a problemwith the

established detergent proteases. In particular, the amino acid methionine in the

protease molecule can be oxidized during storage by the bleach system in powder

detergents, which leads to inactivation of the protease. For example the Savinase

detergent protease contains methionine residues in three positions, one of which is

next to the active site serine. In new protein-engineered proteases introduced onto the

market the most bleach-sensitive amino acid, i.e., methionine close to the active site, is

replaced with other amino acids insensitive toward oxidation. This slight change in the

molecular structure significantly increases the storage stability in detergents containing

bleach. Bleach-stable proteases developed by using protein engineering include Ever-

lase (one amino acid change from Savinase) and Purafect OxP, which are superior to

Durazym and Purafect with respect to washing performance in bleach-containing

detergents. In addition, the bleach-stabilized proteases also usually have better storage

stability when formulated in bleach-containing detergents (Fig. 59).

Chlorine bleach (sodium hypochlorite, NaOCI) is not incorporated into laundry

detergents themselves, but can be used as a separate additive to thewash, as is common

practice in some parts of the world. Hypochlorite bleach in excess of 200 ppm in the

normal wash can quickly oxidize enzymes, resulting in significant loss of enzyme

activity. Bleach-stabilized proteases can survive low concentrations of NaOCl, as

depicted in Figure 60.

5.2.1.6.2 Amylases

Commercial laundry amylases comprise the a-amylase from Bacillus amyloliquefaciens
and the heat-stable a-amylase from Bacillus licheniformis and from Aspergillus species.
a-Amylase (E.C. 3.2.2.1) catalyzes the endo-hydrolysis of 1,4-alpha-D-glycosidic

linkages in polysaccharides containing three or more 1,4-a-linked glucose units.

The enzyme acts on starches, glycogen, and oligosaccharides in a random manner,

Fig. 59 Storage stability of bleach-stable protease (Everlase,

Novozymes) in European powder detergent with activated

bleach system. Storage at 37 8C, 70% R.H., open vial [613].
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liberating reducing groups. a-Amylases are characterized by attacking the starch

polymer in an endo fashion, randomly cleaving internal a-1,4 bonds to yield shorter,

water-soluble dextrins. They are the preferred type of amylase for laundry detergents,

and are included in both powder and liquid formulations in many countries.

a-Amylases boost overall detergent performance at lower wash temperatures and with

milder detergent chemical systems.

Other starch-degrading enzymes of potential interest are b-amylases (E.C. 3.2.1.2)

and pullulanase (E.C. 3.2.1.41), but these have not been commercialized on industrial

scale for detergent application.b-Amylases differ froma-amylase in that they hydrolyze

1,4-a-D-glycosidic linkages, removing successive maltose units from the nonreducing

of the polysaccharide chain. This exo-type activity is not as efficient for stain removal.

Pullulanase is a starch-debranching enzyme and hydrolyzes the 1,6-a-D-glycosidic

bonds in amylopectin and pullulan, debranching the amylopectin. A mixed amylase

and pullulanase enzyme systemcan accomplish amore complete degradation of starch.

Table 23. lists some application conditions for a-amylases for detergent applications.

a-Amylases catalyze the degradation of starch-containing stains, and improve

cleaning by hydrolyzing the starchy glue that binds other dirt and stains to fabric.

Fig. 60 Performance activity of a bleach-stable protease

(Everlase, Novozymes) versus parent protease (Savinase,

Novozymes) in the presence of chlorine bleach. Grass stain

removal, Terg-o-tometer, U.S. HDP at 1 g/L, pH 9.3, 40 8C,
10 min, 108 dH waterhardness [613].

Table 23. Commercial amylases (Novozymes) [618], [621], [623], [624]

Product name Microorganism pH application range Temperature application range

Termamyl GM Bacillus species 6–11 25–100

Duramyl GM Bacillus species 6–10 25–100

Natalase GM Bacillus species 5–10 10–60

BAN Bacillus species 5–8 15–90

Fungamyl Aspergillus species 4–7 15–60
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However native starch is only slowly degraded by a-amylases. Gelatinization and

swelling are needed to make the starch susceptible to enzymatic breakdown. For most

food stains, various degrees of gelatinization result from cooking of starch-containing

foodstuffs, e.g., pasta, potato, gravy, and baby food.

If the food processes did not exceed the starch gelatinization temperature, the starch

may be in the form of partly or nongelatinized granules, or it may be partly retrograded.

Such starchmay be amorphous and is usually difficult to remove from surfaces without

boil washing. The presence of an amylase renders boil wash superfluous in laundry

process and enhances laundry-cleaning performance of detergents at lower wash

temperature.

Gelatinized starchmay form afilmon fabric that can result in an increased pick-up of

particulate soil after washing [619]. Starch stains combined with particulate soiling are

more difficult to remove than starch alone. As a result white laundry items turn

increasingly gray after repeated wash cycles, an effect that has been demonstrated by

adding about 0.5 g starch per kilogram of cotton fabric [620]. Starches may react

differently depending on their amylose content,which is thought to be the film-forming

component of the starch. Film formation is favored under European laundry

conditions, in which the temperature may be closest to the starch gelatinization

temperature.

In laundry detergents, amylases may maintain or even contribute to increased

whitening of dingy fabrics [619] and inhibit the graying of white fabrics resulting

from a combination of starch and particulate soiling, as illustrated in Figure 61. A

noticeable amylase effect is obtainedwith pre-spotting (at high concentration), andwith

presoaking (prolonged reaction time).

Examples of artificially soiled test pieces used to test the performance of amylases

include cocoa/milk/sugar, cocoa/sugar/potato starch, cocoa/milk/sugar/potato starch,

and starch/carbon black, all on cotton or polyester/cotton.

Fig. 61 Effects of added starch in solution on

particulate soiling and removal with amylase and

European granular detergent. Treatments:

A) no starch added and washed with amylase-

free detergent; B) starch added and washed

with amylase-free detergent; C) starch added,

washed with 0.4 KNU/L (Kilo Novo Units per

Liter) Termamyl and detergent, D) starch added,

washed with 1.2 KNU/L Termamyl and deter-

gent [620]
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Bacterial a-amylases used in laundry detergents are fully compatible with detergent

proteases, i.e., the two enzymes work together in the wash process. During storage in

both powder and liquid detergents, the amylases are stable in the presence of proteases.

The stability of some calcium-dependent a-amylases can be enhanced by addition of

small amounts of calcium salts to the detergent composition.

For bleach-containing detergents, bleach-resistant a-amylases have been developed

by using protein engineering and genetic techniques, as indicated above for proteases.

Figure 62 illustrates the gain in amylase enzyme stability, as indicated by the improved

residual enzyme activity over time in a bleach-containing solution.

Protein-engineering and genetic techniques have been used to develop a-amylase

with lowered optimum temperature for enzyme activity, specifically for low-

temperature wash conditions with heavy-duty liquid detergents. Figure 63 illustrates

the reduced optimum working temperature for such a low-temperature amylase

developed by Novozymes. The significantly improved performance of such low-

temperature a-amylase in a cold-water wash (25 8C) in a Mexican powder detergent

is shown in Figure 64.

Fig. 62 Residual activity of bleach-stable a-amylase

(Duramyl) compared to standard amylase (Termamyl)

in 100 mM hydrogen peroxide at pH 9.0, 40 8C, 0.1 mM

Ca2+ [623]

Fig. 63 Optimum temperature of low-temperature amylase

(Natalase) versus standard (Termamyl) amylase [621], [624]
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5.2.1.6.3 Lipases

Lipases (E.C. 3.1.1.3) hydrolyze triacylglycerol (triglyceride) substrates, as are present in

fats and oils. Because of their strong hydrophobicity, fats and oils are difficult to remove

from laundry at low temperatures. A triglyceride molecule is composed of three fatty

acid moieties linked to a glycerol backbone by ester bonds. Lipases hydrolyze triglycer-

ides to more hydrophilic mono- and diglycerides, free fatty acids, and glycerol. These

hydrolysis products are all soluble under alkaline wash conditions.

Many patents have demonstrated that lipases can improve the removal of fatty stains

when used in powder and liquid detergents, special pre-soakers, or other cleaning

agents. Intense research activity is also reflected in the literature.

Lipolase was the first commercially available lipase for detergents and the first

detergent enzymeproducedby genetic engineering to achieve an acceptable production

economy. Leading brands in theUSA and Europe included lipase from1990/1991 [625]

in powder and in liquid detergents.

The slow development of a commercial detergent lipase was due to low fermentation

yields and to difficulties in finding lipases with the appropriate characteristics for

application in household detergent products. Patent literature indicates the only

feasible way to produce lipases at an acceptable cost/performance ratio is by genetic

engineering [626–628]. Lipolase was originally isolated from the fungus Thermomyces
lanuginosus (formerly Humicola lanuginosa) with low levels of enzyme expression. By

using rDNA techniques the lipase is expressed in acceptable yields in the harmless host

microorganism Aspergillus oryzae [624, 629] in the current commercial production

process.

Protein engineering and genetic techniques delivered improved lipase enzymes for

detergent applications. For example Lipolase Ultra by Novozymes is a protein-engi-

neered variant of Lipolase that has improved washing performance at lower tempera-

tures, i.e., below 20 8C. The change made by protein engineering involves replacing a

negatively charged amino acid in the lipid-contact zone of the Lipolase molecule. More

precisely, aspartic acid (negatively charged) in position 96 has been replaced with

Fig. 64 Stain-removal performance of low-temperature amy-

lase (Natalase) versus standard amylase (Termamyl) at 25 8C
in Mexican commercial detergent (P&G). Orange-dyed starch

swatch, small-scale wash test [621], [624].
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leucine (neutral, hydrophobic). The change reduces the repellent electrostatic forces

between the soil and the enzyme, making the active site more hydrophobic so that the

affinity to a lipid contact zone on the textile surface was improved.

Another protein-engineered variant of Lipolase is LipoPrime for better first-wash

effect, especially under European washing conditions. Further efforts are now being

made to develop more ‘‘first-wash lipases’’ [630].

Surface-active molecules such as surfactants and fatty acids/soaps can strongly

inhibit lipase enzymes [631]. Because of the presence of free fatty acids in the mix

of hydrolysis products, pH strongly influences lipase activity and the removal of

decomposed stains. The best rate of removal requires a pH above 8 [632]. Above

pH8 the hydrolysis reactionmay be favored by small amounts of free Ca ions due to the

formation of Ca soap, although lipases are also effective at low concentrations of free

calcium [633]. The more the fatty stain is hydrolyzed by the lipase, the easier it is to

remove the stain from the fabric due to its increased hydrophilicity.

However the effects of conventional lipases are seen only after several wash cycles

(‘‘multi-cycle wash performance’’), as illustrated in Figure 65.

Surprisingly, lipases are also active during a certain period of the drying step [630],

[636] during line drying, and in tumble dryers, Lipolase displays maximum activity

when the moisture content of the fabric is 20–30 wt%. This means that significant

decomposition of any residual fatty matter will take place while the laundry is drying.

This hydrolytic activity does not result in an immediate advantage in terms of fat

removal, but the next time the stained fabric is washed the stain will be removed more

effectively. Figure 66 illustrates lipase enzyme activity in the drying step.

Lipases have proven to be effective in pre-spotters and other liquid detergent

formulations when used in undiluted form for pretreatment of tough fatty stains.

Fig. 65 Multi-cycle wash performance of lipase in detergents.

Stain removal as function of number of wash cycles. European

wash conditions 5 g/L powder detergent, 30 8C, 20 min, wash at

pH 9.7. Polyester swatch soiled with lard fat plus Sudan red [636].

LU/L ¼ Lipase Units per Liter
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The lowwater content on the fabric in this situation is believed to be responsible for the

high lipase activity and stain-removal performance in these conditions.

In performance testing of lipase detergent enzymes, three consecutivewashing/drying

cycles are usually employed. Washing temperature, time, and Ca2þ concentration

depend on the geographical areawhere the detergent is used. Afterwashing and drying,

the reflectance of the colored, lard-containing test swatches is measured, and the

remaining lard may be extracted for quantitative determination.

Themultiple-wash performance effects of a detergent lipase are shown in Figure 65.

Lipase can cause malodors on butter- or fat-stained fabrics by releasing short-chain

free fatty acids [631]. Lipases also may indirectly create malodor from laundry items

such as sweaty sports clothes. Themain reason formalodor (at least in the case of sports

clothes) is the survival of microflora. The problem is therefore most pronounced in

detergents without bleaching agents. Under normal drying conditions, lipases do not

give rise to additional malodor, but if the drying takes several days some lipase-

associated malodor may develop. In laundry detergents, the dosage of lipase is often

limited by the maximum acceptable malodor.

5.2.1.6.4 Cellulases

Cellulases cleave b-1,4-glycosidic bonds in cellulose and operate directly on the natural

cotton fibers or cotton/flax blends and on the cellulose portion in blended cotton/

synthetic fibers. This enzyme class is divided into endo-cellulases (endo-glucanase, EG;

E.C. 3.2.1.4) and exo-cellulases (cellobiohydrolase, CBH; E.C. 3.2.1.91). EG-type

cellulases catalyze the endo-hydrolysis of 1,4-b-D-glycosidic linkages in cellulose,

lichenin, and cereal b-D-glucans. CBH-type cellulases hydrolyze the 1,4-b-D-glycosidic

link in cellulose and cellotetraose, releasing cellobiose from the nonreducing ends of

the cellulose chain. For both EG and CBH cellulases, many iso-enzymes with slightly

different substrate specificities and optimumworking conditions have been identified.

The cellulase enzyme molecule is composed of up to three types of functionally

different domains, as illustrated schematically in Figure 67: (1) the catalytically active

Fig. 66 Lipase performance in the laundry drying step.

Relative enzyme activity during drying after a European wash

and one rinse with tap water [638].
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core, which is a large, spherical domain; (2) the linker domain, which is an elongated

and flexible spacer; and (3) a spherical cellulose-binding domain (CBD).

The nature of the core determines catalytic properties such as endo activity versus exo

activity, substrate specificity, and the type of reaction products that are formed. The

presence of a CBD is of particular importance for binding of the enzyme on insoluble

and crystalline cellulose and for hydrolytic effects. Both EG- and CBH-type cellulases

can contain linkers and cellulose-binding domains.

Table 24 lists some application conditions and a few comparative characteristics for

some commercially available detergent cellulases from Novozymes. These cellulases

can be used in heavy-duty liquid detergents, in bleach-containing powder detergents,

and in a number of ‘‘color’’ and compact detergent powders.

As an example the pH and temperature profiles of Carezyme are presented in more

detail in Figures 68 and 69.

Cleaning by removal of particulate soils, softening, and improved color brightness

are the three basic benefits obtained from cellulases. Cellulases are unique in providing

these effects.

When a textile is exposed to shear stress, either during wear or washing and tumble

drying, the surface becomes slightly damaged. The worn yarns form fibrils and ‘‘pills’’

ranging in size from a few micrometers to a few millimeters on the surface. The pills

Fig. 67 Schematic presentation of a multi-domain cellulase

adsorbed to cellulose substrate. The enzyme having a catalytic

core, a linker, and a cellulose-binding domain [618].

Table 24. Examples of commercially available cellulases from Novozymes

and application conditions. Source: Novozymes cellulase application sheets

Product

name

Microorganisms Cellulase

type(s)

pH range Temperature

range

Celluzyme Thermomyces lanuginosus CBH 1, CBH II, EG I,

EG II, EG III, EG V,

and EG VI

4–10 25–70

Carezyme Thermomyces lanuginosus EG V 5–10.5 25–70

Endolase Thermomyces lanuginosus EG II 5–9 25–70
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scatter light, giving the fabric a grayish or dull appearance, and affecting color bright-

ness and contrast. Dust particles also tend to stick to the areas of damaged cellulose

fibers, and this further adds to the gray appearance. Damaged fibers are also thought to

be responsible for making the fabric surface more rigid by entanglement, thereby

reducing softness and altering size and shape of a garment.

Cellulases hydrolyze the exposed b-1,4 bonds in the cellulose fibrils and pills, which

leads to their removal during the treatment. This is believed to be the mechanism

behind the softening and color-brightening effects. Published literature indicates that

little is known about the mechanism behind the cleaning action of cellulases. Possible

explanations for the cleaning effect are that by removing the fibrils, the soil attached to

Fig. 69 Temperature-dependent activity of EG V cellulase

(Carezyme, Novozymes) at solution pH 8.5 and 100 ECU(CP)

[Endo Cellulose Unit (Carezyme Product)] enzyme concentration,

20 min. reaction time [642].

Fig. 68 pH-dependent activity of EG V cellulase (Carezyme,

Novozymes) at 40 8C and 100 ECU(CP) enzyme concentration,

20 min. reaction time [642].
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them is released, and that the enzymatic action facilitates cleaning by exposing dirt

trapped in the fiber matrix to the washing solution [639], [640].

Extremely high dosages of detergent cellulases can cause fabric damage in some

cotton products after repeated laundering. Damage may appear as loss of fabric

strength and excessive softening of the mechanically exposed parts of laundry items,

such as hems and edges. These effects may be eliminated by balancing the cellulase

dosage tomanage the desired benefits. Application tests include small-scale laundering

in Terg-o-tometers and Launder-o-meters and full-scale multicycle laundering in

commercial washing machines.

5.2.1.6.5 Mannanase

Themannanase of interest is a mannan endo-mannosidase, which degrades the b-1,4-

mannose linkage of galactomannans, e.g., in neutral pectins such as guar gum. The

hydrolysis products are mannose oligosaccharides. Galactomannans such as guar

gums are widely used as thickeners and stabilizers in foods, household agents,

cosmetics, and toiletries. Because of high affinity to the cotton surface due to hydrogen

bonding effects, stains containing guar gum can be difficult to remove. Guar gum also

has a glueing effect on particulate soil and can flocculate dispersed clay particles in the

wash. Hence, invisible residual spots of guar gum can bind particulate soil released

during the wash cycle, so that the stain re-appears.

Mannaway [37288-54-3] (E.C. 3.2.1.78) is a mannanase for use in detergents

commercialized by Novozymes and developed in close cooperation with Procter and

Gamble [643]. It was first introduced in Procter andGamble’sHDLAriel Liquid in 2000.

The mannanase in this enzyme product is a 33 kDa hemicellulase (pI 4.7) that was

cloned into Bacillus licheniformis from alkalophilic Bacillus strain I633. The optimal

temperature for the enzyme at pH 10 in an analytical system is 50 8C (Fig. 70). In the

same system the optimal pH is determined to be 6–8 (Fig. 71).

The enzyme activity of Mannaway is expressed in mannanase immuno units

(Mannaway), MIU(M). One unit is equal to one milligram of pure enzyme protein

Fig. 70 Temperature profile of Mannaway at pH 10. Deter-

mined by spectrophotometer at 600 nm, AZCL galactomannan

in 0.1 M glycine [644].
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and is defined relative to an enzyme standard under specific conditions. A specific

enzyme activity of 1MIU/M)mg is achieved in the commercial liquid preparation with

a total of 25 MIU(M)/g.

Using Mannaway in a detergent formulation thus improves its overall cleaning

efficacy aswell as its stain-removal effect on stains like BBQ sauce, ice cream, gravy, and

fudge.

5.2.1.7 Future Trends

With water becoming an increasingly precious commodity, increased environmental

awareness and care for continued energy conservation will impact consumer washing

habits. Detergents will have to become even more efficient and effective for main-

taining high performance standards at further reduced dosage using less wash liquor at

lower wash temperatures in short wash cycles. In addition altered consumer demands

and newfiber developments will require further specialized detergents. All of the above

dictate development of smart detergents and wash processes, which certainly will

include new enzymes [596].

The contribution of enzymes will continuously increase as more cost-effective

enzyme production processes become available as well as new enzyme types that

can deliver unique performance benefits in detergents. Increased effort to develop low-

allergenicity enzymes, redox enzymes; targeting enzymes, smart enzyme delivery and

new improved enzymes from psychrophilic and extremophilic organisms are under-

way, as indicated bymany patent applications. Further progress in protein engineering,

genomics, and proteomics will allow the discovery of new and better adapted enzymes

for detergent applications.

New hydrolases for broadening the range of difficult to remove stains and for

cleaning and whitening benefits are being investigated by the major detergent

manufacturers and enzyme suppliers across the world. Many hemicellulases such

as xylan-degrading enzymes [645], pectin-degrading enzymes [646], and dextran-

degrading enzymes [647] are of interest for specific stain-removal benefits.

Fig. 71 pH profile of Mannoway at 40 8C. Determined by

spectrophotometry at 600 nm, AZCL (Azurine Cross Linked)

galactomannan in 0.1 M glycine [644].
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Redox enzymes, mainly peroxidases, haloperoxidases, and laccases, and other

oxidases are being intensively researched as potential components for novel bleaching

systems that can provide bleaching effects at lower washing temperatures than current

bleaching systems. This would provide energy savings apart from utilizing less

harsh chemicals and also would ensure enhanced fabric care of garments being

washed [648].

Until now a peroxidase (Guardzyme, Novozymes) and a laccase have been commer-

cially developed by Novozymes for use in dye-transfer inhibition (DTI) in textile

processing in combination, respectively, with a low concentration of hydrogen peroxide

and oxygen and with a polyphenolic mediator [649]. Also the potential for removing

bleach-sensitive stains in thewashusing these peroxidase- and laccase-based enzymatic

bleach systems and sanitization effects have been reported in patents fromNovozymes,

Genencor, Unilever, and Procter and Gamble [650–652]. These enzymatic bleach

systems have not been applied in detergents so far.

More recentlymono- and dioxygenase enzymes have been investigated for bleaching

performance according to patents by Unilever, Procter and Gamble [653], and Novo-

zymes. These enzymes incorporate oxygen directly into the substrate to be oxidized or

bleached. The dioxygenases such as lipoxygenases do not require added cofactors or

mediators for achieving bleachlike performance effects. However, many, if not all,

oxygenase enzymes are intracellularly active and are difficult to express as extracellular

enzymes, as are preferred for economical and industrial production.

Also enzymes will start to appear in other household detergents (apart from

automatic dishwashing detergents) as developments proceed. Protease enzymes have

already been introduced in hand dishwashing detergent by Procter and Gamble for

providing skin-care benefits to consumers. Household cleaners also can benefit from

enzymes. Many enzyme-susceptible soils can be found on hard surfaces of floors and

workbenches in the kitchen (dried-in fats, sticky sugars, dairy products, dust, and so

on), and in bathrooms on tiles and bath tubs (calcium soaps, sebum, hair, and others).

5.2.2

Enzymes in Automatic Dishwashing

5.2.2.1 Introduction

Proteases and a-amylases have become state-of-the-art worldwide for automatic dish-

washing detergents, one of the last remaining growing markets in the field of

detergents. Because modern automatic dishwashing detergents are required to

be safe for consumers and to take account of environmental aspects, proteases and

a-amylases are now indispensable ingredients. Their incorporation made possible the

development of automatic dishwashing detergents with reduced alkalinity, lower

dosage, and active-oxygen-based bleach systems, as well as lower application tempera-

tures. The enzymes offered on the market for this application are the same as for

laundry detergents. But due to differences in the performance profile some proteases

and a-amylases are preferred. Therefore the search for better performing enzymes by

microbiological screening or protein engineering, such as site-directedmutagenesis or

DNA shuffling, is still going on. Although an official, well-established method for
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testing the performance of enzymes does not yet exist, there are somemethods that are

commonly used.

The concept of using enzymes in detergents first appeared in 1913 inGerman Patent

DRP 283 923, assigned to OTTO RÖHM and describing the introduction of a pancreatic

protease into a laundry detergent [654]. Thefirst enzymatic product, a soaking detergent

launched in Germany under the trade name Burnus, was essentially made of soda ash

and pancreatin, a proteasemixture,mainly of trypsin and chymotrypsin, obtained from

crude extracts of animal pancreatic glands. Since then protease, like surfactants and

builders, has become a standard ingredient of detergents. Later, protease was joined by

other enzymes such as amylase and lipase. Whereas enzymes had been used success-

fully in laundry detergents for many years as an aid to remove tough stains, the

incorporation in automatic dishwashing detergents (ADD) only began in the early

1990s [655].

Though washing clothes and cleaning dishes are two different tasks, both laundry

detergents and dishwashing detergents share similar concerns, such as removal of

stains derivedmostly from foods such as egg andmilk, aswell as starch-based soils. The

main difference between the two areas and thus the reason for the late use of enzymes

inADD is the formulation and application conditions, which have a strong influence on

the performance of enzymes. The development of ADD with reduced alkalinity

(pH < 11.5) and lower dosage, the use of active-oxygen-based bleach systems instead

of hypochlorite, and the trend to lower temperatures led to the incorporation of first

protease and, shortly afterwards, amylase tomaintain the high performance level [656].

5.2.2.2 Characteristics of Enzymes for ADDs

Proteases and a-amylases have become state-of-the-art worldwide for automatic dish-

washing detergents. Both belong to the group of hydrolases because they degrade their

substrates by hydrolysis, using water as co-substrate. The enzymes offered on the

market for this application are the same as for laundry detergents [657], but due to

differences in the performance profile some proteases and amylases are preferred.

Sometimes the use of lipase has been discussed [658], as ADDs contain only a low

content of surfactants compared with laundry detergents. Furthermore, enzymes

belonging to the group of hemicellulases [659] are also described in patent literature

for use inADDs.However, so far noproduct containing lipase and/or hemicellulase has

been offered on the market.

Natural enzymes which can be found in the stomach, saliva, or pancreas of animals,

as well as in some fruits, are not really suitable for detergents because they only work

under acidic or neutral conditions.Moreover, they are extremely specific, usually able to

degrade only one particular type of bond, e.g., in proteinmolecules. However, enzymes

used in ADDsmust fulfill several requirements set by the environment (detergent and

cleaning liquor) and by the soil substrate, which consists of a huge variety of foodstuffs

and is therefore not very specific.

The currently used enzymes are usually produced by high-performance bacterial

strains, conditioned to resist alkaline pH and therefore to produce alkaline-resistant

enzymes. The enzymes are extracellular enzymes, secreted by the bacteria into the

surrounding medium. Thus, they can be isolated without breaking the cells. This
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makes the purification process easier andmore economical. In case of proteases, these

bacterial enzymes are less specific and will degrade almost all kinds of proteins.

Enzymes are sensitive to some ingredients of automatic dishwashing detergents,

both during the shelf life of the product and in the cleaning liquor. Anionic surfactants,

especially alkylbenzene sulfonates, can degrade enzymes, whereas nonionic surfac-

tants do not destabilize them [660]. Enzymes are also deactivated by oxidizing agents

such as hypochlorite, which was the commonly used bleaching agent in ADDs for a

long time, and to a lesser extent by hydrogen peroxide, peroxides, and peroxyacids.

Application conditions are also important. For instance, any temperature increase

favors the enzymatic reaction, as for most chemical reactions, but at the same time the

degradation of the enzymes will increase. Heat degradation of proteases occurs above

55 8C in pH 9 buffers and sometimes at lower temperatures when surfactants and

builders are present.

To be well suited for the use in ADDs, enzymes must exhibit the following

properties:

– Activity optimum at alkaline pH,

– Efficacy at temperatures of 20–70 8C,

– Stability at temperatures up to 60 8C,

– Stability in the presence of other detergent ingredients, such as surfactants,

builders (e.g., phosphates, silicates, etc.), and activated bleach, both during

storage and use,

– Low specificity to soils, i.e., a specificity broad enough to enable the degradation

of a large variety of proteins and starches.

Enzymes are commercially available as dust-free granulates for solid products and as

yellowish to brown liquids for liquid products. Because they are biocatalysts, they act at

very low concentrations. Their efficacy does not increase linearly with concentration,

but levels off above a certain concentration.

5.2.2.3 Proteases

5.2.2.3.1 Proteins: The Substrate of Proteases

A fresh proteinaceous stain on textile or hard surfaces is generally not stubborn and

can oftenbe removed simply by coldwater. It is onlywhen theproteinaceous soil is dried,

aged, or heated, for instance, after cooking, that it becomes difficult to remove, evenwith

surfactants, as it coagulates andhinders the penetrationof the cleaning liquor.Moreover,

protein residues may be oxidized and thus denatured upon aging due to presence of

oxygen or a bleach system as part of an ADD, so that the soil/stain becomes permanent.

Furthermore, there are some stains which contain only small amounts of protein and

are not completely removed by surfactants and bleaching systems. Proteins are present

in small amounts in many natural oils as well as starchy stains from different

foodstuffs, such as gravy or cocoa [661]. In these types of stains, the coagulated proteins

act as a glue fixing the soil to the surface.
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5.2.2.3.2 Proteases for ADDs

Proteases catalyze the breakdown of large and complex proteinmolecules into peptides

and amino acids (Fig. 72), which aremore easily removed by the detergent. According to

the site of catalytic hydrolysis of the protein, proteases can be classified in two groups:

endopeptidases, which hydrolyze peptide bonds within the protein chain, yielding

water-soluble peptides, and exopeptidases, which split terminal peptide bonds only,

releasing free amino acids.

Proteases for detergents are endopeptidases belonging to the class of serine pro-

teases, and within this class to the subtilases (subtilopeptidases [9014-01-1], E.C.

3.4.21.62) [662–666]. Similar to another large class of proteases, the trypsin family,

these enzymes all have the same active-site residues, i.e., a serine, a histidine, and an

aspartate residue. For example, in subtilisin BPN0 the catalytic triad is formed by Asp-

32, His-64, and Ser-221 [667]. Structurally, the positions of the active-site serine and

histidine residues are very well conserved, whereas the location of the carboxylate

function of the aspartate residue shows more scatter.

Subtilisins have several characteristics that make them well suited for detergents:

stability in the presence of detergents, broad specificity for the amino acid sequence of

the peptides to behydrolyzed, high specific activity at alkaline pH, and the possibility for

production in industrial amounts. Due to a pH profile ranging from 9 to 11, the

subtilisin from Bacillus lentus shows superior performance to subtilisin BPN0 or

Carlsberg and is thus the preferred protease for solid detergents, both laundry and

dishwashing (Table 25). The Bacillus lentus subtilisin (same as Bacillus alcalophilus and
Bacillus clausii) consists of 269 amino acid residues, slightly shorter than subtilisin

BPN0 and Carlsberg, consisting of 275 and 274 amino acid residues, respectively.

Modification of enzymatic properties of the subtilisins by protein engineering started

as soon as the technique became available in 1984. One objective is to stabilize the

enzyme against harsh application conditions such as bleach and detergents. Surface-

exposed methionine residues belong to the group of amino acids that are likely to be

oxidized by peroxides and peracids. The subtilisins contain a methionine residue next

to the active site serine-221. Also other methionine or aromatic residues may be

oxidized, leading to destabilization and thus to increased autocatalytic breakdown.

Oxidation of the exposed methionine-222 drastically lowers catalytic activity. This

methionine residue was replaced by several other residues to give increased oxidative

stability, but also relatively poor catalytic power on small peptides as well as protein

substrates [668], [669].

The other objective is to improve the performance of the enzyme in general by

increasing the turnover on given protein substrates or by improved or modified

targeting of the enzyme. Besides site-directed mutagenesis, fusion techniques, e.g.,

by means of DNA shuffling, have also been described for this purpose [670], [671]. The

Fig. 72 Schematic of enzymatic protein hydrolysis
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use of these techniques led to the development of proteases with modified substrate

specificity, e.g., higher performance on proteins derived fromegg or reduced inhibition

by substances present in egg, such as trypsin inhibitor. This was achieved by changing

the charge ratio within the catalytic domain [672], [673] or by insertion of at least one

amino acid in the active loop site region [674–677]. Bothmethods resulted in a protease

with a modified substrate specificity. The protease according to refs. [672], [673] can be

found in European ADD, but is not a commercial product. The other protease has been

introduced to the market under the trade name Ovozyme1.

5.2.2.4 Amylases

5.2.2.4.1 Starch: The Substrate of Amylases

Starch is a carbohydrate food reserve in plants and the major energy source for

nonphotosynthetic organisms. It is abundant in nature and is composed of two distinct

polysaccharides, amylose and amylopectin. Amylose is essentially a linear, water-soluble

polymer consisting of a-1,4-linked D-glucopyranose, and amylopectin is a highly

branched, water-insoluble polymer consisting of amylose chains linked at branch points

bya-1,6-bonds (Fig. 73). The relative amount of amylose and amylopectin depends on the

source of the starch. The major component is usually amylopectin (73–86%) and the

minor component is amylose (14–27%). Some cultured variants, such as waxy corn or

rice, can deviate from this general ratio of amylopectin and amylose.

As a major component of foodstuffs, starch is frequently found in food residues on

dishes. Such starch-containing residues are derived from pasta, potatoes, oatmeal, and

sauces, etc. [678].

Household cooking as the final step of starch modification leads to the formation of

gels with different viscosity and solubility in water. When starch is heated in water, it

swells when the specific gelatinization temperature is reached. The concomitant water

Table 25. Proteases available on the market

Supplier:

Trade name

Origin Optimum

pH�
Optimum

temperature, 8C�
Characteristics�

Genencor:

Purafect1 B. lentus 10 60 highly alkaline

Purafect1 OxP GM Purafect 10 50 highly alkaline,

oxidatively stable

Properase1 GM B. alcalophilus 11 50 highly alkaline, low

temperature

Novozymes:

Alcalase1 B. licheniformis 8–9 60 moderate alkalinity

Savinase1 B. clausii 9–11 55 highly alkaline

Everlase1 GM Savinase 10 50 highly alkaline,

oxidatively stable

Esperase1 B. lentus 9–12 60 highly alkaline

*All data according to supplier.
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adsorption leads to a viscosity increase and to a change in the chemical and enzymatic

degradability of starch.During cooling, the amylose fraction recrystallizes. This process

is referred to as retrogradation. Foodstuffs may contain starch both in retrograded and

in nongelatinized granular forms.

Before cooking, however, starches for food application are modified to facilitate

handling during food manufacturing or to improve the taste and texture of the final

product. The simplest starch modification is the separation of amylose and amylo-

pectin. Enriched amylose is used for flexible films, production of capsules for food use,

and in sweets. Enriched amylopectin can be used as a shape stabilizer in prepared food

such as skinless sausages. Starches can also be modified by chemical and enzymatic

methods. Oxidation by hydrogen peroxide or sodium hypochlorite gives starches that

are good aids for the production of sweets and suspensions. Phosphorylated starches

and enzymatically degraded starches like dextrins are used as emulsifiers, binders, or

thickeners for the preparations of mayonnaise, dressings, mustard, gravy, and similar

food products.

5.2.2.4.2 Amylases for ADDs

Amylases are specific starch-cleaving enzymes [679], [680]. Amylases degrade starch

and related compounds (Fig. 74) by hydrolyzing the a-1,4 and/or a-1,6 glucosidic

linkages in an endo- or an exo-acting fashion [681–683]. The variety of enzymes

Fig. 73 Structure of amylose and amylopectin
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catalyzing such reactions include a-amylases (a-1,4-D-glucan glucanohydrolases [9000-

90-2], E.C. 3.2.1.1), b-amylases (a-1,4-D-glucan maltohydrolases, E.C. 3.2.1.2), amylo-

glucosidases (a-1,4-D-glucan glucohydrolases [9032-08-0], E.C. 3.2.1.3), a-glucosidases

(a-D-glucoside glucohydrolases, E.C. 3.2.1.20), pullulanases (a-dextrin 6-glucanohy-

drolases [9075-68-7], E.C. 3.2.1.41), and isoamylases (glycogen 6-glucanohydrolases,

E.C. 3.2.1.68). Each of these enzymes can be distinguished from the others on the basis

of reaction specificity.

a-Amylases catalyze the hydrolysis of the amylose fractions of starch with cleavage of

the a-1,4-glycosidic bonds in the interior of the starch chain. In the first step, this endo

reaction leads to oligosaccharides and further to short-chain, water-soluble dextrins.

The dextrins can be further degraded by b-amylases by splitting maltose from the

reducing end of the chain. Additionally, there are amyloglucosidases that release

glucose and pullulanases, or isoamylases that degrade starch directly into linear

dextrins, for they also attack a-1,6-glycosidic bonds.

Of these different amylases, only a-amylases are used in automatic dishwashing

detergents, although recently other carbohydrate-cleaving enzymes (e.g., pullulanases

or isoamylases) have also been described for this application [684–687]. Usually, the

primary hydrolysis of starch by a-amylases into oligosaccharides and dextrins is

sufficient for easier removal of starch from hard surfaces.

a-Amylases for detergents are obtained from bacteria by fermentation. Submerged

cultures of Bacillus subtilis, Bacillus licheniformis, and Bacillus amyloliquefaciens are the
common production method. The a-amylase that is predominantly used today for

automatic dishwashing detergents is a genetically modified a-amylase produced from

B. licheniformis, available under different trade names (Table 26). The primary target of

the modification of the traditionally used a-amylase was improved resistance against

oxidants, especially active-oxygen-based systems. This was achieved by replacement of

methionine-197 in the a-amylase [688], [689]. Besides this improvement, performance

advantages on particular starch-containing stains led to the preferred use of this

modified amylase in ADD.

The a-amylases of B. licheniformis are more suited for the use in ADDs than the

formerly used types from B. amyloliquefaciens. The activity optimum of these thermally

stable bacterial a-amylases strongly depends on the pH, the temperature, and the

presence of calcium ions as stabilizer [690], [691]. Themolecular weight is about 58 000.

Fig. 74 Schematic of enzymatic starch hydrolysis
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At neutral pH the optimum temperature is near 908C. A certain concentration of

calcium ions is required to maintain the activity of a-amylases. Calcium(II) stabilizes

the enzyme against denaturation and the attack of proteases. In the range of 40–60 8C
the optimum activity lies in a relatively broad pH range from 5 to 9. In the pH range of

9–11, which is relevant for ADD, the activity decreases; however, it is still sufficient to

give a good cleaning effect.

The builder environment of detergent applications sometimes causes a problem for

calcium-dependent enzymes like amylases [692, 693]. These builders, such as phos-

phates, citrate, silicates, or chelating agents, form stable complexes with ions of the

alkaline earth group such as calcium(II). As a result, the concentration of free calcium in

the liquor decreases. If the calcium binders have a higher complex-forming constant

than the enzyme they can even deplete the structural calcium ion of the a-amylases to

give a destabilized enzyme. The destabilized enzyme is inactivated early in the cleaning

cycle and, as a result, the performance decreases. Therefore, a-amylases with less

calcium dependency have been developed and products have been offered on the

market since 2002.

Optimization of a-amylases by using modern techniques of protein engineering is

also under progress [694]. With regard to new dishwashers with increased energy

efficiency, i.e., lower cleaning temperatures and shorter cleaning cycles, the develop-

ment of a-amylaseswith a combination of different characteristics (improved resistance

against oxidants, reduced calcium dependency, altered substrate specificity, and/or

specific activity) has started [695–697]. A first product of this development has been

available on the market since 2004. Furthermore, new a-amylases derived from other

bacilli than B. amyloliquefaciens or B. licheniformis are described in the patent literature

[698], [699]. Some of these amylases show additional activities, such as cyclodextrin

glycosyltransferase (CGTase) activity, besides their amylolytic properties.

Table 26. Amylases available on the market

Supplier:

Trade name

Origin Optimum

pH�
Optimum

temperature,� 8C
Characteristics�

Genencor:

Purastar1 B. licheniformis 6–9 75–90 thermostable

Purastar1 OxAm GM Purastar 6–9 75–90 thermostable,

oxidatively stable

Novozymes:

BAN1 B. amyloliquefaci-ens 6–6,5 70–90

Termamyl1 B. licheniformis 6–9 70–90 thermostable

Duramyl1 GM Termamyl 6–9 65–85 thermostable,

oxidatively stable

Termamyl1 ultra GM Termamyl reduced Ca

dependancy

Stainzyme1 GM a-amylase altered substrate

specificity

�All data according to supplier.
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5.2.2.5 Other Enzymes

Usually, all enzymes claimed for detergency are also described for the use in ADDs.

Consequently, besides protease and amylase, which are state-of-the-art in ADD, other

enzymes belonging to the group of hydrolases can be found in the literature for this

purpose.

There is a variety of patent applications dealing with the use of esterases, especially

lipases, in ADDs [658], [700–703]. Due to a low content of surfactants compared with

laundry detergents the improved cleaning of fatty stains by using lipase was the target,

especially with regard to lower application temperatures and reduced alkalinity. On the

other hand, the use of lipase requires the reformulation of the ADD to avoid the

formation of calcium soap (limesoap) on dishware.

The use of hemicellulases for ADD is also mentioned in the patent literature.

Hemicellulases such asb-glucanases [659] ormannanases [704] deal with specific parts

of starch-containing stains, such as b-glucan ormannan. For instance, b-glucan can be

found in food residues with a high content of oatmeal, and mannan is used as binder/

thickener in some milk products and special diet food. Therefore, compared to broad-

application a-amylase, both hemicellulases can be regarded as enzymes with specific

effects.

5.2.2.6 Automatic Dishwashing Detergents

During the 20th century electrical domestic appliances reduced the effort of housework

in a dramatic way. The washing machine is considered the most important household

appliance, because, in the past, laundry washing was the toughest housework job.

However, dishwashing is also very time-consuming as it is done several times a day. In

the USA the automatic dishwasher had already become fairly common in the house-

hold by the early 1960s, and the penetration of dishwashers exceeded the 50%mark by

about 1990. In Europe, dishwasher penetration differs dramatically from country to

country [705]. For example, in northern Europe the penetration is quite high at

approximately 60% in Norway and Sweden. In countries like Switzerland, Germany,

and Austria more than 40% of households own an automatic dishwasher. However, in

southern and eastern Europe the penetration is still quite low. Thus, substantial growth

has been observed, especially in the last-mentioned regions. Therefore, automatic

dishwashing is considered one of the last remaining growingmarkets for producers of

electrical household appliances and ADDs.

5.2.2.6.1 Composition of Automatic Dishwashing Detergents

With a dishwasher cleaning can be done easier and even more economically than by

hand [706], [707]. The amount of water necessary for a cleaning program in an

automatic dishwasher has been drastically reduced in the last decade from 45 to about

20 L. In the cleaning cycle, water consumptionhas been reduced fromabout 10 to 4–5 L.

On the other hand, the amount of crockery, and therefore the amount of soil, remained

unchanged. TodaymodernEuropeandishwashers consume, for the cleaning of 12 table

settings, 18 L of water, 1.6 kWh of electrical energy, 20–30 mL of detergent, 2–3 mL of

rinse aid, and 20–30 g of salt. These values for the standard 658C program can be

lowered by using the 55 or even 458C program.
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The first automatic dishwashing detergents contained almost 100% sodium tripo-

lyphosphate. Until the end of the 1980s, sodium tripolyphosphate remained the main

ingredient, but in combination with sodiummetasilicate. In addition, a chlorine-based

bleaching agent such as sodium trichloroisocyanurate was incorporated to achieve an

visible removal of bleachable stains like tea.

Modern detergents are required to be safer for consumers and to take concern of

environmental aspects (e.g., chlorine bleach, phosphates, energy consumption). In

some countries, household products containing ‘‘corrosive’’ metasilicate are no longer

allowed or have strong restrictions for sale to the public. Consequently, automatic

dishwashing detergents have been undergoing an evolutionary process similar to that

of laundry detergents. Pancreas extracts have been described for dishwashing powders,

but the use of enzymes was taken into consideration for this product category only after

alkali-stable and thermostable enzymes became commercially available in granulated

form. Dishwashing detergents based on metasilicates and thus of high alkalinity can

very efficiently removemost types of soils that can swell under alkaline conditions. This

effect decreases dramatically if the pH of the cleaning solution falls below 11.5, leading

to an unacceptable loss in performance. By incorporating enzymes such as a-amylases

and proteases into products with reduced alkalinity, the performance loss can be

partially or completely compensated. It can even lead to an improved performance on

specific soils, e.g., dried-on starch.

The availability of relatively alkali-stable, granulated, and dust-free enzymes was the

basis for the development of a new generation of enzymatic automatic dishwashing

detergents which are called ‘‘compacts’’ in contrast to the ‘‘conventionals’’ and whose

composition is totally different from that of the conventionals (Table 27).

5.2.2.6.2 Application of Enzymes in ADD

The main task of protease and a-amylase in automatic dishwashing detergents is the

cleaning of dishes by removal of tough stains, mainly consisting of proteins and

starches, without damaging the surface and/or décor of china, glass, and metal. To

evaluate this performance and to differentiate between various enzymes of a class like

subtilisins, the producers of enzymes and manufacturers of ADDs apply different test

methods for protease and amylase performance, but only a few have been published

[655], [656], [708], [709]. Official methods exist in different countries for testing the

performance of dishwashers, for example, IEC 436 and DIN 44990, the American

AHAM, and the Australian Standard.

Some commonly usedmethods for testing protease and amylase are based on dried-

on protein or starch, respectively, and are classified in terms of their soil (Table 28):

By using these soils and their corresponding methods differentiation between

different proteases and amylases is possible. The influence of an increasing enzyme

content can also be detected. For soils like minced meat on porcelain plates and

porridge a minor contribution of the alkalinity must be considered.

The following figures illustrate the efficiency of different proteases and amylases

dependant on concentration, given as protein content per liter and temperature. The

performance of the different enzymes were tested according to the aforementioned

methods (Figs. 75–77) in a compact phosphate-based European ADD with a dosage of
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4 g/L in a 55 8C program at 168 German water hardness (corresponds to 286 ppm

CaCO3 with a ratio of Ca:Mg of 5:1). Within the group of proteases and amylases the

enzymes were compared on equal protein concentration.

In Figures 77, 78, and 79 the preference for someproteases is evident. ProteaseA—a

protease in accordance with WO 92/21760 and WO 95/23221 [672], [673]—achieves

Table 27. Types of automatic dishwashing formulations (in wt%)

Ingredient Conventional detergents

(powder/tablet)

Compact detergents

(powder / tablet)

Phosphate Non-

phosphate

Alkaline carriers metasilicate/

disilicate

30–70 sodium carbonate 0–40 0–40

sodium carbonate 0–10 sodium bicarbonate 0–40

disilicates 0–40 0–40

Complexing and

dispersing agents

phosphate 15–40 phosphate > 30

polymers 0–10 citrate > 30

phosphonate 0–2 0–2

polycarboxylate 0–5 0–15

Bleach system chlorine carrier 0–2 oxygen carrier 3–20 3–20

TAED 0–6 0–6

Mn accelerator < 1

Wetting agents surfactants 0–2 surfactants 0–4 0–4

Enzymes < 6 < 6

Auxiliaries paraffin oil ca. 1 perfume < 0.5 < 0.5

paraffin oil < 1 < 1

silver-protection

agent

< 1 < 1

pH of 1%

solution

12–13 < 11 11–12

Table 28. Soils for performance tests of protease and amylase

Enzyme Soil Evaluation Method

Protease egg yolk gravimetric [710]

egg/milk gravimetric [710]

minced meat on

porcelain plates

visual (color reaction)

/photo catalogue

[710] by analogy with

EN 50242

Amylase starch mix consisting

of potato, maize, rice,

and wheat starch

gravimetric [710] by analogy with

IEC SC 59A/WG II

porridge visual (color reaction)

/photo catalogue

[710] in accordance with

EN 50242
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Fig. 75 Efficiency of different proteases on egg yolk at 55 8C

Fig. 76 Efficiency of different proteases on egg/milk at 55 8C
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the best performance in all three criteria compared with the other proteases. Further-

more, the fact that this high performance level is already reached at lowprotein contents

indicates a high turnover. This effect grows even stronger when the temperature is

reduced from 55 to 45 8C (Fig. 78).

Fig. 77 Efficiencyofdifferentproteasesonmincedmeat at 55 8C

Fig. 78 Performance of different proteases (1,35 mg protein / L) on egg yolk at 45 and 55 8C
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Moreover, the efforts to improve protease performance in ADD by using protein

engineering can also be recognized, as three of the four proteases are genetically

modified (see Section 5.2.2.3.2 ), and the wild-type protease gives the poorest results.

In the field of amylases a similar trend as for proteases can be observed. By using

protein engineering the performance profile of a-amylases has been improved step by

step over the years (Figs. 79, 80 and 81) and thereby a better fit to the requirements of

Fig. 79 Efficiency of different amylases on starchmix at 55 8C

Fig. 80 Efficiency of different amylases on porridge at 55 8C
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ADDs is evident. In a first step the modification of a-amylases according to WO 94/

02597 [688] and WO 94/18314 [689] increased the performance, especially on starch

mix at 55 8C (Fig. 81), compared with wild-type a-amylases, whereas the superiority of

this amylase on porridge only becomes evident with increasing protein content. These

amylases are sold under the trade names Duramyl and Purastar OxAm, respectively.

Further modification of a-amylase with regard to calcium dependency, specific activity,

and/or substrate specificity led to significant improvement at lower temperatures (e.g.,

458C, Fig. 81).
Summarizing all these results a clear statement can be given:

� A significant increase of the performance of modern automatic dishwashing

detergent is detectable when using protease and a-amylase. This advantage is

especially apparent when comparing ADDs with and without enzymes.

� A major contribution to this effect is based on the modification of protease and

amylase by protein engineering and thereby improvement of their performance

profile with regard to application and requirements in ADDs.

5.2.2.6.3 Stability and Compatibility

In addition to the aforementioned performance aspects, stability during storage is a

further important aspect in the application of enzymes in automatic dishwashing

detergents. For enzyme granulates, it is influenced by the formulating process of the

granulate and of detergent in powder or tablet form. Here, especially the presence of

bleaching systems plays an important role. The developments in ADDs, starting with a

conventional powder, the one-phase tablet as the next step, and finally the two-phase

ADD tablets, which are nowadays the leading ADD product in Europe, makes the

separation of enzymes and active oxygen carrier possible and thereby improves

Fig. 81 Efficiency of different amylases on starch mix at 45 8C
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the storage stability of enzymes. However, this requires enzyme granulates which are

resistant to pressure. A further possibility of this two-phase concept [705] is the time-

shifted release of enzymes and bleach, which is also in favor of the enzymes and their

performance.

5.2.3

Enzymes in Grain Wet-Milling

5.2.3.1 Introduction

Wet milling of grain, in which the kernels are soaked and then separated into their

individual components by grinding and centrifugation, is one of the highest volume

processes for converting agricultural raw materials to finished products. The vast bulk

of the grain that is wet-milled is maize (corn), and most wet milling occurs in the

AmericanMidwest, primarily in the states of Iowa, Illinois, and Indiana, wheremost of

the corn is produced. The main products made in the USA and sold to consumers

outside the corn-milling industry, including exports, in 106 t/a on a dry or pure basis in

2002 are fuel ethanol (10.4), high-fructose corn syrup (HFCS, 8.3), starch (3.8), and

glucose syrup (2.4) [711].

Corn wet milling requires a complex series of processes, as described in Section

5.2.3.2. Important among them are three enzymatic steps: the hydrolysis of starch to

shorter maltooligosaccharide chains (dextrin) with a-amylase, the further hydrolysis of

dextrin to glucose with glucoamylase, often with some pullulanase added, and the

isomerization of glucose to a near-equilibrium mixture of glucose and fructose with

glucose isomerase. Because of the large scale of these processes, the enzymes used in

them, alongwith the proteases and amylases used in synthetic detergents, are produced

in tonnages higher than any other enzymes.

Several other enzymes, such as b-amylase and maltogenic a-amylase, are used in

various peripheral processes but are not described here.

5.2.3.2 Overview of the Conversion of Corn to HFCS

There are sixmain steps in the conversion of corn to starch by wetmilling and a further

five to convert starch to HFCS (Fig. 82):

1. Steeping of corn kernels in a sulfur dioxide solution to soften them,

2. Coarse grinding of the kernels to liberate the germ, which contains oil, from

starch, fiber, and protein,

3. Cyclone separation to separate the germ,

4. Fine grinding to liberate starch from fiber and protein,

5. Screening to separate fiber from protein and starch,

6. Centrifugation to separate protein from starch,

7. Hydrolysis of starch with a-amylase to form dextrin,
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8. Hydrolysis of dextrin with glucoamylase and often with a little pullulanase to

form glucose,

9. Isomerization of glucose to a glucose–fructose mixture with glucose

isomerase,

10. Separation of fructose from glucose and other products by liquid chromato-

graphy,

11. Blending of the fructose with some of the glucose and byproducts to give HFCS

55 (55% fructose).

Fig. 82 Schematic of the main steps of the corn wet milling process.
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5.2.3.2.1 Corn Steeping

Yellow No. 2 corn, the chief grade grown in the U.S. Midwest, is soaked for 24–36 h in

large tanks filled with a weak aqueous sulfur dioxide solution (Step 1). A fermentation

that produces lactic acid occurs in the tanks. In general several tanks are used, with

those containing the corn steeped the shortest length of time having the oldest solution,

and those having the corn that has been steeped the longest having fresh solution. This

is arranged by having each tank hold corn soaked for different lengths of time and by

passing the steeping solution from the tank holding corn for the longest time to the tank

holding it for the shortest time.

The goal of steeping is to soften the kernels, which originally contain between 10 and

15% water. Steeping also loosens the components of the kernel, which is composed of

the germ, a small oil- and protein-rich structure; the endosperm, the largest part of the

kernel, which containsmainlymicroscopic granules of starch; and the pericarp, or hull,

which is composed mainly of fiber and protein. The steeping solution, known as

steepwater or corn steep liquor, is a valuable addition to many fermentation processes,

since it is rich in vitamins and growth factors.

Fig. 82 (continued)
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5.2.3.2.2 Coarse Grinding and Germ Removal by Cyclone Separation

Coarse grinding (Step 2) of the softened corn is designed to break the kernel intomany

pieces without destroying the germ. The germ is separated in cyclones (Step 3), since it

is lighter than the other kernel components. The oil it contains is pressed out and

refined, and the remainder of the germ, which is protein-rich, usually is combinedwith

the gluten feed and meal produced in Step.

5.2.3.2.3 Fine Grinding and Fiber Removal by Screening

Fine grinding of the remaining contents of the kernel (Step 4) is designed to separate

the starch and protein asmuch as possible from the fiber. Filtering over screens (Step 5)

removes fiber, largely the remains of the corn hulls, from starch and protein, since it is

in larger pieces. The fiber always contains some starch and a little protein that cannot

easily be separated from it. This fraction usually is combined with the gluten feed and

meal produced in the next step.

5.2.3.2.4 Centrifugation and Washing to Separate Starch from Protein

The starch and protein fractions, neither of which dissolve in water, can be separated

from each other by centrifugation (Step 6). The starch is washed many times by

successive water addition followed each time by dewatering in cyclone separators. This

brings its purity to above 98%, the remaining impuritiesmainly being containedwithin

the starch granules themselves.

The protein, or gluten, fraction is used along with the fiber and that part of the germ

from which the oil has been pressed for animal feed, mainly in two different products,

gluten meal and gluten feed, of different protein content.

The starch canbe dried and sold at this point, to be used as it is or after beingmodified

by chemical processes, or it can be further processed as described below to give dextrin,

glucose, ethanol, and HFCS. Some of the starch may be acid-hydrolyzed to make a

series of corn syrups. How much of each product is made is at the discretion of the

producer.

5.2.3.2.5 Hydrolysis with a-Amylase (Liquefaction)

Starch is contained in microscopic granules and is composed of long chains of

glucosyl residues linked by a-(1!4) glycosidic bonds, with branches in its amylo-

pectin fraction being initiated by a-(1!6) glycosidic bonds. Although a-amylases are

capable in nature of attacking starch granules, in industrial practice steam under

pressure is used to dissolve (liquefy) them as, simultaneously, highly stable bacterial

forms of a-amylase hydrolyze a-(1!4)-glycosidic bonds in the now greatly increased

number of accessible chains (Step 7). Since a-amylases in general attack interior

bonds of these chains faster than those near chain termini, amixture of products with

intermediate numbers of glucosyl residues (dextrin) is formed in preference to

glucose or maltose.
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The two reasons for using a-amylase are (1) tomake the starch chains shorter so that

they will not form a gel if the temperature is decreased, and (2) to make more chain

ends, since glucoamylase, the enzyme used in the next step, cleaves glucose molecules

only from the nonreducing ends of the chains. A more detailed description of this

process can be found in Section 5.2.3.3.

At this point the producer can sell the dextrin as a commercial product after drying or

further process it, as described in the following sections 5.2.3.3.

5.2.3.2.6 Hydrolysis with Glucoamylase (Saccharification)

Glucoamylase, often called amyloglucosidase or AMG in the industry, and often

pullulanase are added to dextrin, which is composed of chains of moderate length,

mainly between one and twenty glucosemolecules, linked bya-(1!4) glycosidic bonds

(Step 8). There are occasional branch points initiated by a-(1!6) glycosidic bonds. The

glucoamylase breaks the main bonds in the chain, and both glucoamylase and pull-

ulanase break the branch points. This hydrolysis leads to about 96% yield of glucose,

with about 4%of the original dextrin being found as other products, some coming from

the liquefaction step and the majority from the saccharification step.

A more detailed description of the process is given in Sections 5.2.3.4 and 5.2.3.5.

The glucose solution is subjected to ultrafiltration or rotary precoat filtration to

remove solids, while soluble impurities and salts added during the a-amylase step and

formed during the change of pH in the glucoamylase step are removed by carbon and

ion exchange, respectively. The producer has a choice at this point to divert the glucose

solution to fermentation processes to make ethanol or other products. The glucose

solution may also be evaporated and crystallized, giving a solid often sold under the

name dextrose. Alternatively it can be converted to HFCS, as described for Step 9

(Section 5.2.3.2.7).

The glucose solution diverted for ethanol production is fermented with yeast. The

liquid fermentation mixture is distilled successively in three columns, each increasing

the ethanol concentration by separating water, yeast cells, and dissolved matter, so that

the ethanol finally reaches almost complete purity. This can be mixed with gasoline to

make automotive fuel, serve as raw material for a number of industrial products, or

used in alcoholic beverages. Corn millers making both HFCS and ethanol have more

process flexibility than those making only one or the other.

5.2.3.2.7 Isomerization with Glucose Isomerase

Glucose solution is passed through a column containing glucose isomerase immobi-

lized on porous solid particles (Step 9). Since the enzyme ismuchmore expensive than

a-amylase or glucoamylase, it must be immobilized so that it remains in the column to

be used for long periods rather than being dissolved in the sugar solution. However,

glucose isomerase does lose activity over time, so often several columns are used side-

by-side, with the column holding the freshest glucose isomerase, that with the highest

activity, having the highest rate of flow through it, and that with the oldest glucose

isomerase having the lowest flow rate. This is done so that each column gives about the

same fructose yield.
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Glucose isomerase converts glucose to fructose by isomerization. The reaction does

not yield only fructose, since glucose and fructose have a roughly equimolar equili-

brium. Instead the product is a mixture of about 50–53% glucose, 42–45% fructose,

and 5% other products.

A more detailed description of process kinetics and conditions can be found in

Section 5.2.3.6.

The producer can either subject this mixture to finishing steps including ion

exchange, decolorization, and evaporation to give HFCS 42, or can enrich it to increase

its fructose content.

5.2.3.2.8 Fructose Enrichment and Blending

The sugar mixture produced in the previous step can be passed through a column

containing strongly acidic ion-exchange particles with Ca2þ counterions (Step 10).

These separate the fructose from the glucose and other products, with the fructose-rich

stream, whose sugars are 90% or more fructose, exiting the column last. This mixture

can be evaporated and crystallized to give pure fructose crystals. That part of the

fructose-rich stream that is not subjected to crystallization is sent to the next step.

Streams rich in glucose and other products can either be recycled to earlier steps or sent

to Step 11.

The high-fructose stream that is not crystallized is blended with streams rich in

glucose and other products from Steps 8, 9, and 10 to bring its sugar content to about

55% fructose (Step 11). Various finishing steps then make HFCS 55. They include ion

exchange to remove salts, decolorization with charcoal, and evaporation of water to

bring the sugar concentration fromabout 45% to over 70%, so that thefinished product

is microbially stable and can be shipped with less water.

HFCS 55 is virtually identical in sweetness, taste, and mouth feel to an equivalent

concentration of sucrose, and since under present U.S. trade policy it is nearly

always cheaper than sucrose, it has captured over half the U.S. natural sweetener

market.

5.2.3.3 a-Amylase

5.2.3.3.1 Origin and Enzymatic Properties

a-Amylases (1,4-a-D-glucan glucanohydrolase, E.C. 3.2.1.1) are found throughout the

living world. All forms cleave a-(1!4) glycosidic bonds in starch, glycogen, and

maltooligosaccharides to give shorter maltooligosaccharides and little glucose, so a-

amylases are classified as endo-hydrolases. Hydrolysis rates are faster when these

bonds are located away from chain termini. This is because a-amylase active sites are

clefts without barriers at either end, so that substrate chains can be boundwith different

a-(1!4) glycosidic bonds adjacent to the enzyme cleavage point. Productive binding

near chain termini is less likely since fewer glucosyl residues are bound, resulting in

lower binding energies and hence lower binding equilibrium constants. Longer

maltooligosaccharide chains are hydrolyzed faster than shorter ones, with higher

values of vmax and lower values of KM [712–715], for the same reasons.
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In general a-amylases can cleave a-(1!4) glycosidic bonds sufficiently distant from

an a-(1!6)-initiated branch on a maltooligosaccharide chain and on either side of it,

but they cannot attack a-(1!6) glycosidic bonds. With Bacillus amyloliquefacians a-
amylase, a close relative of the Bacillus licheniformis a-amylase presently used in

industry, the smallest molecule remaining after prolonged incubation is 62-a-mal-

tosylmaltotriose (a maltosyl residue linked through an a-glycosidic bond to the 6-OH

group of the middle glucosyl residue of maltotriose) [716]. This indicates that the three

a-(1!4) glycosidic bonds immediately adjacent to the branch point are totally resistant

to attack by this a-amylase. Shorter, but still lengthy, incubation leaves the hexaoses 62-

a-maltosylmaltotetraose (linkage through the second glucosyl residue from the redu-

cing end), 63-a-maltosylmaltotetraose, and 62-a-maltotriosylmaltotriose [717]. Attack

on any chain is processive (multiple attack); a single chain is cleaved several times

before being released [718]. All a-amylases yield products by the retaining mechanism

[719], [720], which means that the anomeric hydroxyl group that is formed upon

hydrolysis has the same a configuration as the bond that was hydrolyzed. Ca2þ is

required for activity and stability.

5.2.3.3.2 Structure

a-Amylases are the most numerous members of glycoside hydrolase Family 13 [719].

There are references to enzymes with a-amylase activity in other families, but they are

not of commercial interest, and therefore they are not discussed here. Although most

enzymes in Family 13 are hydrolases that cleave a-(1!4) glycosidic bonds or in a few

cases a-(1!6) bonds between glucosyl residues (E.C. 3.2.1.–), some are glucosyltrans-

ferases (E.C. 2.4.1.–), and one is a trehalose synthase (E.C. 5.4.99.16) [719]. Considering

that glycoside hydrolase families are classified on the basis of similarity in amino acid

sequences (primary structures), it follows that these different enzymes have arisen

through divergent evolution.

Tertiary structures have been determined for a-amylases from the bacteria B.
licheniformis (ProteinData Bank structures 1BPL [721] and 1VJS (Fig. 83) [722]),Bacillus
(recently reclassified as Geobacillus) stearothermophilus (1HVX) [723], Bacillus subtilis
(1BAG) [724], Pseudoalteromonas haloplanctis (1AQM) [725], and Thermoactinomyces
vulgaris (1JI1) [726]; the fungi Aspergillus niger (2AAA) [727] and Aspergillus oryzae

Fig. 83 Stereo view of the tertiary structure of unligated B.
licheniformis a-amylase. Domains B and C are gray, with B

to the left and C to the right (1VJS) [722].
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(7TAA) [728]; the plantHordeum vulgare (1AMY) [729]; the insectTenebriomolitor (1JAE)
[730]; and the mammalsHomo sapiens [both pancreatic (1JXJ) [731] and salivary forms

(1HNY) [732]] and Sus scrofa (1PPI) [733] (other structures and articles can be accessed

elsewhere [719]). Tertiary structures for maltogenic a-amylases (EC 3.2.1.133) from G.
stearothermophilus and Thermus sp. and the maltotetraose-forming exo-amylase (E.C.

3.2.1.60) from Pseudomonas stutzeri, as well as from enzymes with less closely related

specificities, are also available.

All Family 13 a-amylases so far known have three domains: A, the catalytic domain,

containing a (ba)8 barrel structure, as their cores are composed of eight b-strands

surrounded by eight a-helices; B, a long loop with a b-strand between b-strand 3 and a-

helix 3 of Domain A that binds Ca2þ; and C, a b-sheet. Family 13 members all have

aspartate residues as their catalytic bases/nucleophiles and glutamate residues as their

catalytic acids/proton donors [719]. The two catalytic residues in hydrolases with

retaining mechanisms, such as a-amylases, are approximately 6.5 apart, except in

very unusual cases.

The B. licheniformis a-amylase, the one most used in industry, contains 483 amino

acid residues and has a protein molecular mass of 55 268 Da. Its Domain A encom-

passes residues 1–103 and 207–396, while Domain B comprises residues 104–206.

Residues 397–483 are in Domain C [722], which in this case is composed of eight b-

strands that appear to bind granular starch [722]. A comprehensive account of the

alignment ofDomainsA andB across different species and their evolution canbe found

elsewhere [734].

Enzyme domains that bind carbohydrates rather than having catalytic activity have

been classified by their amino acid sequences into different families of carbohydrate-

binding modules, of which four encompass starch-binding domains (SBDs) [719]. a-

Amylases from different sources have SBDs in each of the four families, with many,

including that from B. licheniformis, still unclassified. Those from the bacterial genera

Bacillus,Streptomyces,Thermoanaerobacter, andThermomonospora and the fungal genera
Aspergillus and Cryptococcus are members of Family 20, along with SBDs from

glucoamylases, cyclomaltodextrin glucanotransferases, b-amylases, maltotetraose-

forming exo-amylases, maltogenic a-amylases, and other hydrolases. These domains

are found at the C-termini of the catalytic domains. Although no tertiary structure of an

a-amylase SBD is available, there are sufficient structures available from other

Family 20 members to strongly imply that those from a-amylases are b-sandwich

folds composed only of b-strands and associated loops.

Tertiary structures have not yet been determined for any members of the other three

SBD families. Family 21 contains SBDs from an a-amylase from the fungus Lipomyces
kononenkoae, along with those from two glucoamylases and several different protein

phosphatases [719]. Family 25 has SBDS from Bacillus and Clostridium a-amylases and

from various b-amylases and maltopentaose- and maltohexaose-forming amylases,

while Family 26 has SBDs from a-amylases from the bacterial genera Bacillus,
Butyrivibrio, Lactobacillus, and Streptococcus, and from maltopentaose- and maltohex-

aose-forming amylases.

The fact that closely related strains produce a-amylases with SBDs from different

families (for instance, different Bacillus a-amylases have SBDs from three different
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families) suggests that the acquisition of SBDs is a relatively recent occurrence, more

recent than the evolution of a-amylases themselves.

5.2.3.3.3 Industrial Use

A slurry of starch granules is mixed with B. licheniformis or G. stearothermophilus a-
amylase, and then steam is added through an orifice at high velocity into a tube through

which the slurry is flowing so thatmixing of the two streams is complete. Themixture is

held at about 105 8C and pH 5.6–6.5 for several minutes as it passes through the tube.

This dissolves the granules and exposes the starch chains to a-amylase, which breaks

them into shorter maltooligosaccharide chains. This dextrin mixture is often held in a

tank for another hour or more at about 908C, sometimes with more a-amylase added.

If glucose or HFCS is the desired final product, then the reaction mixture is

hydrolyzed to a DE (dextrose equivalent) value of 10 to 15, where DE is defined as a

percentage of reducing power to that of glucose, glucose and starch therefore havingDE

values of 100 and close to zero, respectively. Hydrolysis to DE < 10 leaves the mixture

susceptible to retrogradation, in which the resulting long maltooligosaccharide chains

form a pseudocrystalline mass. On the other hand, if the mixture is hydrolyzed for a

sufficiently long time at high temperature so that its DE exceeds 15, various other

products, especially maltulose [a-D-glucopyranosyl a-(1!4)-D-fructose], accumulate

through base-catalyzed rearrangement of the reducing-end glucosyl residue to a

fructosyl residue. The combined rate of acid-, base-, and water-catalyzed glucose

rearrangement is lowest at approximately pH 4.5, but the a-amylases used industrially

have optimal pHs for activity and thermostability between 6 and 7, so a balance between

these two optimal pHs is chosen to best minimize rearrangement and enzyme

inactivation and to maximize enzyme activity, so that the reaction time is minimized

to reduce later losses of glucose and fructose yield.

If the desired final product is a solid dextrin mixture or a moderate-DE syrup, up to

DE 42, then various mixtures of a-amylase and acid are used to achieve this. Total

reaction times increase with increasing DE.

5.2.3.4 Glucoamylase

5.2.3.4.1 Origin and Enzymatic Properties

Glucoamylases (1,4-a-D-glucan glucohydrolase, E.C. 3.2.1.3) are found only in bacteria,

archaea, and fungi. They attack thenonreducing ends ofmaltooligosaccharide chains to

produce glucose. Glucoamylases can cleave both the a-(1!4) and a-(1!6) glycosidic

bonds in these chains, as well as every other a-glycosidic bond between two glucosyl

residues except that in a, a-trehalose (a-D-glucopyranosyl a-D-glucopyranoside) [735].

Hydrolysis rates increase with increasing substrate chain lengths [736], [737], but given

sufficient time and sufficiently low concentrations of dissolved solids, glucoamylases

will completely convert maltooligosaccharides to glucose. Glucoamylases are very slow

enzymes; this is compensated by the large amounts produced by many fungi. Their

initial product is b-glucose, so they act by an inverting mechanism.

At the high concentrations of dissolved solids that are present in industrial

saccharifications, glucoamylases will produce substantial amounts of di-, tri-, and
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tetrasaccharides by condensation of glucose to the nonreducing ends of glucose and

di- and trisaccharides [738]. Although glucoamylases hydrolyze a-(1!4) glycosidic

bonds and therefore form them at much higher rates than the cleavage or formation

of any other glycosidic bonds, thermodynamics favor formation of a-(1!6) glycosidic

bonds because of their one extra degree of freedom. For that reason and because during

most of the saccharification glucose is the major component of the reaction mixture,

isomaltose [a-D-glucopyranosyl-(1!6)-D-glucose] is the chief condensation product,

followed by isomaltotriose [738].

5.2.3.4.2 Structure

Glucoamylases are essentially the solemembers of glycoside hydrolase Family 15 [719].

Only three tertiary structures of the catalytic domain have been described, one each

from the filamentous fungus A. niger (1GAH) [739], [740], the yeast Saccharomycopsis
fibuligera (1AYX) [741], and the bacterium Thermoanaerobacterium thermosaccharolyti-
cum (1LF9) [742]. All glucoamylase catalytic domains have (a,a)6 barrel structures, with

six inner a-helices being surrounded by six outer ones [739], [743] (Fig. 84). In

eukaryotic forms a peripheral thirteenth a-helix is present. The active site is a conical

well, and this explains why glucoamylases act as exo-hydrolases and why they are more

active on longer rather than on shorter substrates, since several glucosyl residues at the

nonreducing end of the substrate are strongly bound. This also explains why glucoa-

mylases act by a single-attack mechanism and why they are so slow, with each chain

being released from the active site after a single glucosyl residue is cleaved from it. All

glucoamylases have glutamate residues as both their catalytic nucleophiles/bases and

as their catalytic proton donors [719].

Most glucoamylases produced by filamentous fungi have SBDs connected to the

C-termini of their catalytic domains by O-glycosylated linkers of variable lengths, with

O-glycosylation extending into a thirty-residue belt at the C-terminus of the catalytic

Fig. 84 Stereo view of the tertiary structure of theA.awamori
(now classified as A. niger) var. X-100 glucoamylase catalytic

domain with acarbose ligand (1GAH) [740]
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domain [743]. These SBDs are members of carbohydrate-binding modulus Family 20

[719], as are those of many a-amylases, with a b-sandwich fold composed of b-strands

and loops but no helices [744] (Fig. 85). The protein molecular mass of the A. niger
glucoamylase used industrially is 65 790 Da, with that of the catalytic domain, residues

1–480, being 50 456 Da, that of the linker, residues 481–508, 3 454 Da, and that of the

SBD, residues 509–616, 11 880Da. N- andO-glycosylation of the enzyme varies among

strains, and can add a further 12–15% to the total molecular mass. The catalytic acid/

proton donor ofA. niger glucoamylase is Glu179 [745] and its catalytic base/nucleophile

is Glu400 [746].

A. niger glucoamylase used industrially is amixture of GAI andGAII species, the first

containing all 616 amino acid residues, and the second only the first 512 residues. GAI

can bind starch granules much better [747], since it contains the SBD, but in industrial

practice this confers no advantage, since the two forms encounter soluble dextrin

molecules, which they hydrolyze at the same rate [735], [736].

SBDs of glucoamylases produced by the filamentous fungusRhizopus oryzae and the
yeast Arxula adeninivorans are connected by O-glycosylated linkers to the N-termini of

catalytic domains and are members of carbohydrate-binding modulus Family 21 [719],

for which no tertiary structures are available. A recently determined tertiary structure of

T. thermosaccharolyticum glucoamylase has anN-terminal domain of unknown function

with eighteen antiparallel b-strands in two b-sheets arranged in a super-b-sandwich

[742].

5.2.3.4.3 Industrial Use

Glucoamylase is used industrially to hydrolyze maltooligosaccharide chains of mod-

erate length produced bya-amylase hydrolysis of starch. The enzyme ismost stable and

active around pH 4.0–4.5, and since this is also the pH of highest glucose stability, no

Fig. 85 Stereo view of the tertiary structure of the A. niger
glucoamylase starch-binding domainwith twomaltose ligands

(1KUM) [744]
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compromises need be made to operate there. Glucoamylase is appreciably less stable

than a-amylase, rapidly unfolding above 60 8C, so it is used industrially at 55–608C in

soluble form, since it is quite inexpensive. This temperature is also sufficiently high to

prevent microbial contamination of the reaction mixture.

The saccharification step is conducted over roughly 48 h at 27–30% dry solids and is

stopped when glucose concentration reaches its highest value at about 96% of the total

sugar content. Further operation leads to lower glucose yield, since condensation

reactions continue until equilibrium is attained. Since these reactions are essentially

second-order (first-order each in glucose and the acceptor), while hydrolysis reactions

are essentially pseudo-first-order in maltooligosaccharide (the molar concentration of

water is very high and is almost invariable), increased concentrations of dissolved solids

lead to higher concentrations of condensation products. However, the lower concen-

trations of dissolved solids that would be necessary to appreciably increase the glucose

yield would result inmuchmore water having to be removed from the reactionmixture

before shipping, an uneconomical task.

5.2.3.5 Pullulanase

5.2.3.5.1 Origin and Enzymatic Properties

Pullulanase (a-dextrin endo-1,6-a-glucosidase or pullulan 6-glucanohydrolase, E.C.

3.2.1.41) is named for its ability to hydrolyze thea-(1!6) glycosidic bonds in pullulan, a

polysaccharide composed of repeating a-D-glucopyranosyl-(1!4)-a-D-glucopyranosyl-

(1!4)-a-D-glucopyranosyl-(1!6)-a-D-glucopyranosyl units.However, it also attacks the

a-(1!6) glycosidic bonds in b-limit dextrin, the a-(1!6)-bond-rich residue left upon

extendedhydrolysis ofmaltooligosaccharides, starch, or amylopectin byb-amylase. The

enzyme also attacks glucoamylase-trimmeddextrins. Pullulanase is not effective at even

moderately high dosages in hydrolyzing a-(1!6) glycosidic bonds in starch, amylo-

pectin, or in starch hydrolyzed bya-amylase (liquefied starch). The exact chain length of

glucoamylase-trimmed dextrins necessary to provide an effective substrate for pull-

ulanase is not known, but based upon known substrates for pullulanase (e.g., b-limit

dextrins), it is safe to assume that it is no more than two to four glucosyl residues. The

smallestmolecule pullulanase can produce when it cleaves a-(1!6) glycosidic bonds is

maltose [748]. Pullulanases are found inmany bacteria, especially those in the Bacillus/
Clostridium group, in occasional archaea and yeasts, and in some plants, especially

cereals [719].

5.2.3.5.2 Structure

Pullulanases are members of glycoside hydrolase Family 13, which is dominated by a-

amylases. This classification is determined by primary sequence homology, and in fact

no tertiary structure is available for any pullulanase. However, one would expect

pullulanases to resemble a-amylases, with (b,a)8 barrel folds, but with the active site

modified by divergent evolution so that a-(1!6) rather than a-(1!4) glycosidic bonds

inmoleculeswith anumber of glucosyl residueswould behydrolyzed. There are reports

of Family 20 SBDs being found in various bacterial amylase-pullulanases, but not yet in

enzymes with strictly pullulanase function.
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5.2.3.5.3 Industrial Use

Glucose yield from the saccharification step is limited by several factors:

1. The liquefaction step produces some materials, such as maltulose, that glucoa-

mylase cannot further cleave;

2. Glucoamylase catalyzes condensation reactions that lead to formation of a num-

ber of di-, tri-, and tetrasaccharides, most containing a-(1!6) glycosidic bonds;

3. Glucoamylase rather slowly cleaves the a-(1!6) glycosidic bonds arising from

the amylopectin fraction of starch and remaining in the maltooligosaccharide

chains arriving from the liquefaction step. The maximal glucose yield occurs

when condensation reactions have not yet substantially progressed but when

incoming a-(1!6) glycosidic bonds have been largely hydrolyzed.

Pullulanase, since it hydrolyzes a-(1!6) glycosidic bonds in certain molecules

containing a number of a-(1!4) bonds faster than does glucoamylase, allows a higher

glucose yield than would be achieved by glucoamylase alone. It has no effect on the

extent of condensation reactions, since it cannot attack isomaltose or isomaltotriose, the

chief condensation products.

The addition of pullulanase to saccharificationmixtures does not require a change in

pHor temperature.However, its additionmay allowhigher contents of starch dry solids

and shorter saccharification times.

Although the increase in glucose yield using pullulanase in saccharifications is only

0.3 to 0.5%, pullulanase is widely used due to the competitive nature of commercial

dextrose and HFCS production. Pullulanase is usually added to the glucoamylase

preparation by the enzyme manufacturer.

5.2.3.6 Glucose Isomerase

5.2.3.6.1 Origin and Enzymatic Properties

A number of enzymes isolated from microbial sources over the past forty years have

been called glucose isomerases. Technically however, they are D-xylose isomerases (E.C.

5.3.1.5, D-xylose ketol-isomerase) due to their substantially higher affinity for xylose

than for glucose. All known xylose isomerases, in addition to isomerizing D-xylose to D-

xylulose, also isomerize D-glucose to D-fructose. Since their only industrial application is

the latter, they are referred to as glucose isomerases throughout this section.

Most if not all glucose isomerases require metal ions such as Co2þ, Mn2þ, Mg2þ, or
Cr2þ for their catalytic activity [749]. A number of inhibitors of the enzyme are known,

such as Ca2þ, Cu2þ, Zn2þ, Ni2þ, Ag+, sugar alcohols, and various sugar breakdown

products. Both Ca2þ and the sugar breakdown products are present from previous

steps, and it is commercially important to minimize their concentrations by ion

exchange and adsorption processes.

The reaction catalyzed by soluble glucose isomerase follows simple reversible

Michaelis–Menten kinetics, since the equilibrium state is approximately equal in

glucose and fructose concentrations (at an initial glucose concentration of 2 M,

equilibrium fructose concentrations expressed as a percentage of glucose plus fructose
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range from about 48% at 45 8C to 55% at 85 8C), and because the Michaelis constants

for glucose and fructose are also almost equal (0.25 M and 0.26 M for glucose

and fructose, respectively, at 60 8C) [750]. Rate equations have been derived relating

rate of fructose formation to rate coefficients, substrate and enzyme concentrations,

and Michaelis constants for fructose and glucose [750]. The soluble Streptomyces
rubiginosus enzyme is relatively fast, having a turnover number of approximately

7300 min�1.

Kinetic equations have also been derived for use of an immobilized form of glucose

isomerase in packed-bed reactors [750]. The equations relate enzyme performance to a

reaction rate constant, and express enzyme stability as a function of operational

variables such as substrate and product composition, flow rate through the reactor,

residence time of the substrate in the reactor, and amount of enzyme in the reactor. A

basic working equation can be derived relating glucose isomerase performance

(productivity) to measurable operating parameters. Enzyme efficiency can be defined

as the weight of fructose syrup solids produced per unit of enzyme when the degree of

isomerization (fructose concentration) is held constant and the enzyme is used for a

given number of half-lives. Efficiency can therefore be calculated as

Eff ¼ 1:44kf tð1�e�0:693HÞ
d ln

Xeq-X0
Xeq-X

where kf is the rate coefficient expressed in terms of g (glucose + fructose) IU�1 h�1, t is

the enzyme half-life in hours,H is the number of half-lives the reactor is on stream, d is
the fraction of glucose and fructose in the total sugar solids in the substrate, andX is the

fractional conversion of glucose to fructose:

X ¼ F

½F� þ ½G�

Xeq is the fractional conversion at equilibrium, andX0 is the fractional conversion at t= 0
[750].

5.2.3.6.2 Structure

Tertiary structures of many glucose isomerases are now known, including those from

Actinoplanes missouriensis (1BHW, 1XIM–9XIM, 1XIN–3XIN, 5XIN) [751–755], Arthro-
bacter sp. (1XIA, 4XIA, 5XIA, 1XLA–1XLL) [756–759], G. stearothermophilus (1A0D)
[760], Streptomyces albus (6XIA) [761], Steptomyces diastaticus (1CLK, 1QT1) [762],

Streptomyces murinus (1DXI) [763], Streptomyces olivochromogenes (1XYA–1XYC,

1XYL, 1XYM, 2GYI) [764–766], S. rubiginosus (1XIB–1XIJ, 8XIA, 9XIA, 1XIS–4XIS;
Fig. 86) [767–769], Thermoanaerobacterium thermosulfurigenes (1A0C) [760], Thermotoga
neapolitana (1A0E) [760], Thermus caldophilus (1BXC) [770], and Thermus thermophilus
(1BXB) [770]. So far all have been from bacteria, and it does not appear that glucose

isomerases are found in any other part of nature.

Glucose isomerases are members of two different families. Those in Family I have

about 390 residues, while members of Family II have about 440 residues. For instance,
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the industrially important glucose isomerase fromS. rubiginosushas amonomeric form

with 388 residues and amolecularmass of 43 199 Da. All glucose isomerases for which

tertiary structures are available, except those from G. stearothermophilus, T. thermo-
sulfurogenes, and T. neapolitana, are members of Family I. This is not an indication that

the extra residues confer thermostability, since glucose isomerases of several Thermus
species belong to Family I.

Most if not all forms of glucose isomerase are homotetramers composed of two

tightly bound dimers. Monomers have (b,a)8 barrels in which eight b-strands are

surrounded by eight a-helices. The active site is in a deep pocket near the C-terminal

ends of the b-strands. A C-terminal loop of about 65 residues with strong a-helical

character binds to an adjacent subunit. Two divalent cations are required for activity;

depending on the form, Co2þ, Mg2þ, or Mn2þ have different effects on activity, as well

as on specificity between xylose isomerase and glucose isomerase activities.

The glucose isomerasemechanism consists of ring opening, with a cation hydrogen-

bonded to O2 and O4 of the substrate, while the other cation binds to O1 after a

substantial change of position. Isomerization occurs through a cation-mediated

hydride shift from C1 to C2 and then ring closure to give the a-ketol [753], [754],

[759], [766], [769].

5.2.3.6.3 Industrial Use of Glucose Isomerase

As mentioned in Section 5.2.3.2.7, enzymatic conversion of glucose syrup to an

equilibrium mixture of glucose and fructose is carried out by passing glucose syrup

through immobilized glucose isomerase in controlled-temperature reactors.

In the 1970s six immobilized glucose isomerases derived from Streptomyces,Bacillus,
Actinoplanes, and Arthrobacter were being used commercially in the USA. Immobiliza-

tion techniques included electrostatic adsorption, cross-linked lysed cells, whole

cells entrapped in glutaraldehyde-cross-linked gelatin, flocculated whole cells, and

glutaraldehyde-cross-linked whole cells. Today (ca. 2002) there are only four immobi-

lized glucose isomerases, all derived from Streptomyces, in use in the USA. Two of the

Fig. 86 Stereo view of the tertiary structure of S.rubiginosus
glucose isomerase with glucose, Mg2+, and Mn2+, ligands

(1XIF) [768]
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enzymes are immobilized electrostatically on charged carriers (granular DEAE–

cellulose and a silica-based material) and two are covalently cross-linked with whole

ormacerated Streptomyces cells by glutaraldehyde. This is, by a largemargin, the largest

use of immobilized enzyme in the world.

A reactor, usually a large column, is filledwith the immobilized enzyme, kept in place

by a perforated floor. Glucose solution containing aminimumof 93%glucose based on

total dry solids, which has been exhaustively refined by ion-exchange and carbon

adsorption, is adjusted to 40–50% dry solids, pH 7.5–7.8, 1.5 mM Mg2þ, and about

2 mM HSO�
3 . The solution is passed downwards through the reactor at a predeter-

mined flow rate to produce 42–45% fructose. Commercial glucose isomerases are

relatively thermostable, being used at temperatures ranging from 50 to 658C, andmore

preferably about 58 8C, to provide optimal enzyme performance and stability and to

prevent microbial growth. Typical reactor lifetime is on the order of twelve months,

allowing it to produce many tonnes of HFCS.

Use of immobilized glucose isomerase in large reactors today (2003) is relatively

problem-free. In the early days of HFCS production there were occasional problems

with blinding, channeling, and high pressure drops in the deep-bed reactors due to

breakdown of the enzyme particles or to insoluble impurities in the feed syrup. Reactor

life could be shortened by improperly refined syrup that allowed inactivators to contact

the enzyme, or by temperature or pH excursions. Today, consistent quality of the

commercial enzymes and over 30 years of user experience in handling them have

greatly reduced the cost of producing HFCS.

After exiting the reactor, the fructose syrup is immediately adjusted to a lower pH in

the range of 4–5 to prevent unwanted formation of base-catalyzed byproducts and color.

The syrup is refined by ion exchange and carbon adsorption before it is fractionated into

glucose, oligosaccharides, and fructose.

5.2.3.7 Use of Wheat Starch

Due to various governmental policies, wheat starch rather than corn starch was in the

1990s, and still is, enzymatically converted to syrups in Europe. The amount of syrup

made there is small relative to that produced in the USA.

Although wheat is intrinsically more expensive than corn, the production of vital

wheat gluten destined for human consumption rather than corn gluten used for animal

consumption at least partly compensates for the extra cost. However, to obtain this

material, wheat must be drymilled rather than wet milled, as wetmilling accompanied

by steeping renders the gluten unusable by humans [771].

Starch from dry-milled wheat is obtained by washing it out of a thick flour water

dough, leading to a quite pure A fraction and amuch less pure B fraction contaminated

with a nonstarch polysaccharide, together with a buoyant mixture containing gluten,

bran, and fiber [771]. The polysaccharide contributes to high viscosity during starch

hydrolysis, so commercial hemicellulases or xylanases may be used to reduce the

viscosity. Furthermore, an accompanying lipid, lysophospholecithin, acts as an emul-

sifier in saccharified starch and prevents a clean break of the insoluble protein/lipid

fraction from the soluble glucose fraction. The enzyme lysophospholipase is used, at

least in some plants, to break the complex.
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5.2.3.8 New Technology for Fuel Ethanol Production

As of 2005 the use of fermentation-derived ethanol as automotive fuel (fuel ethanol) has

dramatically increased to a production level in theUSA alone of about 15� 109 L. Global

productionhas reached about 45� 109 L, ofwhich about 60% is produced fromsucrose.

InEurope and theUSAmost fuel ethanol is produced fromgrain suchas corn andwheat.

Until recently, grain-derived fuel ethanol was produced by fermentation of glucose

which was produced from either wet-milled starch or dry-milled, ground whole corn.

The starch or dry, ground corn slurry was liquefied at high temperatures (e.g., 1058C in

the presence of a-amylases) and then the starch dextrins were saccharified to glucose at

a lower temperature (608C, pH 4.5). Fermentation of the glucose to 12–18% ethanol

was carried out by addition of Saccharomyces cerevisiae yeast either before or after

completion of saccharification.

Recently, trade journals and patent applications have disclosed technologies which

purport to provide significant advantages over conventional fuel ethanol production.

The primary advantages seem to be reduced energy usage and lower capital investment,

made possible mostly by elimination of the high-temperature liquefaction process

[772–778]. Although actual details of any new commercial processes are not revealed in

the patent applications, the published commercial processes appear to be based on the

use of finely ground corn or granular starch, and replacement of the conventional,

separate high-temperature liquefaction and saccharification operations with a single,

lower temperature treatment of granular starch. A blend of proprietary glucoamylases

and a-amylases is used to convert the granular starch to glucose. This granular-starch

conversion appears to be made possible by either development or discovery of new

enzymes that have greater catalytic activity toward granular starch than those previously

known. The combined liquefaction–saccharification operation appears to be carried out

at temperatures of 50–658Cand a pHrange of about 3–6.Although it is not entirely clear

from the literature whether the novelty lies in new activity patterns for a-amylase,

glucoamylase, or both, suffice it to say, a new combination of enzymes and modified

process conditions appear to provide a low-temperature fuel ethanol production

process which is gaining popularity. Reportedly, the amount of fuel ethanol produced

by such new processes is in the range of 2.3–3.4� 109 L.

5.2.4

Enzymes in Animal Feeds

5.2.4.1 Introduction

The use of enzymes in animal feed is now well accepted throughout the industry. In

simple terms it has long been recognized that the addition of enzymes to animal feed

will improve the efficiency with which animals digest the raw material.

The largest component of animal feed is in the form of cereal, and depending on the

local availability this can be either a viscous cereal (wheat, barley, rye, or triticale) or

nonviscous cereal (maize or sorghum). These cereals, with the addition of soybeanmeal

and other protein sources, contain many antinutritional factors (ANFs), which restrict

their value to the animal. Although animals produce their own endogenous enzymes,

these are not sufficient to digest all the feed; for example, swine are unable to digest
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approximately one-fifth of their daily ration. Feed supplemented by the addition of

commercial enzyme products is used to overcome this problem, and as the under-

standing of the levels of ANFs present in the feedstuff and the effect they have on the

animal performance increases, enzymes can be targeted more effectively.

In general terms there are a wide variety of reasons for using commercial enzyme

products in animal feed:

1. To break down the ANFs inherent in the feedstuff, and therefore to improve the

performance of the animal, either through a higher weight gain, or better feed

utilization.

2. To break down the chemical structure of the cereal base of the diet, and thus

release extra nutrients, which will increase the feeding value of the cereal.

3. To increase the availability to the animal of proteins, starches, andminerals from

sources that are not usually accessible.

4. To supplement the endogenous enzymes of the young animal.

5. To reduce the variability inherent in feedstuffs, and increase the uniformity of

the animals, which in turn increases profitability.

6. To reduce the environmental pollution caused by the excretion of undigested

feed, especially phytase, which reduces phosphorus excretion.

Enzymes were first used commercially in animal feed in Finland in the 1980s when a

b-glucanase was added to a barley-based feed for poultry, and it has been the poultry

industry that has seen the biggest use of feed enzymes. The swine industry is following

this trend, and to a lesser extent the ruminant sector. The size of the animal feed

production industry means that there is huge potential for enzymes, and the current

penetration rate of approximately 10%of allmonogastric feeds [779] shows that there is

room for growth. However, in the EU the level of use is already very high, with the

majority of poultry feed already containing enzyme supplements.

Enzymes used in animal feed must be able to attack the target substrate relatively

quickly, as the passage through the animal’s digestive system is rapid, particularly

for broiler chickens. The enzymes must also be able to work under the conditions of

pH associated with the gastrointestinal tract, as well as being able to withstand the

processing regime of the feed before it is fed to the animals. Most feed is pelleted, a

process that involves conditioning of the feed with steam, followed by pressing

through a die. The temperature at which this process occurs varies between 65 and

100 8C. Enzymes can be added directly to the feed as a dry product, in a premix

containing vitamins and minerals, or applied after pelleting as a liquid if the regime

of the feed mill is too harsh and may cause a loss of enzyme activity.

This section concentrates on the enzymes currently available (ca. 2003) for use in

animal feed, their mode of action, and methods of analysis. There is still some

debate as to the exact method by which the enzymes bring about the benefit to the

animals, but that is outside the scope of this article. A more detailed treatment of the

use of particular enzymes in animal diets is given in recent comprehensive reviews

[780], [781].
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5.2.4.2 Enzymes Used in Animal Feed

For the purposes of this section the enzymes currently used are discussed on the basis

of their target substrates.

5.2.4.2.1 Fiber-Degrading Enzymes

In viscous diets that contain a large proportion of wheat, barley, rye, or triticale themain

antinutritive factor is the high fiber content of the diet. Poultry and swine do not have

the endogenous enzymes needed to degrade fiber and thus rely on supplementation of

their diet. The fiber present consists mainly of nonstarch polysaccharides—arabinox-

ylan (pentosan) in wheat and rye, and b-glucan in barley and oats—with the levels of

each depending on many factors, including environment, temperature, and species.

The nonstarch polysaccharides are antinutritive because in the soluble form they can

increase the viscosity of the digesta in the animals’ small intestine and thus reduce the

degree and rate of nutrient digestion and decrease the animals’ performance.

Enzymes targeted against these antinutritional factors formed the initial basis of

commercial products, with xylanases aimed at the arabinoxylan backbone of wheat-

based diets, and b-glucanases at the b-glucan backbone of barley.

Xylanases Xylanases or endo-1,4-b-xylanases (E.C. 3.2.1.8) are the most commonly

used feed enzymes [782]. Their target substrate is the xylan structure found in plant cell

walls (Fig. 87). This consists of a b-1,4-linked D-xylose backbone that has side chains of

a-arabinose, and varying degrees of substitution, for example, with ferulic acid,

galactose, or coumaric acid [783]. The breakdown products of the xylanase are

short-chain sugars.

The mode of action by which xylanases increase the digestibility of cereals has been

the subject of debate. One theory is that xylanases release starch and proteinmolecules

that are held within the xylan structure, and these are then utilized by the animal. The

other theory is that the cell wall components are dissolved under conditions present in

the digestive tract of poultry and swine, and then formviscous aggregates. This increase

in viscosity in the intestine is a problem particularly in poultry [782], and leads to a

reduction in digestive efficiency. In this theory xylanase works by reducing the viscosity

in the gastrointestinal tract, as the oligomers that are produced by the action of the

enzyme are less viscous, and therefore allow an increased rate of digestion.

Xylanases are produced by many bacteria and fungi. The source of xylanases for use

in animal feed is mainly fungal, with species of Trichoderma and Aspergillus being
among the most commonly used. Trichoderma xylanases have been shown to have

Fig. 87 Schematic xylan structure
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optimum temperature ranges between 45 and 65 8Cand pH ranges between 3.5 and 6.5

[784]. Bacterial xylanases, mainly from Bacillus species, have been investigated and

some are available commercially. The catalytic activity of the xylanases differs from

source to source, and in vitro data will depend on the substrate used for characteriza-

tion.

The benefits of adding a xylanase to a wheat-based diet can be seen in Table 29, which

demonstrates the addition of aTrichoderma xylanase to awheat-based piglet diet at a rate
of 5000 units per kilogram of feed. The results show an increase in the final weight of

the piglet, and a reduction in the feed:gain ratio, both of which have large economic

implications for the farmer. In broilers, increased weight gain, an improvement in feed

conversion, and a reduction in gut viscosity are routinely observed.

Table 29. Piglet trial to show the effects of a xylanase product in wheat-based diets

(Finnfeeds International)*

Wheat control WheatþTrichoderma xylanase

Initial weight, kg 10.3 10.3

Final weight, kg 22.6 26.6

Daily gain, g 352 466

Daily feed intake, g 724 794

Feed:gain ratio 2.05 1.71

*Pietran x DL pigs were used in the growth trial, with 9 replicates per treatment and 2 pigs/pen. Castrates and gilts

were evenly represented. All diets (Table 30) were pelleted (ca. 80 8C) and offered ad libitum.

Table 30. Diet composition for trial shown in Table 29

Diet kg/t

Wheat 400

Rye 200

Barley 200

Soybean meal 100

Fishmeal 70

L-lysine HCl 2

DL-Methionine 1

L-Threonine 1

Tryptophan 0.5

Vitamins and minerals 25

Protein, % 19.9

Total lysine, % 1.12

Digestible lysine % 0.94

Total NSP� (soluble) % 11.3 (6.4)

DE,�� MJ/kg 13.6

�NSP¼non-starch polysaccharide.
��DE¼ digestible energy
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Assaying feed xylanases is important both in the product and after addition to the

feed. The analysis is needed for quality control of the products and to allow traceability

through the feed manufacturing process.

As a number of xylanase products are available, there are a number of assays, each

with their own definition of a xylanase unit. For product analysis the most common

method is the colorimetric dinitrosalicyclic acid (DNS) assay [785] or the dye-linked

method of [786]. Within these the pH, temperature, and substrate used all differ.

Therefore, it is difficult to compare two xylanases using a standard assay.

Measuring the enzyme after it has been added to the feed and the feed has been

processed is more difficult. Any method used will have to overcome the following

problems:

1. Low activity in the finished feed. A typical xylanase product (e.g., Avizyme 1302,

Finnfeeds International) is added to the feed at a rate of 2.5 � 106 units of

xylanase per tonne. When assaying the feed a routine 10 g sample would

therefore contain only 25 units.

2. Xylanase inhibitors are known to exist in wheat [787].

3. As the matrix of the feed is complex, binding of the enzyme to the feed com-

ponentsmay occur, and specific extractionmay be needed to release the xylanase.

One of the most commonly used methods for in-feed analysis is the Xylazyme dyed

cross-linked wheat arabinoxylan method [788], which can be measured spectrophoto-

metrically. This method is reported to be more sensitive than assays that use chromo-

genic substrates, for example, azo-wheat arabinoxylan [786].

b-Glucanases Barley contains approximately 3–4% of b-glucan, which acts as an

antinutritional factor for poultry and swine by increasing intestinal viscosity, and has

been shown to increase the incidence of sticky droppings in poultry [789]. It is present in

the aleurone layer and the endospermof barley and oats. Theb-glucan consists of linear

glucose units linked by b-1,3 and b-1,4 linkages (Fig. 88), which are cleaved by b-

glucanases (E.C. 3.2.1.6) to produce free glucose and oligosaccharides.

The use of b-glucanase in animal feeds is long established and the benefits are well

recorded. In general terms the use ofb-glucanase improves theweight gain and the feed

efficiency of both poultry and swine fed diets that contain 30% or more barley. Broiler

chickens are the largest target market, with improvements of 50% in weight gain

reported [790].A typical trial resultusingb-glucanase inbroilerdiets is showninTable31,

with a significant increase in weight gain, and an improvement in the feed:gain ratio.

As with xylanases most commercial b-glucanases are either fungal, mainly Tricho-
derma or Aspergillus species, or bacterial, usually Bacillus species, in origin.

Fig. 88 Schematic b-glucan structure
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The problems associated with the in-feed analysis of b-glucanase are similar to those

of xylanases, with the lower levels of activity used creating further problems with the

detection limits. In a commercial b-glucanase product for piglets (Porzyme 8100) the

recommended level of inclusion is 600 units of b-glucanase per kilogram, while for

broilers it tends to be even lower. The most common assays for b-glucanase in feed

utilize dye-labeled substrates, either soluble or insoluble [791], although the problem of

sensitivity at lower levels remains. Insoluble dye-labeled substrates are more sensitive

and are based on cross-linked polysaccharides.

As with xylanase assays, different companies use different conditions to assay their

products, with a range of pH levels, temperatures, and substrates, and different

definitions of activity. For example, Finnfeeds International uses pH 5.0 and 30 8C
to assay their b-glucanase and defines one unit as the amount that will liberate 1.0 mol

of glucose per minute. Novozymes uses the same definition but the conditions used in

their assay are pH 5.5 and 37 8C, while Roche uses pH 5.0 and 40 8C and defines their

unit as the amount of b-glucanase needed to liberate 0.10mmol of glucose perminute.

5.2.4.2.2 Phytic Acid Degrading Enzymes (Phytases)

Phytic acid (myo-inositol hexakis-dihydrogenphosphate) is present as the storage form
of phosphorus in many of the cereals and legumes fed to animals and acts as the

primary source of inositol. The contents vary from plant to plant, with phytate forming

Table 31. The use of b-glucanase for broiler chickens fed barley-based diets

Control þAvizyme

Weight gain, g 2238 2305

Feed:gain ratio 1.91 1.86

Hock lesions, % 0.72 0.33

Mortality, % 4.7 4.4

Design: A total of 720 one-day-old male Ross chicks were assigned to 12 pens of 60 each, with 6 pen replicates per

diet. The pelleted (80 8C) diets (Table 32) were fed ad libitum. Mortality and hock lesions were recorded to 42 d.

Table 32. Diet composition for the trial reported in Table 31

Formulation Starter (0–21 d) Grower (21–42 d)

Barley 584 608

Soybean meal 48 291 279

Fishmeal 60 25

Maize oil 59 78

Amino acids 3.8 1.6

Vitamins & minerals 36 32

AME,* MJ/kg 12.5 13.0

Lysine, % 1.31 1.09

Metþ cys, % 0.95 0.81

�AME¼ apparent metabolisable energy
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60% of the total phosphorus in soybean meal, 72% in corn, and 77% in wheat [792].

Monogastric animals can only partly digest it as they lack the endogenous enzymes

required. This leads to the excretion of the undigested phytic acid, which is responsible

for phytate phosphorus pollution [792], most notably water pollution after runoff from

agricultural land.

Phosphorus is a vital part of the diet for poultry and swine as it is used in the

formation and the maintenance of the skeletal structure and is implicated in many

metabolic processes. Therefore, due to the unavailability of the phosphorus in the form

of phytic acid, and the effects of a deficient level of phosphorus, including a loss of

appetite leading to a low weight gain, leg disorders, and reduced fertility, when poultry

and swine diets are formulated they have to be supplemented with inorganic phos-

phorus sources. However, the level of phosphorus in the diet then often exceeds the

amount needed by the animal due to the estimate of the availability of the plant

phosphorus. Therefore much of the additional phosphorus is also excreted by the

animals, again leading to increased environmental pollution.

Another disadvantage of high levels of phytic acid in the diet is its ability to chelate

potassium, calcium, copper, zinc, and magnesium [793], thus decreasing their avail-

ability to the animal and making phytic acid an ANF.

As poultry and swine have very little endogenous phytase activity, supplementation of

the feed with phytase is now widely accepted within the animal feed industry and it is

currently the fastest growing product sector. The addition of phytase makes the

phosphorus stored as phytic acid available, and thus it helps to reduce the amount

of phosphorus excreted and is thought to increase the nutrient availability from the

feed. By replacing added inorganic phosphorus it also achieves an economic benefit for

the animal feed producer.

Phytase, also known as myo-inositol hexaphosphate phosphohydrolase, acts by

selectively removing orthophosphate from phytic acid, thus producing inositol phos-

phate intermediates, andmyo-inositol. Phytases occur in two forms, either as 3-phytase

(E.C. 3.1.3.8),withwhich thephosphategroupat positionC3 is thefirst tobehydrolyzed,

or 6-phytase (3.1.3.26), which begins by hydrolyzing the phosphate group at the C6

position. They both belong to the histidine acid phosphatase subclass of phosphatases,

and as such have a histidine residue in the highly conserved active center. The histidine

residue is involved in nucleophilic attack on the phytate phosphorus atom, while the

overall reaction yields inorganic phosphate that can then be utilized by the animal.

In 1984 the Dutch government introduced legislation that restricted the application

of phosphorus per hectare of land, either from bought sources or home-produced.

Failure to comply with the regulations resulted in a fine. This lead has been followed by

various European countries and U.S. states, producing a large market for phytase

products.

The improvement in phytate phosphorus utilization has been estimated to be

between 20 and 45% [792] in a review of the available literature. The absorption of

zinc, copper, iron, andmagnesiumhas also been shown to increase in pigs fed phytase-

supplemented feed [794].

In nature phytases are found in plants, animals, and microorganisms. The main

source of commercially available phytase is fungal, although bacterial and yeast phytase
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have also been identified. Currently phytases from Aspergillus species account for the
largest phytasemarket and are the best characterized phytases [795], and themajority of

the literature on the use of phytase in animal feed is concerned with them.

The assay for phytase in the feed is among the most consistent between the different

commercial producers. It is based on the method of [796] and is a colorimetric assay.

The assay involves the incubation of the phytase with its substrate, sodium phytate, and

the subsequent release of inorganic phosphate. Thiswill then produce a yellow complex

with an acid molybdate vanadate reagent, which can be measured spectrophotome-

trically at 415 nm. Themain variation in the assay between producers is in terms of pH,

with the optimum pH for the specific phytase being used: pH 5.5 (Novozymes and

Roche) or pH 5.0 (Röhm).

5.2.4.2.3 Protein-Degrading Enzymes (Proteases)

Aside from the cereals used in animal feed the next largest component of the diets is the

protein source. This can be vegetable or animal, and as with the cereals is of variable

quality.

A number of proteases have been developed for animal feed, all of which are

members of the peptidase family of enzymes (E.C. 3.4) and act on peptide bonds.

The reactions of the proteases differ in their specificity for the peptide bonds. Themost

commonly used protease, subtilisin (E.C. 3.4.21.62), a serine endopeptidase produced

by Bacillus species, has broad specificity and hydrolyzes peptide amides. Other

proteases that are available are bacillolysin (E.C. 3.4.24.28), again produced by Bacillus
species, but having amore specific reaction, preferring peptides that contain leucine or

phenylalanine residues. Aspergillopepsin (E.C. 3.4.23.18), produced by species of

Aspergillus, and oryzin (E.C. 3.4.21.63), also produced from fungal sources, both have

broad specificity, but the latter does not hydrolyze peptide amines.

Generally the proteases are added to feed in combination with other enzymes in

order to overcome antinutritional factors associated with the protein sources in the

diet. The main protein source tends to be soybean meal, which contains lectins and

protease inhibitors. These ANFs can reduce the digestion of the nutrients, and both

compounds have also been implicated in physiological damage [797]. The proteases can

break down the protein sources into smaller units that are easier for the animal to

digest.

Proteases act by breaking down protein into its constituent peptides and amino

acids. The animal can then more readily absorb these smaller molecules. It is not

used as a single addition to animal feeds, but in combination with xylanase or

b-glucanase for use in viscous diets, or with xylanase and amylase for use in nonviscous

diets.

Due to the high concentration of protease inhibitors in cereals, especially wheat, the

analysis of protease in feed preparations is very difficult. The inhibitors must be

separated from the enzyme, and conditions for this are by necessity very harsh and

can result in the denaturation of the protease. Commercial substrates are available for

in-feed analysis, but these have proved to be very variable, and the results are not

reproducible. Newmethods that overcome the problem of protease inhibitors still need

to be developed.
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5.2.4.2.4 Starch-Degrading Enzymes (Amylases)

a-Amylases (1,4-a-D-glucan glucanohydrolase; E.C. 3.2.1.1) are used in maize-based

diets for poultry in combination with other enzymes to increase starch digestibility.

Although maize is widely regarded as a highly digestible ingredient, evidence is

emerging that there is great variability between different strains, and that starch

digestibility is lower than previously thought [798]. The use of amylase helps to

overcome these differences. Amylase is also an accepted addition to the diets of young

pigs to help them adjust to a new feeding regime at weaning.

A typical broiler trial is shown in Table 33, inwhich the use of an enzyme product that

contains amylase, protease, and xylanase (Avizyme 1500, Finnfeeds International) with

a maize-based diet, gives an increased weight gain and an improved feed conversion

ratio.

The main source of commercially used a-amylases in animal feed are Bacillus
species. Amylases act by breaking down the starch present in the diet to produce

dextrins and sugars. They catalyze the endohydrolysis of 1,4-a-D-glycosidic linkages in

which three or more glucose units are present.

Table 33. The use of amylase, protease, and xylanase in broiler diets containing maize (Finnfeeds

International)*

Control þ xylanase, amylase, protease

Weight gain, g 1702 1901

Feed intake, g 3557 3525

Feed:gain ratio 2.09 1.86

�A total of 1280 (sex-separated) Ross broilers were assigned to 16 pens of 80 chicks per pen, with 8 pen replicates

(4 males, 4 females) per diet. Mash diets were fed for ad libitum consumption, the starter from 1 to 21, and the

finisher from 22 to 42 d (Table 34).

Table 34. Diet composition for the trial reported in Table 33

Formulation Starter (1 to 21 d) Finisher (22 to 42 d)

Corn 570 606

Soybean meal-48 295 261

Fishmeal Peru-63 30 20

Wheat middlings, 15 % CP 50 50

Tallow 17 26

Vitamins & minerals 38 37

Avizyme 1500 0/1 0/1

AME,� MJ/kg 12.4 12.8

Crude protein, % 21.0 19.0

Lysine, % 1.21 1.07

Met & cys, % 0.90 0.82

�AME¼ apparent metabolisable energy.
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The assay for a-amylase is based on the release of reducing sugars from a starch

substrate. For in-feed analysis a colorimetric test is employedusing insoluble dyed starch

polymers as substrates.

5.2.4.3 Future Developments

The future developments in the feed enzyme area are likely to include a focus on the

increased temperature stability needed to combat the processing regimes that feeds

encounter. At present liquid application can be used to overcome the problems of a loss

in enzyme activity, but this is expensive as it requires specialist equipment, and is not

practical in many feed mills.

Themajor disadvantage for feed enzymes at present is the variability in the substrate

and the interaction of the enzymes with other feed ingredients, both of which lead to a

variation in the response. By increasing our understanding of the substrates, the

enzymes can be targeted more successfully. Methods are available that optimize the

enzyme dose in wheat-based diets, and these are also required for use with corn-based

diets and for phytase dosing.

The production of feed enzymes is also an area in which new developments are to be

found. At present the enzymes are produced commercially by traditional fermentation

methods, through expression in a host system, usually bacterial or fungal. Researchers

are looking at the possibility of expressing the enzymes in plants, although it is ques-

tionable whether such products would be accepted in the EU due to the current climate

surroundinggeneticallymodifiedorganisms. If the enzymeswere producedat sufficient

levels of expression in plants already used in animal feed, then the costs of downstream

processing compared to traditional methods would be greatly reduced.

To date phytase has been the enzyme of choice for research into production of

enzymes from transgenic plants, although none have been commercialized. Plants

investigated have included soybeans [799], wheat [800], tobacco [801], alfalfa, and oil

seed rape.

Finally, at present the poultry and swine industries dominate the market but there is

an increased profile of enzymes for use in the ruminant and aquatic sectors, and these

markets have a potential for growth.

5.2.5

Enzymes in Textile Production

5.2.5.1 Introduction

The use of biotechnology in textile processing has been known for more than 2000

years. The first application known is the retting of bast fibers with the use of

microorganisms [802]. Other early examples are the removal of starch by soaking

starch-sized cloth with water liquor containing barley (1857) and the use of amylases in

the same desizing process in 1912 [803]. Since ca. 1990, the use of enzyme technology

has increased substantially, especially in the processing of natural fibers. A major

reason for embracing this technology is the fact that application of enzymes is regarded

as environmentally friendly and the reactions catalyzed are very specific with a focussed

performance as a consequence. In contrast, chemical processes are less specific and
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often result in side effects, mostly undesired, for example, a reduction in the degree of

polymerization of cellulose. Other potential benefits of enzyme technology include cost

reduction, energy and water savings, improved product quality and potential process

integration. Application and potential of enzyme technology have been reviewed [804–

808]. Table 35 gives an overview of enzymes used in textile processing. Applications

treated in this chapter have not all been implemented on an industrial scale yet (ca.

2002), but this is expected within the next five years.

5.2.5.2 Cellulose Fibers

5.2.5.2.1 Desizing of Cotton Cellulose Fibers

The first application of enzymes in textile processing was the desizing of cotton fabric.

Prior toweaving, thewarpyarnissized tostrengthentheyarnandpreventbreakage inthe

weaving process. The natural sizes, which are of starch origin, can be removed after

enzymatic degradation with a-amylases (E.C. 3.2.1.1) by simply washing out the water-

solubleproducts.Besides starch, several syntheticpolymers areavailable for strengthen-

ingthewarpyarn, forexample,poly(vinylalcohol),PVA,andpoly(vinylpyrolidone),PVP.

Nevertheless, starch is still the favored sizing agent for economic reasons [809], and a-

amylase is preferred for desizing, since the other available processes require harsh

chemicals such as acids and oxidizing agents. The enzymes used aremainly of bacterial

origin, especially fromBacillus subtilis. Their pH optimum is between 5 and 7, while the

optimal operating temperature ranges from around 65 8C, for natural, unmodified

enzymes to beyond 100 8C for engineered enzymes. The stability of those enzymes is

improved when some calcium is present in the application system (ppm level).

5.2.5.2.2 Scouring of Cotton

Before gray cotton fabric can be dyed and finished in water-based processes, it must be

cleaned in order to make it hydrophilic and white. The convential industrial method

includes a treatment with sodium hydroxide at high temperature followed by extensive

washing. In this process hydrophobic (waxes and fats) and other noncellulosic

compounds (pectin, protein, and organic acids) are removed in a nonselective way.

Much research has focused on replacing this process by an enzymatic one. Enzymes

such as pectinases [lyases, E.C. 4.2.2.2; polygalacturonases, E.C. 3.2.1.15 (endo-acting

type) and E.C. 3.2.1.67 (exo-acting type)], proteases (E.C. 3.4.21–25), cellulases (endo-

glucanases, E.C. 3.2.1.4; cellobiohydrolases, E.C. 3.2.1.91; xylanases, E.C. 3.2.1.8), and

lipases (E.C. 3.1.1.3) have been examined for degradation and subsequent removal of

the different natural components present in the outer layer of cotton fibers [810–816].

The best results have been obtainedwith a pectinase or a pectinase in combinationwith

a cellulase. A bacterial alkaline pectinase (a lyase, E.C. 4.2.2.2) [817] proved to be

especially effective. It is thought that pectin acts as cement in the primary cell wall of

cotton fibers. After enzymatic destabilization of the pectin structure, the different

components present in the primary cell wall layer can be removed easily in a subsequent

washing procedure. Bioscouring processes, integrated in the desizing process in batch

mode, have been performed successfully on an industrial scale [818, 819]. However, the

bioscouring process based on pectinase does not removemotes or seed coat fragments,

5.2 Enzymes in Nonfood Applications 219



T
ab
le

3
5
.

E
n
zy
m
es

u
se
d
in

te
xt
ile

p
ro
ce
ss
in
g
.
A
p
p
lic
at
io
n
s
m
en

ti
o
n
ed

ar
e
in
d
u
st
ri
al
ly
im

p
le
m
en

te
d
o
r
in

th
e
re
se
ar
ch

p
h
as
e

E
n
zy
m
e

S
u
b
st
ra
te

A
p
p
lic
at
io
n

T
ec
h
n
ic
al

b
en
efi
t

P
er
fo
rm

an
ce

A
m
yl
as
e

am
yl
o
se

d
es
iz
in
g
co
tt
o
n

in
cr
ea
se
d
re
m
o
va
l
o
f
st
ar
ch

re
m
o
va
l
o
f
st
ar
ch

fr
o
m

fi
b
er

C
el
lu
la
se

ce
ll
u
lo
se

1
.
b
io
p
o
li
sh
in
g
co
tt
o
n

re
m
o
va
l
o
f
fu
zz

m
ai
n
ta
in
in
g
th
e
n
ew

lo
o
k

2
.
d
efi

b
ri
ll
at
io
n
Ly
o
ce
ll

re
m
o
va
l
o
f
m
ic
ro
fi
b
er
s

im
p
ro
ve

p
ro
ce
ss
ib
il
it
y/
g
en

er
at
e

p
ea
ch
-s
k
in

fe
el

3
.
st
o
n
e
w
as
h
in
g
o
f
d
en

im
re
m
o
va
l
o
f
in
d
ig
o
se
le
ct
iv
el
y

cr
ea
ti
o
n
o
f
ag
ei
n
g
ef
fe
ct
s

P
ec
ti
n
as
e

p
ec
ti
n

1
.
sc
o
u
ri
n
g
co
tt
o
n

d
es
ta
b
il
iz
at
io
n
o
f
o
u
te
r
ce
ll
la
ye
r

re
m
o
va
l
o
f
n
o
n
ce
ll
u
lo
si
cs

2
.
re
tt
in
g
b
as
t
fi
b
er
s

d
es
ta
b
il
iz
at
io
n
o
f
o
u
te
r
fi
b
er

la
ye
r

im
p
ro
ve
m
en

t
o
f
fi
b
er

ex
tr
ac
ti
o
n

C
at
al
as
e

h
yd
ro
g
en

p
er
ox
id
e

b
le
ac
h
in
g

p
er
ox
id
e
b
re
ak
d
o
w
n

n
eu

tr
al
is
at
io
n
o
f
b
le
ac
h
in
g
ag
en

t

L
ac
ca
se

m
ed
ia
to
r

1
.
b
le
ac
h
in
g

cr
ea
ti
o
n
o
f
b
le
ac
h
in
g
ag
en

t
im

p
ro
ve
m
en

t
o
f
w
h
it
en

es
s

in
d
ig
o
d
ye

2
.
b
le
ac
h
in
g
d
ye

d
eg
ra
d
at
io
n
o
f
ch
ro
m
o
p
h
o
re

ag
ei
n
g
o
f
d
en

im

m
ed
ia
to
r

3
.
ef
fl
u
en

t
tr
ea
tm

en
t

o
xi
d
at
io
n
o
f
d
ye
s

d
ec
o
lo
ri
za
ti
on

o
f
ef
fl
u
en

t

G
lu
co
se

o
xi
d
as
e

g
lu
co
se

b
le
ac
h
in
g

cr
ea
ti
o
n
o
f
b
le
ac
h
in
g
ag
en

t
im

p
ro
ve
m
en

t
o
f
w
h
it
en

es
s

P
ro
te
as
e

p
ro
te
in

1
.
sc
o
u
ri
n
g
w
o
o
l

re
m
o
va
l
o
f
sc
al
es

im
p
ro
ve

an
ti
-s
h
ri
n
k
ag
e

se
ri
ci
n
p
ro
te
in

2
.
d
eg
u
m
m
in
g
si
lk

d
eg
ra
d
at
io
n
o
f
se
ri
ci
n

re
m
o
va
l
o
f
se
ri
ci
n

ce
ll
u
la
se

p
ro
te
in

3
.
st
o
n
e
w
as
h
in
g
o
f
d
en

im
p
re
ve
n
t
in
d
ig
o
b
in
d
in
g
vi
a
p
ro
te
in

re
d
u
ct
io
n
o
f
b
ac
k
st
ai
n
in
g

H
em

i-
ce
ll
u
la
se

h
em

i-
ce
ll
u
lo
se

re
tt
in
g
b
as
t
fi
b
er
s

d
es
ta
b
il
iz
at
io
n
o
f
o
u
te
r
fi
b
er

la
ye
r

im
p
ro
ve
m
en

t
o
f
fi
b
er

ex
tr
ac
ti
o
n

X
yl
an

as
e

li
g
n
in

p
ro
ce
ss
in
g
ju
te

d
eg
ra
d
at
io
n
o
f
li
g
n
in

im
p
ro
ve
m
en

t
o
f
b
le
ac
h
ib
il
it
y



whereas the nonspecific alkaline scouring process removes these fragments. This may

be a benefit when a ‘‘natural look’’ is desired, but is a problem when dyeing in lighter

shades. Enzymatic solutions for this problem are currently (ca. 2001) under investiga-

tion using cellulases [820, 821].

5.2.5.2.3 Bleaching of Cotton

Scoured cotton fabric must be bleached prior to dyeing, especially with lighter shades.

This is conventually performed with chlorinating agents or hydrogen peroxide. Alter-

native enzymatic processes are being studied. One process is the enzymatic generation

of hydrogen peroxide by using a glucose oxidase (E.C. 1.1.3.4), after which the bath is

made alkaline for bleaching the fabric. This so-called indirect enzymatic bleaching

process makes use of the glucose produced in the desizing bath when an a-amylase is

used for starch degradation [822, 823]. This process of peroxide generation requires

oxygen as reactant, so aeration is required in the process. Benefits of this enzymatic

process are:

– Consumption of the glucose generated in the desizing bath results in reduced

BOD in wastewater treatment

– The gluconic acid produced in this process is a good chelator and can be used as

a sequestering agent for metal ions

– The process can be integrated easily in the enzymatic desizing and scouring

process to form a single integrated cotton pretreatment process

The integrated enzymatic desizing, scouring, and bleaching process yields products

with acceptable levels of hydrophilicity and whiteness [824], and a considerable

reduction in the required quantity of rinse water has been realized. The glucose

oxidase enzyme has been immobilized in order to make repeated use possible [825].

Attention is also focused on a direct enzymatic bleaching process using oxidore-

ductases (E.C. 1.10.3.2) and different mediators. Much work has been devoted to the

development of a system in which the oxidative power of oxygen or peroxide is

increased. However, so far an industrially feasible enzyme-based bleaching process

is not available, although the technology is steadily improving [826].

5.2.5.2.4 Removal of Hydrogen Peroxide

After the bleaching process, excess peroxidemust be removedprior to dyeing to prevent

oxidation of the dye. Conventionally this is realized by washing the fabric with large

amounts of water or by adding a reducing agent [827]. Catalases (E.C. 1.11.1.6) have

been successfully introduced in this process phase. The excess peroxide is rapidly and

effectively decomposed into oxygen and water. This method reduces both process time

and the consumption of water and energy [828]. An additional advantage is that the

subsequent dyeing process can be performed in the same bath when production is

carried out in the batch mode. A case study [829] on an industrial scale in an Egyptian

textile mill revealed that applying catalase technology achieved the following reduc-

tions:

5.2 Enzymes in Nonfood Applications 221



– Energy consumption by 24%

– Costs for chemicals by 83%

– Water consumption by 50%

– Processing time by 33%

5.2.5.2.5 Cotton Finishing

Cellulases are used to create different effects on cotton. This class of enzymes can be

used for introducing an aged look (denim) or a renewed look on fabrics. These apparent

contradictionary performances can be realized byusing the appropriate type of cellulase

enzyme(s) in combination with a certain degree of agitation or shear force during

application [830–835]. In a cotton fabric short (micro)fibers protrude from the fabric

surface (fuzz). When these fiber ends become entangled, pills are formed. The process

of renewing the look of cotton, known as biopolishing [836], [837] or depilling, is based

on the removal of fuzz and pills to give an improved surface appearance [807], [838]

which can be described as:

– Cleaner surface with a cooler feel

– Increased softness and improved drapebility

– Brighter colors (color revival or disappearance of the greyish look)

– Improved resistance to fuzzing and pilling

Additionally, a high dyeing yield is claimed [839], although a later study revealed no

significant impact on uptake of Green 26 and Red 81 dyes [840]. This study also

demonstrated only limited impact of cellulase action on cellulose pore size and volume.

The biopolishing process has been introduced on industrial scale in the batch mode

only, because of the high shear force required in the process and the lack thereof in

continuous processing equipment. Besides the above-mentioned benefits of this

enzymatic biopolishing process, a major disadvantage is the potential tensile strength

loss (TSL). Much research has focused on minimizing TSL. It was found that use of

different individual cellulases (endoglucanases and cellobiohydrolases) leads to dif-

ferent TSL values [841]. This observation is the key to the assumption that using the

right mixture of different cellulases (especially certain endoglucanases) will lead to

optimal biopolishing performance with a minimum TSL [842–845].

Since cellulases degrade cellulose, application of this type of enzyme on cotton fabric

poses a risk of destroying the fabric itself. Therefore, attention has focused on the

elucidation of the performance mechanism, especially in relation with the required

shear force. It was suggested that high shear forces lead to higher rates of desorption of

endoglucanases and hencemore random cellulose degradation and shorter processing

times for mechanical breakdown of the weakened fibers [728], [846]. Another sugges-

tion is that cellulases first attack the cellulose in the microfibrils protruding from the

surface of the fabric because they are more externally exposed than the cellulose of the

original fabric structure [847]. Mechanical breakdown of the enzyme-weakened micro-

fibrils can take place before the cellulose in themain fabric has been degraded, and thus

the TSL is limited. A more plausible explanation for the relation between enzymatic
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cellulose degradation and shear force is based on the cellulose structure [848]. Cotton

contains both crystalline and amorphous cellulose distributed in a homogenous

fashion [849]. The amorphous structure is more flexible due to its lower ordering

and water binding [850], while the crystalline structure is rather rigid and therefore

sensitive to physical stress. Microfibrils protruding from the fabric surface have a

damaged, and therefore amorphous, flexible cellulose structure at the point where they

emerge from the fabric surface. Since cellulase activity is highest on amorphous

cellulose, all amorphous cellulose will be degraded preferably, including the amor-

phous fraction at the connection point of the emergingmicrofibril. The consequence of

this cellulase degradation is that crystalline cellulose remains mainly unmodified, and

thus the connection point becomes a rather rigid physical structure. Because this

cellulase-modified rigid microfibril protrudes from the fabric surface, it is most

sensitive to shear force, which breaks it from the fabric (see Fig. 89). Based on this

mechanism, guidelines have been published for minimizing TSL in the biopolishing

process [851].

5.2.5.2.6 Ageing of Denim

Today, the old fashioned pumice stone process to obtain a well-worn appearance on

denim jeans has largely been replaced by a cellulase process. In this enzymatic process,

in which the shear force also plays an important role, both soluble (less than six

residues) and insoluble sugars are produced with indigo dye trapped inside the fiber

[852, 853]. This enzymatic process can be used to create a worn appearance of textile

goods dyed with surface dyes like indigo, sulfur dyes, pigments, and vat dyes [804].

Different cellulases have been examined for performance, and an endoglucanase is the

best performing enzyme. Especially the EGII from Trichoderma reesei is most effective,

both in removing color fromdenimandproducing a satisfying stone-washed effectwith

the lowest degree of hydrolysis [854]. Preference for this enzymatic process is due to the

fact that the use of pumice stones is eliminated or reduced, thus protecting the

machines and avoiding the occurrence of pumice dust in the laundry environment.

A major drawback of the enzymatic process is backstaining, that is, the redeposition

of indigo dye on the undyed white weft yarns during washing. This results in an

Fig. 89 Schematic presentation of a microfiber emerging

from the planar surface as side-view.
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undesired lower contrast between warp and weft yarns. A recent study showed that the

adsorbed indigo can be washed out to an extent of about 80% at maximum by using

chemicals such as linear ethoxylated fatty acids and modified poly(acrylic acids) [855].

An enzymatic solution for this backstaining problem has also been developed.

Adsorption of the indigo dye proceeds via enzyme binding to the fabric [856, 857].

Therefore, the use of cellulases with weak fabric-binding properties and a low affinity

for indigo reduces the problem of backstaining substantially [699, 856]. Also the

addition of a protease is of benefit in reducing this drawback [858].

In 2001 a new enzymatic process for indigo dye bleaching was introduced to the

market, based on the use of a laccase (E.C. 1.10.3.2) and mediator [859, 860]. In this

bleaching process, indigo—both attached to the fabric as well as in dispersion in

water— is oxidized to soluble and colorless indigo degradation products [861]. In this

way, an attractive bleaching effect with improved contrast is produced, while main-

taining the original ecru color of the weft yarns. The overall look of laccase-treated

denim is therefore darker than that obtained by bleaching with NaOCl. In this

nonspecific chemical bleaching process, theweft yarns are also bleached. The following

performance benefits of this enzymatic process over the conventional chemical

bleaching process are reported:

– Creation of new looks, fashions, and finishes (e.g., grey cast/antique finishes)

– Enhancement of denim abrasion

– Maximal strength retention at high abrasion levels (maintenance of cellulose

structure)

– Prevention of backstaining [862] and therefore improved garment contrast

No information is available on the penetration of this new process into the denim

market.

5.2.5.2.7 Processing of Man-Made Cellulose Fibers

Man-made cellulose fibers are obtained from wood. A relatively new fiber is Lyocell,

which entered the market in the late 1990s [863]. Total production of Lyocell fibers in

1998 was already over 100 000 t. In contrast to the production of viscose, for which a

cellulose derivative is used, Lyocell is produced in a spinning process using a genuine

solution of cellulose inN-methylmorpholineN-oxide (NMMO)monohydrate. Because

of the totally dissolved state of the cellulose in the Lyocell process, used textiles can be

also used as cellulose source [864]. Cellulase technology plays a key role in the Lyocell

production process. Lyocell tends to fibrillate upon physical stress during production

due to its high crystallinity index, swelling characteristics, and low degree of interfibril

interaction [865]. Although this fibrillation results in a good hand performance, the

attendant properties of high pilling tendency and perceived color changes make it

essential to remove the fibrillation enzymatically. The raised long fibers and fibrils (the

so-called primary fibrillation) are removed by the use of cellulases in equipment that

also producesmechanical stress. After this removal, a uniform secondary fibrillation is

produced, consisting of relatively short fibrils (the secondary fibrillation) which give the
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fabric its so-called peach-skin feel [866]. While the enzymatic removal of the

primary fibrillation is essential for Lyocell staple fibers, it is not for Lyocell filament

[867].

Despite its essential role inLyocell processing, only a relatively smallnumberof studies

have been published concerning the optimal cellulase for the defibrillation application.

Studies with a whole acid cellulase composition from Trichoderma reesei and different

endoglucanase-enriched compositions, using Lyocell and blends thereofwith cotton and

linen, revealed that no essential differences occur between the various cellulase compo-

sitions [868, 869]. The intensity of mechanical action of the garment-processing equip-

ment plays a more significant role in removing the fibrillation. However, when the

performance of these enzyme compositions is evaluated on related parameters such as

TSL and fabric hand, the endoglucanase-enriched compositions are preferred.

5.2.5.2.8 Processing of Bast Fibers

Flax contains fibers in the cortex region of the bast stem [870]. Thesefibers are separated

from nonfiber tissue by retting and subsequently mechanically cleaned to remove

nonfiber materials. Retting is usually a microbial process and is a crucial step in the

production of linen fibers. The oldest known retting processes are dew and water

retting. Both processes suffer from many disadvantages, including high labor costs,

variations in fiber quality, and limited suitable geographical area [871]. Therefore,many

studies have focused on replacing the above-mentioned processes by a more con-

trollable enzymatic one. Despite the progress made, at present use of an enzymatic

method is hindered mainly by cost. Mixtures of pectinases, (hemi)cellulases (E.C.

3.2.1.78), and xylanases (E.C. 3.2.1.8) have been investigated [870, 872]. The presence of

a substantial amount of an endopolygalacturonase appeared to be essential [870].

Apparently, degradation of the pectin structure is the most effective route to make the

cellulosics (over 50% of the stem material) available for harvesting, a process compar-

able to the bioscouring of cotton (see Section 5.2.5.2.2). The newer enzymatic spray-

retting process uses pectinase-rich enzyme mixtures and crimp stems [873], and is

claimed to have potential for reducing costs. Its economical viability must first be

evaluated on a plant scale before implementation can occur.

5.2.5.3 Proteinous Fibers

5.2.5.3.1 Wool Processing

Wool is a natural fiber with a rather complex architecture. It is mainly composed of

proteins (ca. 97%) and lipids (1%) [804]. Morphologically, two major parts can be

distinguished: the cuticle composed of overlapping cells, and the cortex composed of

spindle-shaped cells separated by a cell membrane complex. At the exo side of the

cuticle, the fatty acid 18-methyleicosanoic acid is bound to the protein matrix. These

modified proteins can be removed bymeans of alcoholic alkaline or chlorine solutions.

The protein present in wool is keratin. Two types are known: the acidic type I and the

more neutral to alkaline type II keratin, both with a molecular weight of 40–60 kDa.

[874]. Especially in the cuticle, the protein is cross-linked by disulfde (between cystine

residues) and isodipeptide [e-(g-glutamyl)lysine] bonds, and thus forms an effective
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barrier to the environment. Consequently, processing of wool must start with mod-

ification of the composition and morphology of the surface.

The intrinsic wool properties of felting and tendency to shrink are a consequence of

the arrangement of the cuticle scales with their outer edges towards the fiber tip, so that

the friction of a wool fiber in the scale direction is lower than that against the scale

direction [875]. This phenomenon, known as the differential frictional effect, causes

preferred fiber movement towards the fiber root when mechanical action is applied in

the wet state (see Fig. 90).

To obtain machine-washable wool products, the wool is treated with an antifelt or

antishrink finish. Conventional commercial shrinkproofing processes can be divided

into three categories:

1. Chemical modification of the fiber surface by oxidative or reductive degradation

2. Application of a polymer resin to mask the scale structure

3. A combination of the first two methods

The best known and most frequently used commercial process is the Chlorine-

Hercosett process, in which strongly acidic chlorine treatment is followed by neutraliza-

tionandapplicationofapolymer resin.Disadvantagesof thisprocessare that thepolymer

finishing changes the natural wool handle to a more synthetic one, and the formation of

AOX, which release in wastewater is under pressure from environmental legislation.

Much effort has been devoted to developing alternative processes. Enzyme technol-

ogy, especially protease technology, has been explored intensively [804, 806], as such or

in combined processes. Protease activity towards wool is very slow due to the protection

of the cross-linked cuticle cells. Once those cross-links have been eliminated by

oxidation or reduction, the reaction rate is improved substantially [876, 877]. The

Fig. 90 Schematic presentation of wool fiber shapes. When

fiber A is moved once to the right (smooth move direction), it

cannot be moved back as a consequence of hooking in of the

fibers A and B. This phenomenon is called felting.
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major problem in the application of protease to wool is damage caused by enzyme

penetration between cuticle scales into the interior of the fibers and break down of the

cell membrane complex. Diffusion of the protease into the interior of the wool fiber

must be prevented. However, reaching sufficient levels of antishrinkage behavior to

obtainmachine-washablewool according toWoolmarkTM31 leads to severe damage to

the fibers and nonuniform performance [878].

To improve the proteolytic antishrinkage process, different types of proteases have

been studied. A thermo- and alkali-stable protease has been applied on an industrial

scale in the prewashing step of a wool dyeing process [879]. Whereas the degree of

whiteness is enhanced and improved dye uptake and penetration are obtained with a

more even distribution, the felting tendency is still too high. Aprotease from the fungus

Aspergillus flavus, isolated from wool, has been examined [880]. Although the enzyme

aggressively attacks the cuticle proteins and modifies the scales, the decrease in

mechanical properties that is also observed indicates penetration of the enzyme into

the interior of thefiber. Application of another enzyme, protease SZ, in a process starting

with a hydrogen peroxide pretreatment followedby enzymatic breakdown resulted in the

degradation of the cuticle and pronounced antifelting behavior. This enzyme-treated

wool is claimed to be machine-washable, while the loss of mechanical properties is

limited. Additionally, excellent low-temperature dyeing behavior is noted [881].

In a newer combined enzymatic process the enzyme is incorporated in the alkaline

peroxide treatment, after which chitosan is applied to the wool fiber [882]. The tight

ionic bonding between sulfuric groups generated on the wool scales and chitosan

resulted in good shrink resistance. It is claimed that the material treated in this way is

shrink-resistant to the level of machine-washable. Additionally, it is observed that the

whiteness and wettability are enhanced.

The above-mentioned enzymatic performance benefits of enhanced whiteness,

dyeability, and shrinkage resistance to a machine-washable level, together with main-

tained handle and improved pilling resistance, are claimed for a different enzymatic

process in which Perizym AFW, a product containing a protease of unknown origin, is

used [875]. This process has been introduced on industrial scale. In combination with

the subsequent application of a polymer resin, the obtained antishrinkage level meets

the criteria of the Super-Wash Standard.

The use of enzyme technology in the wool carbonization process has been reviewed

[804]. In the carbonization process natural soils on wool such as vegetable matter and

skin flakes are removed by impregnation with sulfuric acid and subsequently baking in

order to char the cellulosic impurities. Enzymes such as hydrolases, pectinases, and

oxidoreductases have been studied in this process, with the objective of reducing wool-

fiber damage, effluent load, and energy consumption. Although some enzyme per-

formance has been observed, for example, weakening of the binding of burrs to the

wool fiber, the expectation is that it will not come to an industrial process because of the

required time window [806].

5.2.5.3.2 Degumming of Silk

Silk fibers consist of two fibroin filaments surrounded by the protein sericin. The

diameter of silk fibers is in between 10 and 14 mm. Contrary to wool, the silk protein
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contains hardly any methionine or cystein residues [883]. The molecular weight of the

fibroin protein is ca. 370 kDa. Its primary structure contains the frequently repeated

hexapeptide unit Ser-Gly-Ala-Gly-Ala-Gly. Fibroin contains mainly glycine (44 mol%),

alanine (29mol%), and serine (12mol%) residues, whereas in cericin themain amino

acid residues are serine (37 mol%), aspartic acid (15 mol%), and glycine (15 mol%).

The content of sericin is around 17–25wt%. The presence of sericin causes brittleness,

a harsh handle, and yellowness of silk fibers [883]. Therefore, this protein is removed in

a so-called degummingprocess to give the soft handle and typical lustre of silk. Removal

of sericin leads to a tensile strength loss of ca. 20%.Methods to remove sericin include

the use of Marseilles soap at high temperature, an alkaline solution of sodium

hydrogencarbonate, or enzymes (proteases). The ideal enzymatic method would

selectively cleave proteins after aspartic acid and/or threonine residues, which are

more than nine times more abundant in sericin than in fibroin.

Much effort has been invested in the search for the best performing protease enzyme

in the degumming process [884–887]. In general, alkaline-operating proteases show a

good performance with respect to sericin degradation and removal, handle, and lustre,

while tensile strength loss is limited or not observed. The efficiency of degumming

varies when different varieties of silk are used [886]. Proteolytic enzymes like trypsin,

papain, and pepsin have a relative poor performance in this application. Also, a

combination of a protease and a lipase has been tried with results better than were

obtainedwith the conventualMarseilles soap [888]. The enzymatic degummingprocess

is only used in China.

5.2.5.4 Textile Effluent Treatment and Recycling

Wet processing of textiles is a major source of water pollution. In general, starch or

poly(vinyl alcohol) from the desizing process and a range of different dyes are found in

mill effluents. Dyes are regarded as the most important contaminants to be removed

from the effluent. The chromophoric compounds are quite stable, and conventional

wastewater treatment is not efficient in removing recalcitrant dyes. For example, azo

dyes, which are not easily biodegraded, are toxic and also become harmful for the

environment upon degradation by formation of aromatic amines.However,most of the

methods developed for the removal of dyes from wastewater, such as adsorption, ion

exchange, electrokinetic coagulation, membrane filtration, and ozonation, are not

implemented on a large scale due to high implementation cost and primarily because

of the narrow application range: themethods are applicable to selected dyes only. Due to

the emerging environmental awareness and the increasing pressure of legislative

restrictions on colored effluent, the potential of biotechnology in this application area

has been recognized (it is known that certain enzymes such as laccases, lignin

peroxidases, and manganese peroxidases are capable of degrading aromatic rings

[889]) and explored.

Several studies have reported complete or almost complete decolorization

(dye degradation) using different fungal microorganisms. Among others, complete

degradation of the dyes Acid Yellow 17, Reactive Blue 21, poly R-478, and Remazol

Brilliant Blue R has been reported using the fungus Pleurotus ostreatus [890, 891] and of
various azo dyes byPhanerocheate chrysosporium [892, 893]. In the latter study the fungus
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is used in a bioreactor operated in a continuousmodewith 95%decolorization at 0.2 g/

L dye load. In these studies a correlation was observed between decolorization and the

presence of peroxidase in the effluent, which was secreted by the fungus. A laccase

system has been developed for the decolorization of water polluted with the anthra-

quinone dyeRemazol Brilliant BlueR [894]. This systemmakes use of a redoxmediator,

with violuric acid being themost effective. The above studies have been concentrated on

the use of single enzymes or fungi and isolated dye classes. In a more practically

oriented study, amicrobial reactor containing different, but not identified, immobilized

microbes has been used for treating a number of different textile effluent samples. The

samples were collected from different mills, including bleacheries, bleaching and

dyeing plants, screen-printing plants, and carpet dyeing mills, employing a variety of

dyes, chemicals, and processes. In batch runs of 24 h for most samples a color removal

of over 75%was reached, together with a COD reduction of the same degree [895]. The

study has been carried out on both bench and pilot scale, yielding water that can be

reused at various points in the plant. Although the system has not been defined very

well, the results are encouraging and is the basis for the expectation that implementa-

tion on relative broad industrial scale of a biotechnological system for textile effluent

will be realized by ca. 2006.

The vat dye indigo, present in wastewater from stone-washing processes for denim,

can be degraded by the use of different fungi [896], or the use of a laccase enzyme, both

in the absence and presence of a redox mediator [897]. Laccase has also been

immobilized prior to application in the decolorization process to reduce enzyme costs

by reuse [898].

In the textile finishing industry, for processing of 1 kg of textiles over 100 L of water

is consumed. Since the availability of water is a growing problem and the costs of

disposal are increasing, newways are being explored for reuse of water. One possibility

is the reuse of (peroxide) bleaching process water in the dyeing process after

degradation of the excess of hydrogen peroxide. The reuse of bleaching water after

treatment with a catalase was studied in a dyeing process using Reactive Blue 198

[899]. Unacceptable color changes on the dyed fabrics were obtained. It appeared that

the presence of the enzyme protein, which undergoes inactivation and unfolding,

interferes in the dyeing procedure by interactingwith the dye [900]. By immobilization

of the catalase on a carrier, this drawback has been eliminated, and a dyed fabric is

obtained with an acceptable color difference (not visually detectable) when compared

to fabric dyed in fresh water [901]. Although no information is available on the

possibility for multicycle reuse, the potential for reuse, and thus a substantial

reduction of fresh water requirement, has been shown. The impact of accumulating

processing agents may be a major hurdle for implementation of this water-recycling

process. This development can be regarded as a first step towards a closed-loop

production process.

As an example of achieving such a closed-loop water system, a study was performed

for the desizing step in the textile production chain. In this model study, synthetic

wastewater mimicking that from the desizing process was treated in an anaerobic

(or methanogenic) bioreactor. This unit for biological wastewater treatment is inte-

grated in the desizing phase of the textile production process to forma closedwater loop
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[902]. The feasibility of such integrated water system within a particular part of the

overall production process has been demonstrated. Further research is required to

identify possible drawbacks for other parts of the overall process before such process

can be implemented. Nevertheless, it is predicted that in future textile productionmills

will have their ownwastewater-purification systems to keep the costs of waste treatment

low and to minimize the use of fresh water.

5.2.5.5 Outlook

First, the topics described in this chapter that are in the investigation phase will be

brought to implementation on an industrial scale, for example, biofinishing ofwool and

enzymatic effluent treatment. Second, different bioprocesses, especially the pretreat-

ment processes for fabrics made from natural fibers, will be integrated in a single

process with benefits in time, energy, water and chemical consumption, as well as

increased production capacity. Integration of enzyme-catalyzed processes is rather

easily due to the comparatively mild process conditions and the fact that enzymes are

very specific. One major prerequisite is that all integrated enzyme applications should

be run in the same pH and temperature range. In case of disharmony, one can screen

for an identical enzyme type with different pH and/or temperature profile. Third,

enzymatic processes will also be developed for production in a continuous mode. At

present, most implemented enzymatic processes are operated in the batchmode, often

for reasons of time (most enzyme systems) and/or shear force (cellulase technology).

For continuous application, the enzymatic incubation time should be reduced sub-

stantially to prevent fabric pile up. A different application opportunity for enzyme

technology, and especially cellulase technology, is its use for subtle design development.

When biopolishing can be applied in certain patterns by, for example, foam technology

[851], different color shades can be realized.

Enzyme applications in the textile sector initially focused on natural fibers. It can be

expected that the focus will be broaden in the near future to synthetic fibers like

polyester and nylon. Already in 1998 positive performance results were reported for the

use of lipases to increase the water-wetting and absorbent properties of regular

polyester fabrics [903]. Likewise, it was shown that the culture filtrate of a white-rot

fungus can substantially change the surface properties of polyamide fabrics made of

PA66 and PA6, apparently via action of a manganese peroxidase (E.C. 1.11.1.13) [904].

Proteases were shown to have some impact (hydrolysis) on nylon oligomers [905].

Finally, the hydrolysis of polyacrylonitrile fibers and granulates by nitrilases (E.C.

3.5.5.1 & 7) or nitrile hydratase (E.C. 4.2.1.84)/nitrile amidase (EC 3.5.1.4) enzyme

system has been proven [906]. In this study it was shown that enzymatic surface

modification of acrylic fibers results in improved dyeing efficiency.

All these are initial studies. In general, the enzymatically catalyzed reactions on

synthetic fibers are rather slow, and the methods as such cannot be implemented on

large scale. Nevertheless, the potential of enzyme technology for synthetic fibers has

been shown. A search formore catalytically active enzymes for these substrates, both by

screening and genetic engineering, is necessary. Enzyme technology is also expected to

become a valuable tool for environmentally friendly production of synthetic fabricswith

improved comfort characteristics, comparable to those of natural fibers.
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5.2.6

Enzymes in Pulp and Paper Processing

5.2.6.1 Introduction

Enzymatic applications in the pulp and paper industry have been developed since the

1980s, when enzymes were first introduced on a mill scale following the discovery of

xylanase-aided bleaching. Most of the biotechnical applications proposed for the pulp

and paper industry are based on the use of enzymes. The specificity of enzymesmakes

them unique tools for targeted modification of specific components in pulp or process

waters and their catalytic naturemakes themefficient even in small dosages. Enzymatic

applications are generally considered to be environmentally benign. The limitations of

the use of enzymes in pulping and papermaking processes are related to the size and

properties of the enzymes, as well as to the relative high price of these catalysts. The

conditions used in many process stages in pulping and papermaking have led to the

development of enzyme preparations having pH and temperature ranges suitable for

these target processes. Today (2006), the most important commercial applications of

enzymes in the pulp and paper industry are bleaching, deinking, improvement of

paper-machine runnability by hydrolysis of extractives or enhanced drainage, and fiber

modification for speciality products.

Enzymatic applications for the main processes in the pulp and paper industry, i.e.,

pulping, bleaching, and papermaking, have been intensively studied and developed in

the last 20 years. However, the implementation of enzymatic process stages into

industrial processes has not been as extensive as expected in the 1990s. Nevertheless,

xylanase-aided bleaching, currently (2006) the main biotechnical application in the

pulp industry, developed unusually rapidly from laboratory to industrial practise. This

wasmainly because the implementation of an enzyme stage did not require anymajor

changes in the process and because cost-efficient commercial enzyme preparations

were rapidly developed for industrial-scale use. The successful introduction of

enzymes into the pulp and paper processes apparently requires at least the following

elements:

– Clear economical benefits should be obtainable from the enzyme stage,

– The quality and processing of fiber material should be maintained or improved,

– No unwanted changes in the process runnability should occur,

– A suitable enzyme preparation should be available in large quantities and at a

reasonable price for mill scale trials and thereafter for industrial use.

Due to the complex chemistry involved in wood materials, a number of different

enzymes can be used to improve the pulp and paper processes (Table 36). As effective

and specific catalysts enzymes can be used in any process phase having appropriate

conditions. The harsh process conditions, i.e., mainly high or low pH and high

temperature, used in some process stages, focus the use of enzymes to less extreme

process stages. To overcome the limits related to pH and temperature, novel thermo-

philic and alkalophilic enzymes are, however, being developed.
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5.2.6.2 Enzymes

Theenzymaticdegradationof lignocellulosicmaterial involvesaset ofdifferentenzymes.

Cellulases have been studied intensively for over two decades, and their reaction

mechanisms have been revealed on the molecular level for many enzyme components.

In spite of the long history, new interesting enzymes are still being found. The prices of

commercialcellulaseshavedecreasedseveral foldduringthe last twodecades,andfurther

improvements can be expected.Today commercial, tailored cellulase preparations canbe

designed according to process needs. The enzymology of hemicellulases is also well

established, with the same general trends. Oxidative enzymes have been studied as well,

but detailed knowledge on their mechanisms of action in the fibermatrix is still needed.

5.2.6.2.1 Cellulases

Cellulose is themain carbohydrate in lignocellulosicmaterials. It is a chemically simple

homopolymer consisting of up to 1000 b-1,4-linked anhydroglucopyranoside units

[907]. However, its physical state makes it a challenging substrate for enzymes. Single

glucose polymers are packed onto each other to form highly crystalline microfibrils in

which the individual cellulose chains are held together by hydrogen bonds. Cellulose

microfibrils also contain some amorphous regions. In wood fibers the winding

direction of cellulose microfibrils varies in different cell wall layers, and this gives

the fiber its unique strength and flexibility.

Efficient degradation of cellulose requires a mixture of different cellulases acting

sequentially or in concert. Cellulases have traditionally been categorized into two

different classes by the IUB. Endoglucanases (EG, E.C. 3.2.1.4) cleave the cellulose

chains internally. Exoglucanases (cellobiohydrolases, CBH, E.C. 3.2.1.91) degrade

cellulose starting from free chain ends, producing cellobiose. Endoglucanases act

mainly on the amorphous parts of the cellulose fiber, whereas cellobiohydrolases are

also able to degrade crystalline cellulose. However, this classification is not very

satisfactory, as some exoglucanases have also been claimed to possess endo activity

[908, 909]. The classification of cellulases becomes even more complicated, as some

enzymes also have activity on other polysaccharides, such as xylan [910]. Therefore, a

new classification of these enzymes has been adopted. Today, glycosyl hydrolases are

grouped according to the structures of their catalytic domains into more than 70

families (http://afmb.cnrs-mrs.fr/�pedro/CAZY/db.html).

Most cellulases have a multidomain structure consisting of a core domain separated

froma cellulose-binding domain (CBDcarbohydrate-bindingmodule,CBM)by a linker

peptide. The core domain contains the active site, whereas the CBD interacts with

cellulose by binding the enzyme to it [911], [912]. The CBDs are particularly important

in the hydrolysis of crystalline cellulose. It has been shown that the ability of

cellobiohydrolases to degrade crystalline cellulose clearly decreases when the CBD

is absent [913]. Attempts to direct the action of cellulases by adding or removing the

CBMs or to modify fiber properties with the CBMs alone have been made [914, 915].

5.2.6.2.2 Hemicellulases

The two most common wood hemicelluloses are xylans and glucomannans. Hard-

woods contain mainly xylan, whereas the amount of glucomannan in softwoods is
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approximately twice the amount of xylan. Hardwood xylan is composed of b-D-

xylopyranosyl units linked together with b-(1,4)-glycosidic bonds which may contain

4-O-methyl-a-D-glucuronic acid and acetyl side groups. 4-O-Methylglucuronic acid is

linked to the xylan backbone by O-(1,2) glycosidic bonds and the acetic acid is esterified

at the C2 and/or C3 hydroxyl group. Softwood xylan is arabino-4-O-methylglucuronox-

ylan in which the xylan backbone is substituted at C2 and C3 with 4-O-methyl-a-D-

glucuronic acid and a-L-arabinofuranosyl residues, respectively. Softwood galactoglu-

comannan has a backbone of b-(1,4)-linked b-D-glucopyranosyl and b-D-mannopyr-

anosyl units, which are partially substituted by a-D-galactopyranosyl and acetyl groups.

The distribution of carbohydrates in the wood fibers varies depending on the wood

species and growing conditions [907]. In softwoods, the xylan content of the innermost

cell wall layer is generally very high, but otherwise xylan is relatively uniformly

distributed throughout the fiber walls in native wood. In hardwoods, the outermost

layers of fiber walls are rich in xylan. In softwoods the glucomannan content increases

steadily from the outer parts to inner parts of cell walls. The amount and composition of

hemicellulose components is drastically altered in kraft cooking. All acetyl groups are

degraded, andmost of the glucuronic acid groups in xylan are converted to hexenuronic

acid groups [916]. Softwood glucomannan is deacetylated, and a considerable part is

solubilized in the highly alkaline and hot cooking liquor [907].

Xylanases Themajority of publishedworkonhemicellulases dealswith theproduction,

properties,mode of action, and applications of xylanases [917–922]. Endoxylanases (E.C.

3.2.1.8) catalyze the random hydrolysis of b-D-1,4-xylosidic linkages in xylans. Most

xylanases belong to the two structurally different glycosyl hydrolase groups (Families 10

and 11). The three-dimensional structures of xylanases in both of these families are

available, and theyshowcleardifferencesinsizeandstructure.Trichodermareeseixylanase
fromFamily 11 is a small, ellipsoidal enzymewith a diameter between 32 and 42 . It does

nothaveanyseparatesubstrate-bindingdomain[923].Somexylanaseshavebeenreported

to contain either a xylan-binding domain [924] or a cellulose-binding domain [925], [926].

Someof thebindingdomainshavebeenfoundto increase thedegreeofhydrolysisoffiber

bound-xylan, whereas others have no effect thereon. Neither a xylan- nor a cellulose-

binding domain was found to have any significant role in the action of xylanases in pulp

fibers [927]. Most of the xylanases characterized are able to hydrolyze different types of

xylans,showingonlydifferencesinthespectrumofendproducts.Fromapracticalpointof

view, the most important characteristics of xylanases are their pH and temperature

stability and activity. A number of enzymes produced by extremophilic organisms have

been characterized [928–930], but surprisingly few have reached commercial use, due to

problems related to their efficient production in heterologous host strains.

Mannanases Endomannanases (E.C. 3.2.1.78) catalyze the random hydrolysis of b-D-

1,4 mannopyranosyl linkages within the main chain of mannans and various poly-

saccharides consisting mainly of mannose, such as glucomannans, galactomannans,

and galactoglucomannans. Mannanases seem to be a more heterogeneous group of

enzymes than xylanases. The mannanase of Trichoderma reesei has a similar multi-

domain structure to several cellulolytic enzymes; i.e., the protein contains a catalytic

234 5 Industrial Enzymes



core domain which is connected by a linker to a cellulose-binding domain [933], [934].

The CBD increases the action of T. reesei mannanase on fiber-bound glucomannan,

even though the catalytic domain can efficiently degrade crystalline mannan [935]. The

hydrolysis yield of glucomannans is dependent on the degree of substitution and on the

distribution of the substituents [936]. The hydrolysis of glucomannans is also affected

by the glucose/mannose ratio. Some mannanases are able to hydrolyze not only the b-

1,4-bond between two mannose units but also the bond between the mannose and

glucose units [937], [938].

Other Hemicellulases The side groups connected to xylan and glucomannan main

chains can be cleaved by a-glucuronidase (E.C. 3.2.1.131), a-arabinosidase (EC 3.2.1.55),

and a-D-galactosidase (E.C. 3.2.1.22). Acetyl substituents bound to hemicellulose are

removed by esterases (E.C. 3.1.1.72) [919]. Most of the side-group-cleaving enzymes are

able to attack only oligomeric substrates produced by backbone-depolymerizing endo-

enzymes, i.e., xylanases and mannanases. Only few enzymes can attack intact polymeric

substrates.However,mostaccessoryenzymesofthelattertypepreferoligomericsubstrates.

5.2.6.2.3 Lignin-Modifying, Oxidative Enzymes

In nature, lignin is mostly found as an integral part of the cell wall, embedded in a

carbohydrate polymer matrix of cellulose and hemicellulose. The exact composition of

lignin varies widely with wood species, but as a rule, softwood containsmainly guaiacyl

units whereas hardwood also contains syringyl building blocks. It has been suggested

that both the chemical and three-dimensional structure of lignin is determined by, or at

least strongly influenced by, the polysaccharidematrix. For example, the lignin near the

cellulose surface resembles a glassy or low-order structure, rather than a random

one [939].

Reactions catalyzed by oxidative enzymes play a significant role in the complete

degradation of lignocellulosic biomass. The enzymaticmodification and degradation of

lignin, the third major component of lignocellulosic materials, is still only partially

understood, because of the oxidoreductive and radical reactions involved.

The enzymology of lignin has been the focus of enzymologists formore than 30 years,

andhas resulted in the identificationof themajor enzyme systemsbelieved to participate

in delignification; lignin peroxidase, (LiP, E.C. 1.11.1.14.), manganese-dependent per-

oxidase, (MnP, E.C. 1.11.1.13), and laccase (E.C. 1.10.3.2). In addition, other types of

peroxidases have been identified, such as manganese-independent and LiP-like perox-

idases [940]. In vitro the oxidative reactions of these enzymes leadmainly to polymeriza-

tion of lignin. Purified ligninolytic enzymes have, however, been shown to cause limited

delignificationprovided that additives, suchas veratryl alcohol andH2O2 forLiP [941] and

manganese,H2O2, organic acids, and surfactants forMnP [942], [943] are supplemented.

Due to the promising results in using additives (coordinating/chelating compounds and

electronmediators), laccases andmanganese-dependent peroxidases have recently been

the most extensively studied groups of enzymes in the area of lignin degradation.

Lignin peroxidase (LP) Fungal peroxidases are heme proteins which oxidize their

substrateswith hydrogenperoxide as electron acceptor in two one-electron steps, like all
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other peroxidases [944]. LiPs have high redox potentials and can oxidize non-phenolic

lignin model compounds, aromatic ethers, and polycyclic aromatics. Cation radicals

formed by the action of the enzyme cause several different reactions andfinally result in

ring cleavages. LiPs have been characterized from several white-rot fungi. The three-

dimentional structure of LiP from Phanerochaete chrysosporium has been solved and

shows that the active-site environment is completely conserved, as in all peroxidases

studied so far. Attempts to overproduce LiP in heterologuous hosts have mostly been

unsuccessful, and this has hindered the commercial exploitation of LiP. The instability

of LiP in the presence of an excess of hydrogen peroxide has been another limiting

factor for the industrial use of LiP in delignification.

Manganese peroxidase (MnP) Manganese peroxidase (MnP) is a heme protein which

oxidizes Mn2+ to Mn3+. Chelation of Mn3+ by organic acids is necessary to stabilize the

ion and to promote its release from the enzyme. The Mn3+ � chelate may function as a

diffusible oxidant and degrade the phenolic moieties of lignin. Phenoxy radicals are

formed and undergo a variety of reactions that result in products quite similar to those

released by LiPs. Interestingly, MnP has been shown to promote peroxidation of

unsaturated lipids without added H2O2. MnP genes have been isolated from several

white rot fungi [945–948]. Multiple sequence alignments have revealed specific

differences between LiPs and MnPs, in spite of the general sequence conservation.

The three-dimensional structure of MnP from Phanerochaete chrysosporium has been

published. MnP has also been successfully expressed in Aspergillus oryzae, and the

secreted MnP was fully active and identical to the native enzyme [949].

Laccases Laccases belong to the copper metalloenzymes and to the blue oxidase sub-

group.Laccasescontainfourcopperatomspermolecule.Threetypesofcopperatomcanbe

distinguishedby their spectroscopic and paramagnetic properties: type 1 (T1), type 2 (T2),

andtype3(T3).LaccasescontainoneT1Cuboundasamononuclearcenter,oneT2,andtwo

T3 Cu atoms. These three T2 and T3 Cu atoms form a trinuclear center. In the resting

enzyme all four copper atoms are likely to exist in the CuII state. The three-dimensional

structureof a laccase fromCoprinus cinereuswasfirst elucidated [950].Numerous laccases,

especially from fungal sources, have been recently isolated and characterized [951].

The typical reaction of laccase is oxidation of a phenolic compound with the

concurrent reduction of molecular oxygen to water. After four cycles of single-electron

oxidations forming free radicals, the enzyme reduces one molecule of oxygen, gen-

erating two molecules of water. This mechanism requires the protein to ‘‘store’’ four

electrons like a ‘‘molecular battery’’ before reduction of oxygen. The mononuclear T1

Cu site functions as the primary electron acceptor, extracting electrons from the

reducing substrate and delivering them to the trinuclear T2/T3 site. The trinuclear

T2/T3 center, the binding site for the second substrate, dioxygen, accepts electrons

from the T1 site for reduction. Reduction of oxygenmost likely takes place in two steps,

since bound oxygen intermediates are involved [950].

In laccase-catalyzed oxidation the substrate loses a single electron and forms a free

radical. The unstable radical may undergo further laccase-catalyzed oxidation or

nonenzymatic reactions such as hydration and polymerization. Aryloxy radicals formed
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by laccases may undergo further nonenzymatic oxidation/reduction or couple to other

phenolic structures and produce intensely colored products. Laccases have very broad

substrate specificities and can couple four one-electron oxidations to a variety of

substrates, such as di- and polyphenols, aromatic amines, and a considerable range

of other compounds, to the irreversible four-electron reduction of dioxygen to

water.

5.2.6.3 Enzymes in Pulp and Paper Processing

5.2.6.3.1 Mechanical Pulping

Mechanical pulping involves the use of mechanical force combined with pressure and

temperature and in some cases also with chemicals to separate the wood fibers.

Mechanical pulps, such as pressurized ground wood (PGW) or thermomechanical

pulp (TMP) have a high yield (up to 95%) and can be used to produce paper with high

bulk, good opacity, and excellent printability. The drawbacks of these processes are the

high energy intensity and the resulting fiber and paper quality, with lower strength,

higher pitch content, and higher color reversion rate as compared to chemical pulps.

Energy consumption is thus a key issue when developing new technical processes for

high-yield pulping. The demand for improving paper quality has been themain reason

for the increased specific energy consumption in thermomechanical pulping during

the last few years. One way of reducing the high energy consumption of mechanical

pulping is to modify the raw material by biotechnical means prior to refining.

The low accessibility of mechanical pulp fibers to enzymes limits fiber modification

to the accessible pulp surfaces (outer fiber surface, fines) and to dissolved and colloidal

material solubilized to process water [952]. The main biotechnical applications related

tomechanical pulping investigated in various research institutes around theworld have

been biomechanical pulping [953], microbial reduction of pitch components prior to

pulping [954], and enzyme-aided refining of coarse mechanical pulp fibers [955].

Recently, a new promising concept was introduced based on impregnation of wood

chips with cellulases prior to primary refining, which results in a marked decrease in

specific energy consumption [959]. In addition, pectinase pretreatment of wood chips

prior to mechanical pulping has been reported to reduce the consumption of refining

energy by 10% in a defined freeness level of TMP [960].

Incorporation of an enzymatic step in a mechanical pulping process can be expected

most successful only after primary refining A process concept for TMP based on the

treatment of coarse mechanical pulp fibers with monocomponent cellulases has been

developed [955], [956] [917]. Experiments with different enzymes have demonstrated

that a slight modification of cellulose by the T. reeseicellobiohydrolase I (CBH I) results

in energy saving of 20% in a laboratory-or pilot scale disk refiner. Interestingly, when an

unoptimized cellulasemixturewas used, no positive effect on energy consumptionwas

detected [956],[957]. The method was further verified in mill-scale trials [958]. Energy

savings of 10–15% were realized in a TMP production line with a capacity of 120 t/d,

and these savings were not obtained at the expense of pulp quality. The enzymatic

treatment was easy to combine with the prevailing process conditions without dis-

turbances in the normal operation of the TMP line or the paper machine.
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Neither the cellulase mixture nor CBH I induced evident morphological modifica-

tions in the coarse and rigid TMP fibers during a short incubation [914]. Based on the

fibrillation index analyses it has been speculated that the action of CBH I possibly

induces decreased interfibrillar cohesion inside the fiber wall and thus results in

loosening and unraveling of fiber structure. Cellulase treatment with CBH I did not

have any detrimental effects on pulp quality. In fact, the tensile index was even higher

for the CBH I-treated pulp than for the reference. The increase in tensile index could be

explained by the intensive fibrillation induced by theCBH I treatment. The good optical

properties were also maintained after CBH I treatment.

5.2.6.3.2 Chemical Pulping

The main aim in chemical pulping is to remove lignin and to separate the wood fibers

from each other to render them suitable for the papermaking process. In the pulping

process, the lignified middle lamellae located between the wood fibers is solubilized by

various chemicals. Today, thepredominant pulpingmethod is thekraft process, inwhich

the cooking liquors are incinerated and the cooking chemicals recycled. Extensive

modifications of hemicelluloses take place during pulping processes. During conven-

tional kraft cooking, part of thehemicelluloses isfirst solubilized in the cooking liquor. In

the laterphases of theprocess, when the alkalinity of the cooking liquor decreases, part of

the solubilized xylan is redeposited onto the cellulose fibers. Although glucomannan is

the main hemicellulose in softwood, the bulk of glucomannans are dissolved and

degraded during kraft pulping. Thus, the relative amount of xylan is increased in pine

kraft pulp as compared to pinewood. In addition to xylan, lignin is also partially

readsorbed on the fibers. Lignin has been reported to be linked to hemicelluloses in

lignin–carbohydrate complexes (LCC). Furthermore, hemicelluloses seem to physically

restrict thepassageofhighmolecularmass ligninoutof thecellwallsof thepulpfiber, and

hence the removal of hemicelluloses, especially xylan, can be expected to enhance the

extractability of residual lignin from pulps.

Severalmethods have been studied for increasing the diffusion of cooking chemicals

into wood to improve the efficiency of chemical pulping processes. A long-term goal

would be to totally replace sulfur chemicals. Impregnation of chemicals into wood and

removal of dissolved lignin are governed by diffusion and sorption phenomena, by the

porosity and structure of the cell wall matrix, as well as by the molecular size of

extractable molecules. In sulfate, or kraft, cooking wood fibers are liberated and partly

delignified by combination of high alkalinity (pH 12–14), sulfidity, and high tempera-

ture (165–170 8C). The kraft fibers are more flexible and thus have more binding

capacity thanmechanical pulp fibers. The residual lignin that causes a dark brown color

in kraft fibers must be removed by bleaching.

As in the case of mechanical pulping, prior to chemical pulping the ability of

individual enzymes to penetrate into wood chips is limited by the low porosity of wood.

It has, however, been reported that enzymes, including hemicellulases, pectinases, and

cellulases, can increase the diffusivity of sodium hydroxide in Southern pine sapwood

[959]. This result was attributed to the dissolution of pit membranes, which represent

the main resistance to flow of liquids in wood. After acetone extraction and enzyme

treatment the pulps were reported to be more uniform, to have higher viscosity and
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yield, and lower rejects [961]. The enhanced pulp uniformity was attributed to more

uniform delignification owing to improved diffusion. The role of the degree of

hydrolysis, i.e., loss of carbohydrates during hydrolysis, and the need for acetone

extraction in softwood remain to be clarified.

5.2.6.3.3 Bleaching

Inbleaching, theprimarygoal is to remove the small amount of residual ligninpresent in

the pulp after cooking without decreasing the molecular weight of cellulose. Lignin in

unbleached pulps represents typically only about 1% of the dry weight. During pulping,

however, lignin is chemicallymodified andcondensed into poorly degradable structures.

Cooking and bleaching are separate process phases, differing from each other with

respect to the selectivity of the chemicals used. In the bleaching processes, lignin is

sequentially degradedand extracted in several phases. Bleaching sequences are generally

composed of at least five phases. Previously, the bleaching of chemical pulps was carried

out with elemental chlorine and chlorine dioxide. Today, in Europe, pulp is bleached by

ECF (elemental-chlorine free) or TCF (totally chlorine free) bleaching processes, in

which oxygen, ozone, or peroxides are used.

Xylanase-aided bleaching of chemical pulp is themain biotechnical application used

today in the pulp and paper industry (2006). Xylanase-aided bleaching is an indirect

method, which does not directly degrade lignin and has thus a limited effect. Another

enzymatic process stage suggested for bleaching is laccase-mediator bleaching, which

directly oxidizes and degrades lignin (Table 37). Other enzyme-assisted systems have

also been studied [918], [919] .

Xylanase-Aided Bleaching The effect of xylanase in bleaching is based on the mod-

ification of pulp xylan to give enhanced extractability of lignin in subsequent bleaching

stages [920]. Several alternative and perhaps concurrent mechanisms have been

proposed to be involved in xylanase-aided bleaching. The enhanced leachability of

lignin in the fiber wall has been suggested to be due to hydrolysis of reprecipitated xylan

or to removal of xylan from the lignin–carbohydrate complexes (LCC) in fibers [965],

[966]. Removal of xylan by xylanases from softwood kraft fibers was found to uncover

surface lignin [967]. The action of xylanases on both reprecipitated and LC xylan

suggests that it is probably not only the type but also the location of the xylan that is

important in xylanase-aided bleaching. The role of hexenuronic acid in the effect of

xylanase treatment on kappa number (measure of lignin content) can be estimated to be

relatively small. The hexenuronic acid, containing a double bond, gives rise to the

consumption of bleaching chemicals and permanganate, increasing the apparent

kappa number of pulp [968]. The partial removal of hexenuronic acid substituted

xylan by xylanase treatment consequently results in a slightly lower kappanumber [969].

Xylanases seem to be efficient on all types of kraft fibers, whereas the effects of

mannanases depend on the type of fibers used [970]. The effect of xylanase on

bleachability in most cases was independent of the origin of the enzyme, and both

fungal and bacterial xylanases have been reported to act on pulp xylan and result in

enhanced bleachability [971]. The efficiency of xylanases from Family 10 and Family 11

in bleaching has been compared, and it has been proposed that some xylanases from
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Family 11 could be more effective in bleach boosting as compared with the Family 10

xylanases [972]. The effect of cellulose- and xylan-binding domains (CBD and XBD) of

xylanases on bleaching efficiency has also been investigated, and so far neither an XBD

nor a CBD has been reported to have any significant role in the bleach-boosting

efficiency of xylanases [927].

The use of xylanases in different bleaching sequences leads to a reduction in chemical

consumption. The benefits obtained by enzymes are dependent on the type of bleaching

sequence used and on the residual lignin content of the pulp. In chlorine bleaching an

average reduction of 25% in active chlorine consumption in prebleaching or a reduction

of about 15% in total chlorine consumption has been reported both in laboratory-scale

and inmill trials. As a result, the concentration of chlorinated compounds, measured as

AOX, in the bleaching effluent during mill trials was reduced by 15–20%. Today,

xylanases are industrially used both in ECF and TCF sequences. In ECF sequences, the

enzymatic step is often implemented due to the limiting chlorine dioxide production

capacity. Theuse of enzymes allows bleaching tohigher brightness valueswhen chlorine

gas is not used. In TCF sequences, the advantage of the enzymatic step is due to

improved brightness, maintenance of fiber strength, and savings in bleaching costs

[920]. About 20 mills in Northern America and Scandinavia use enzymes [973].

Thermostable xylanase products for pulp bleaching have been on the market since

1995 [974]. The thermostabilities of new enzyme products are continuously improving,

and research on xylanases acting at both high pHand temperature (pH 10 and 90 8C) is
in progress. The approximate price of xylanase treatment is less than $2 per tonne of

pulp. Calculations of the economic benefits in an ECFsequence reveal that reduction in

the chlorine dioxide consumption leads to savings of at least $2 per tonne of pulp. The

costs of oxygen-based chemicals (ozone, peroxide) are even higher, and the respective

savings evenmore pronounced. Thus, the potential economic benefits of enzyme-aided

bleaching are significant to the user.

Laccase-mediator Concept in Bleaching In the laccase-mediator concept, the electron-

transferring molecule (mediator) oxidized by laccase acts directly on lignin and results

in efficient delignification. In the initial study, the common substrate of laccases, the

diammonium salt of 2,20-azino-di(3-ethylbenzothiazolinsulfonate), ABTS, was used as

the mediator [975]. The search for more suitable mediators resulted in the discovery of

1-hydroxybenzotriazole (HBT), violuric acid (VIO), andN-hydroxy-N-phenylacetamide,

(NHA) [976–978]. The most effective mediators in delignification usually contain

N��OH�� functional groups [979]. The high cost due to the mediator dosage needed

and the potential of generating toxic byproducts in a batch process are, however, concerns

when the system is incorporated in mill-scale bleaching. Therefore, a continuous method

for slow-dosing of the mediator using a precursor of NHA (i.e., DiAc, N-Acetoxy-N-
phenylacetamide) has been developed [980]. In addition to nitrogen-based mediators,

inorganic mediators such as transition metal complexes, preferably containing molybde-

num, have recently been successfully tested for laccase-mediator bleaching [981].

Several studies on themechanisms of laccase-mediated delignification of pulps have

been published [982–986]. The LMS system has been shown to be able to replace either

the oxygen delignification or ozone stage [985], [987].
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The combination of xylanase and laccase-mediator bleaching systems in sequence has

been shown to result in additional enhancement of pulp bleachability [969]. The applica-

tion of the LMS system employing HBTas mediator with xylanase treatment in a single

stage was, however, found to be ineffective, apparently due to the inactivation of xylanase

byHBT. This inactivating effect ofHBThas also been observed towards laccases [978], as

HBT radicals undergo chemical reactions with the aromatic amino acid side chains of

many laccases. Studies on newmediators have revealed that NHAcaused less damage to

enzymes [969], [988]. In practice, it would be beneficial to combine delignifying laccase-

mediator treatment and indirect xylanase treatment, as the target substrate of the

treatmentsaredifferentand thus themaximumeffectofboth treatmentscouldbegained.

5.2.6.3.4 Papermaking

In papermaking, paper is formed from pulp, various papermaking chemicals, and

pigments in a papermachine. Following stock preparation the papermachine normally

performstheunitoperationsofwebformation,pressing,drying,sizing,andcalendering.

A largeamountofwater isneededfor theformationofauniformpaperwebfromthepulp

slurryinthepapermachine.Highefficiencyisrequiredfromallunitoperationsduetothe

high speed of the paper machine.

Papermakers are currently searching for options to fulfill the legislative and envir-

onmental demands to reduce fresh water usage. One major problem in water-circuit

closure is the accumulation of dissolved and colloidal substances (DCS) in the process

waters. These substances consist mainly of hemicelluloses, pectins, dispersed wood

resin, lignans, and dissolved lignin. TheDCS composition has a direct impact on paper-

machine runnability and paper quality, as well as on the demand for and efficiency of

purification of process water.

The composition and structure of extractives, glucomannan, pectin, and lignans can

be modified by suitable enzymes such as lipases, mannanases, pectinases, and

oxidative enzymes [989]. The small chemical changes achieved by enzymes may result

in significant modifications in the behavior of DCS in white waters and, more

significantly, may lead to potential improvements in technical parameters such as

yield, strength, and brightness of pulp.

Pitch problems originating from lipophilic extractives can be reduced by lipases

hydrolyzing triglycerides to glycerol and free fatty acids in mechanical pulps. A

commercial lipase preparation, Resinase (Novozymes), has been industrially used

in production of groundwood pulps for several years in Japan [990]. Triglycerides from

various types of pulps have been reported to be efficiently hydrolyzed by lipases,

reducing the stickiness and pitch problems [991–993]. Lipase treatment allows savings

in the consumption of additives and surface-active chemicals and results in improved

fiber properties [990], [993]. The improved tensile strength apparently is due to the

increased hydrophilicity of the fibers [993]. In addition to hydrolytic enzymes, oxidative

enzymes such as laccases have been used to modify the composition and structure of

lipophilic and hydrophilic extractives [994–996]. Laccase treatment polymerizes lignans

to fibers and could also slightly modify lipophilic extractives [1003].

Cationic demand in peroxide bleachedmechanical pulps due to galacturonic acids in

pectin can be considerably reduced with pectinases. Pectinase treatment has been
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reported to lower cationic demand of the white water by up to 60% [997–1000].

Consequently, savings in cationic chemicals (alum, retention aids, strength agents,

starch) and improved runnability of the paper machine in mill-scale trials with

pectinase have been obtained [1001, 1002].

Enzymaticmodification of the papermaking properties of chemical,mechanical, and

recycled pulps were widely studied in the late 1990s. The main ideas have been to

enhance the beatability and thus the strength properties of fibers through increased

fibrillation or to affect the amount of fines in pulp in order to increase its drainage or

water retention. ‘‘Fiber engineering’’, i.e., the directed modification of fiber surface

components for improved fiber properties, mainly binding, has been carried out with

chemical pulps. Successful fiber engineering of mechanical pulps would, however,

probably result in clearer changes in pulp properties than in the case of chemical pulps,

as fewer chemical additives are involved in mechanical pulping.

The effects of individual cellulases on the properties of unbleached or bleached kraft

pulp have been studied in detail [1004–1006]. T. reesei cellobiohydrolases (CBH) have

been found to have only amodest effect on pulp viscosity, whereas endoglucanases (EG),

andespecially EG II dramatically decrease pulp viscosity and thus the strength properties

after refining. Treatment of ECF-bleached pine kraft pulp with T. reesei endoglucanases
EG I and EG II has been reported to enhance the beatability considerably [1005], [1006].

The strength properties of the pulp were simultaneously impaired, presumably due to

the attack of the endoglucanase on the amorphous cellulose present, especially in the

defects and irregular zones of the fibers [1004]. However, in Douglas fir chemical pulp,

cellulases and cellulase–hemicellulase mixtures have been reported to enhance the

beatability of coarse fibers and thus to improve the paper properties [1007]. The positive

effect ofT. reeseiCBHI on beatability and thus on the development of binding properties

of ECF-bleached spruce kraft pulp in refining was reported [1006].

Commercial cellulase–hemicellulase mixtures are available for improving the drai-

nage (freeness) and runnability of papermachines. This is, however, an application area

suitable for speciality paper grades or occasional special needs in the paper mills. The

successful use of cellulase preparations also needs special attention regarding the

enzyme dosage and treatment time.

5.2.6.3.5 Deinking

Recycled pulp is increasingly used in newsprint, tissue paper, and in higher grades of

graphic papers. Fibers in recovered paper must be deinked, i.e., repulped and cleaned

fromdirt and ink before they can be used again in papermaking. In deinking ink particles

are detached and removed from fibers by combined mechanical and chemical action.

Whenaimingatmore efficient andenvironmentally friendly deinkingprocesses, enzyme-

aided deinking is a potential alternative. The application of cellulase and hemicellulase

mixtures in deinking has been studied on laboratory, pilot, and mill scales [1008–1017].

The use of enzymes in deinking of recovered paper is one of the largest potential

enzymatic applications in thepulp andpaper industry and is alreadyusedon themill scale.

There are twoprincipal approaches for the use of enzymes indeinking: the enzymatic

liberation of ink particles from fiber surfaces by carbohydrate-hydrolyzing enzymes

such as cellulases, hemicellulases, or pectinases, or the hydrolysis of the ink carrier or

5.2 Enzymes in Nonfood Applications 243



coating layer. The suitability of enzymes acting on soya-oil-based ink carriers, lignin,

and starch has been tested. The hypothesis on enzyme-aided deinking is that the

enzymatic hydrolysis of the ink carrier, starch coating, or fiber surface liberates ink

particles that are large enough to be removed by flotation deinking. Enzyme mixtures

designed for target paper grades are, however, needed to increase ink detachment and

flotation of ink particles.

5.3

Development of New Industrial Enzyme Applications

5.3.1

Introduction

In addition to the long-established fields of technical enzyme applications such as

detergents, cleansers, textiles, foods, feeds, and pulp and paper, a number of new

applications have been developed since ca. 1990. Since most of these applications result

insmallermarketvolumesfortheenzymeindustryandarelesswell-knownasenzymeuse

in laundry detergents, they are often neglected. Whenever a new enzyme application is

developed itmustbeelaboratedforoptimumenzymeeffect, safety, economy,andstability

of the product. Safety evaluation and risk assessmentmust take into account the fact that

enzymes act as sensitizers when inhaled as dust or aerosol. This safety aspect especially

limits the applicationof enzymes in cosmetic products andhard-surface cleaning, where

theirperformancepotential is clear, butwhereaerosolordustgenerationmustbeavoided

evenunder foreseeable conditions ofmisuse.Asof ca. 2002 theapplicationof enzymes in

cosmetics is just emerging fromdevelopment and the future is not yet clear. In a series of

otherindustrialapplicationfieldsenzymesarealreadyestablished,e.g., inspecificareasof

hard-surface and membrane cleaning. Enzymes are also being used in quite exotic

industrial processes, suchas cork treatment, and thepatent literature indicates thatmany

processes are under evaluation which might in future be carried out by enzymes.

This chapter focuses on bothnew applications for known enzymes and onnewenzymes

in existing but less well known application fields. The industrial application potential of

enzymes is mainly based on their specific reaction mechanisms and good ecological

compatibility.Nevertheless,manygoodideasforenzymeapplicationshavenotbeenrealized.

The reasonswhy these ideasdidnotgo tomarketmustbediscussedagainst thebackground

of the requirements for enzyme-based products: In the eyes of the customer the enzyme-

containing product must show improved or unique performance compared to a conven-

tional product without enzymes. It must be price competitive with existing products and

safe to humans and the environment. From the point of view of the manufacturer the

enzymaticproductmustbe cost competitivewithexistingproducts, display auniqueperfor-

mancecharacteristic, be stableduringhandling, andmustbecompatiblewithother compo-

nentsandconditionsof theproduct. Itmustbesafe tohumansduring industrialhandlingof

large quantities. All these parameters must be considered during product development.

Enzyme-containing products or applications have shown in the past that they can

result in unique performance characteristics and that their use can bemade economic-

ally attractive once an application is established. In all cases of new application ideas the
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safety aspect is probably the most important. Enzymes have been known as sensitizing

agents since the 1970s, when FINDT discovered that enzyme dust leads to allergic

symptoms in workers who inhaled it during production of biological detergents [1018].

These symptoms range from rhinitis or other hay-fever symptoms to asthma. In the

area of detergents this discovery lead to technical measures such as ventilation in the

production areas and enzyme granulation and coating procedures, which in combina-

tion with other precautionary measures resulted in safe enzyme usage in detergent

production [1018]. An additional consequence was the declaration of enzyme products

under risk phrase R42 (causing sensitization by inhalation).

Certain new ideas for enzyme application, for example, carpet cleaning andmalodor

removal by spraying enzymes into the air, are not in compliance with these require-

ments of user safety and avoidance of human contact with the treated product unless

additionalmeasures could ensure this safety target is met. A special requirement of the

safety evaluation for industrial products is the need to consider potential false

application or a foreseeable misuse of the product. Safety evaluations have been

performed for enzyme applications in institutional dish washing and in enzymatic

stain pretreatments. These were organized by the U.S. and European detergent trade

associations (SDA, AISE). The industry association of enzyme manufactures and

formulators (AMFEP) informs on its web site on the necessary safety evaluations

for enzyme-containing consumer products (see www.amfep.org). In 2005 the Amer-

ican Soap and Detergent Association (SDA) published detailed guidelines on risk

assessment and risk management of enzyme-containing products [1019].

Apart from the most essential safety evaluations and precautions, a number of

additional enzyme-specific parameters must be considered by the manufacturer of

enzymatic products: for all industrial applications enzyme formulations must be stable,

both with respect to storage and process stability. Enzymes, as proteins, are easily

degradable, and their degradationbymicrobes, proteases, andother chemical or physical

influences suchoxidation, light, heat, removal of essentialmetal ions or coenzymesmust

bepreventedduring industrialapplication.Startingwiththestabilityaspect, thesearchfor

an optimal formulation represents a crucial step in product development.

A further critical aspect of technical enzymeuse is the amount of time available for an

application. Compared to most technical processes the time needed for enzyme-

catalyzed reactions is long, ranging from a minimum of 15 min up to several hours.

It depends on other application parameters such as temperature, pH, and the presence

of chelating or chaotropic agents. In many cases such a prolonged reaction time is

tolerated neither in technical nor in household applications.

Whereas good stability and short application time are a target for all technical

products, there is, especially in the consumer product area, the additional requirement

for an appearance of the enzyme product that is in compliance with the expectations of

consumers, especially concerning color and odor. The crude enzymematerial is usually

associated with specific color and odor of a fermented product. The purification of an

enzyme to fulfill these requirements is technically feasible formost enzymes, but it also

is associated with higher production costs.

Finally, but generally of extreme importance in the industrial field, intellectual

property rights must be observed, and in many cases these restrict the transfer of

known enzymes and their reaction mechanisms to novel product applications.
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5.3.2

Enzymes in Cosmetics

Enzymes have been investigated for their potential in hair dyeing, tooth cleaning, and

skin treatment [1021–1027]. Cosmetic products containing enzymes are still relatively

rare but their number has increased since ca. 1990. Due to the higher price of enzymes

compared to conventional synthetic raw materials their use is restricted to products

with unique performance characteristics which cannot be achieved by conventional

compounds, or to products with a ‘‘natural’’ image relying on bio-ingredients and

promising gentle and nature-compatible cosmetic efficacy.

Ingeneral, thenumberofpatentapplicationsclaimingtheuseofenzymesincosmetics

still exceeds the number of corresponding enzymatic products. The safety aspect is

especially important in cosmetic products. Depending on the application form (rinse off,

leave on) the risk of inhalation varies and must be assessed for each product category.

5.3.2.1 Hair Dyeing

Permanent hair dyeing processes are based on the oxidative polymerization of small

aromatic dye precursors [1028]. The initial oxidation is usually performed by hydrogen

peroxide. The dye precursors are colorless and consist of two components, the so-called

developers and couplers. Commercial developers used in hair dyeing products are

phenols or aminophenols which are oxidized in the initial step of the hair dyeing

process to the corresponding quinones or imines. At alkaline pH the developers and

their initial oxidation products diffuse effectively into the hair, where they polymerize

with the couplers to give higher molecular weight oxidation products. These poly-

merization products remain permanently in the hair. Both the chemical nature of the

developers and couplers and their composition leads to the colors and shades offered to

customers. Hydrogen peroxide not only initiates the polymerization reaction of dye

precursors but also bleaches the natural hair pigment melanin, so that changes from

darker to lighter colors can be achieved and the color of the polymerized dye precursors

is not shifted by the natural hair color. Commercial hair dyeing products both for home

and professional use are usually formulated as two-component systems, i.e., the dye

precursors and the hydrogen peroxide are packaged separately to guarantee a stable

product.

The concentrations of hydrogen peroxide needed for oxidation of dye precursors are

in the range of 3% in the final application formulation. Special bleaching products

contain up to 6% hydrogen peroxide to achieve bright blond shades. These concentra-

tions, when applied repeatedly, can cause hair damage. The alkaline pH used to

swell the hair and make it more accessible for the dye precursors may enhance this

effect.

To achieve more gentle dyeing, a milder oxidation process is of interest, even if such

products so far are only suitable for hair dyes that change the color to a darker color tone,

because they are not strong enough to bleach natural melanin.

Since the 1960s a broad patent literature has claimed the application of several

oxidative enzymes such as oxidases, peroxidases, and tyrosinases as substitutes for

hydrogenperoxide to give amilder hair coloring process.Mildness is related to avoiding
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hydrogen peroxide and working at neutral pH, which is compatible with the enzymes.

The oldest patent application in this field appeared as early as 1917 [1029].

However, up to now no enzymatic hair dyeing product has appeared on the market.

The main reason is that the performance, even of the more recent enzyme hair dyes,

cannot compete with conventional dyes with respect to permanence, antigraying

performance, and color diversity. Since 1999 on average more than 40 new patent

applications concerning enzymatic hair dyeing processes appeared each year, and this

can be considered to be a sign that the applying companies (e.g., L’Oréal [1030], Wella

[1031], Lion [1032], Henkel [1033], Kao [1034]) are continuously working on the

improvement of enzyme performance in their products.

Severaldifferent typesofoxidativeenzymeshaveapotential fordifferenttypesofdyeing

products. Figure 91 summarizes schematically the different enzymatic mechanisms.

5.3.2.1.1 Oxidases

Oxidases suchasglucoseoxidaseanduricasegeneratehydrogenperoxide in thepresence

of oxygen by oxidizing their substrates in situ. When these enzymes are used for hair

dyeing the conventional oxidizing agent hydrogen peroxide is produced directly on the

Fig. 91 Principles of chemical and enzymatic oxidative hair dyeing processes
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hair, i.e., the location where it is needed. The process is claimed to be milder than the

conventional process due to the lower concentrations of hydrogen peroxide needed. In

addition the oxidizing agent is produced continuously at its location of action and

consumed by the dyeing process, so no excess of hydrogen peroxide can damage the

hair.Thecoloringofhairwithsuchoxidaseswasshowntobesatisfactorywithanumberof

aromatic amines, e.g., p-phenylendiamine [1035]. Uricase produced hydrogen peroxide

concentrations up to 0.06% after 5min of reaction at pH 7 [1036]. Since L’Oréal’s patent

applications from1999, thehydrogenperoxidegeneratingoxidases are referred to as two-

electron transferoxidasesdueto their reactionmechanism,which transfers twoelectrons

from the substrate to molecular oxygen with formation of hydrogen peroxide [1037].

5.3.2.1.2 Peroxidases

Peroxidases (e.g., isolated from horseradish or soy bean) generate more potent oxygen

species fromhydrogenperoxide,whichareable tooxidizedyeprecursorsat a significantly

lower concentration than hydrogen peroxide itself. Patent applications claim the com-

bineduseofoxidasesandperoxidasestoachievedyeformationwithverysmallamountsof

hydrogen peroxide [1038–1040]. These two enzyme types perform under identical

reaction conditions (ionic strength, pH, temperature, reaction time). The disadvantage

is that thepriceofadyeproductwouldbe increasednotonlybyoneadditional component

but by two, both of which are more expensive than hydrogen peroxide.

5.3.2.1.3 Polyphenol Oxidases

Polyphenol oxidases are copper-containing enzymes that reduce molecular oxygen to

water and oxidize a polyphenolic substrate directly by a radical mechanism to the

corresponding quinone [1041]. They are divided into four subclasses: laccases (E.C.

1.10.3.2; [80498-15-3]), catechol oxidases (E.C. 1.10.3.1), ascorbate oxidases (E.C.

1.10.3.3), and tyrosinases (E.C. 1.14.18.1 and 1.10.3.1). The E.C. nomenclature is

not totally consistent concerning the subclasses; for example, it classifies laccases and

ascorbate oxidases differently due to their substrate profiles, although both enzyme

types oxidize all kinds of polyphenols and also ABTS, albeit with different affinity. The

E.C. system also classifies tyrosinases both as E.C. 1.14.18.1 and E.C. 1.10.3.1. The

characterization of tyrosinases as E.C. 1.14.18.1 is due to their hydroxylation activity,

which is not observed in laccases and which is catalyzed by the same copper centers as

the polyphenol/quinone oxidation.

Whereas tyrosinases have long been considered for enzymatic hair dyeing processes,

laccases have been the focus of more recent patent literature. Both enzymes display the

above-mentioned rather complex oxidation mechanism of polyphenols by transfering a

total of four electrons in two oxidation cycles from their corresponding substrates to

molecularoxygen,which is therebyreduced towater.Dueto thismechanismlaccases and

tyrosinases can use commercial dye precursors as substrates, which is an advantage over

the two-electron-transfering oxidases. The latter need additional substrates such as

glucoseoruric acid for thecatalytic cycle,which leads toamorecomplexend formulation.

For dye formation from polyphenolic precursors laccases do not need a so-called

mediator, as is usually required for bleaching reactions in well-established laccase-

based processes such as denim treatment.
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Laccases that are useful for hair dyeing have first been isolated from the fungus

Myceliophthora by Novozymes [1042]. L’Oréal has claimed a series of laccases in various

patent applications for use in a broad variety of hair dyeing products (see e.g., [1043]).

Up to now only few data on safety evaluation and risk assessment of oxidative

enzymes in hair dyes have been published [1044]. As soon as studies with nondusting

and non-aerosol-forming enzyme formulations result in safe products, enzymatic hair

dyes are likely to appear on the market.

5.3.2.2 Hair Waving

A number of patent applications deal with the use of enzymes belonging to the

classes of oxidases, transferases, or isomerases for hair waving [1045–1049]. Hair

waving is conventionally achieved by forming hair waves mechanically on rolls, then

reducing disulfide bonds in hair keratin (e.g., with thioglycolic acid) to break the

natural hair structure, and finally oxidizing thiol groups to new disulfide bonds with

hydrogen peroxide. The oxidation step fixes the new structure of hair keratin

induced by the rolls. This process damages the hair by swelling it and by disturbing

the natural structure of disulfide bonds without completely rearranging them. In

addition an unpleasant odor results from the reduction step with thioglycolic acid.

The enzyme mentioned in the patent literature for waving by rearranging disulfide

bonds without using thioglycolic acid or hydrogen peroxide is protein disulfide

isomerase (E.C. 5.3.4.1) [1050]. For oxidizing thiol groups in hair keratin the enzyme

glutathione sulfhydryl oxidase (E.C. 1.8.3.3) is mentioned [1049]. Transglutaminases

(E.C. 2.3.2.13) are also described as potential catalysts for waving [1048]. These

enzymes cross-link peptide chains by forming isopeptide bonds between glutamin

and lysin residues, which are present in the keratin fibers. A recent patent also

describes laccases as potential catalysts in waving [1051]. The radical intermediates

produced by the laccase reaction are claimed to be able to oxidize thiol groups in hair

keratin to form new disulfide bonds.

Althoughat least transglutaminase is available onabulk scale, due to its applications in

the food industry for meat treatment, none of these enzymes has reached the product

phaseinhair-wavingapplications.Themainreasonseemstobethesmallmarketsegment

represented by waving products.Waving went out of fashion in the western world in the

1990s, andenzymeswould represent a smallernicheof this small segment, i.e.,milderor

odorless waving products. In addition enzymes would increase the price of the product,

which makes the acceptance of a niche product in the market even more difficult.

5.3.2.3 Skin Care

Enzyme baths containing bacteria and/or enzymes are well known in traditional

Japanese culture for giving smooth skin. As there is no major market potential for

bathing products in the western world, enzyme applications are restricted to leave-on

products of themid to premiumprice range. Proteases fromplant origin such as papaya

(papain, E.C. 3.4.22.2) and pineapple (bromelain, E.C. 3.4.22.4) are used in western

face-care products to provide gentle peeling effects. Up to the early 1990s such products

were used mainly in professional cosmetic applications, but more recently an increas-

ing number of consumer products have emerged containing plant and bacterial
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proteases for peeling of facial skin, for example, Juvena and Eucerin (Beiersdorf) in

Germany. Cosmetic manufacturers seem to be switching from plant to bacterial

proteases, which can be produced more economically in fermentation processes as

opposed to plant-extraction processes. The bacterial enzyme in this context is subtilisin

(E.C. 3.4.21.62), an enzyme type well known for its use in laundry detergent. These

proteases hydrolyze to a limited extent proteins of epidermal cells to give a peeling effect

similar to that of fruit acids, which are also used for this treatment.

The application of enzymes in shower gels, which have a much bigger market

potential than bathing products, was not realized, due to safety assessments performed

by Procter & Gamble in the 1990s [1052]. The enzyme formulation tested in this study

on atopic persons led to sensitization to the enzymes. Apossible explanation was based

on the idea, that under the conditions of the shower application, the water formed an

enzyme-containing aerosol after impinging on the soap-covered skin. The inhalation of

the formed aerosol would then lead to the observed sensitization.

5.3.2.4 Toothpastes and Mouthwashes

The use of enzymes in toothpastes or dentifrice has been an existing field of enzyme

application in personal care products for several decades. Some products use a

combination of oxidative enzymes to fight pathogenic bacteria causing plaque, caries,

and gingivitis in the mouth. Others use starch- or protein-hydrolyzing enzymes to

remove food residues and prevent tooth staining. Yetmost of the experience is based on

the product Zendium, produced under the umbrella label ‘‘Braun Oral-B’’ from The

Gillette Company. This toothpaste uses the enzymes amyloglucosidase (E.C. 3.2.1.3)

and glucose oxidase (E.C. 1.1.3.4). Amyloglucosidase splits starch into glucose, and

glucose oxidase oxidizes glucose to gluconolactone and hydrogen peroxide. Hydrogen

peroxide is then used by saliva peroxidase to produce hypothiocyanite, which is a strong

antibacterial agent. This hypothiocyanite-mediated antibacterial mechanism is also

part of the physiological protection system of human saliva and is claimed to be

enforced by the Zendium enzyme system.

The toothpastes and dry mouth treatment products Infa-Dent, Bioténe, and Oralba-

lance (Laclede, USA) contain the enzymes glucose oxidase, lactoperoxidase, and

lysozyme as well as the protein lactoferrin as antibacterial system. All these types of

proteins are also part of natural saliva and develop their antibacterial effects by the

production of hypothiocyanite ions from glucose, similar to the Zendiummechanism.

In addition lysozyme can hydrolyze the cell walls of pathogenic bacteria such as

Streptococcus mutans and other gram-positive bacteria involved in formation of plaque,

gingivitis, and even periodontitis. The hydrolytic action of lysozyme on cell walls is

considered to be facilitated by the hypothiocyanite ions. The fourth protein of the

Laclede system is lactoferrin, which is an iron-binding protein able to inhibit patho-

genic bacteria by depleting them of essential iron.

The toothpaste ‘‘Rembrandt’’ contains the protease papain in its whitening product.

Papain is isolated from papaya fruit and is claimed to remove stains from teeth together

with citric acid in the patented complex Citroxain [1053].
As the oldest enzyme-containing brandZendiumrepresents a benchmark for the use

of enzymes in dentifrice. Many patents have since claimed further fields of enzyme

application. The patent literature refers to the use of proteases, amylases, and cellulases
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to degrade food residues [1054], the application of lytic or cell-wall-degrading enzymes

like lysozyme and enzyme preparations from Streptomyces strains [1055], and the

application of mutanase and dextranase enzymes to degrade the mutane or dextrane

matrices which protect Streptococcus mutans on the teeth [1056, 1057].

Some additional beneficial effects for the Zendium system were described in the

literature with respect to prevention of recurrent aphthous ulcers when applied as

mouthwash or dentifrice [1058]. Although there are clearly established oxidative and

hydrolytic enzyme systems on the market and a number of additional ideas published,

so far no major dentifrice product lines have been launched by companies such as

Colgate and Procter & Gamble.

This also holds true for mouthwashes and chewing gums, which are included in a

numberof the above-mentionedpatents.One reasonmightbe that anumberof enzymes

with beneficial effects have been identified in the meantime in human saliva, among

them lactoperoxidase, lysozyme, and lactoferrin. These findings lead to a critical evalua-

tionof thebenefitof addedenzymes,unless a clear indication isgiven that an individual is

not producing sufficient amounts of saliva or the corresponding enzymes [1059].

In recent years the prevention of halitosis has become another topic in oral-care

products such as mouthwash, toothpaste, mints, and gums. The application of laccases

such as the enzyme originating fromMyceliophthora thermophila has been described as a
means to reducehalitosis. The toxicological evaluationof this enzyme for this application

represents a good example for the typical approach in the case of a new enzyme [1060].

With regard to safety aspects the use of enzymes in mouthwash or dentifrice can be

seen as a benchmark of safe enzyme usage, where no consumer problems have become

known so far.

5.3.2.5 Enzymes in Cleaning of Artificial Dentures

Considering the patent literature, cleaning of artificial teeth or dentures is a knownfield

of applications for proteases, amylases, and other glucosidases, as well as oxidative

enzymes. In analogy to dishwashing products proteases, amylases, and endoglucanases

hydrolyze food residues and help dissolve them from the dentures [1061, 1062].

Dextranases, mutanases, and levanases are claimed to dissolve the special sugar

components of dental plaque [1063, 1064]. Oxidases are considered to help bleaching

stained dentures [1065]. The denture cleaning process usually takes place for several

hours or overnight at moderate temperatures, that is, good conditions for enzymatic

reactions. As the enzymes do not come into direct contact with the human body,

adequate safety is achieved by a careful rinsing step. For the formulation of an enzyme-

containingdenture-cleaning product the same safetymeasures apply as for formulation

of enzymatic automatic dishwashing detergents.

However, apparently Corega Tabs (GlaxoSmithKline, USA) is the only product on the

market at present (2002) which contains a protease to support the cleaning step.

5.3.3

Enzymes for Preservation

The use of enzymes for preservation is a knownfield of application in the food area. The

use of lactoperoxidase (E.C. 1.11.1.7) is a typical example. Lactoperoxidase is a natural

antimicrobial system in bovine milk. The structure, functions, and applications of this
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enzyme system have been described in detail [1066]. The interest in using such natural

systems that are harmless to mammalian cells has grown beyond the use in the food

area [1067]. The number of products in the industrial field is still small, where such

systems are used for prevention of proliferation of contaminatingmicroorganisms, but

their importance is expected to increase.

5.3.4

Enzymes in Hard-Surface Cleaning

The use of enzymes in hard-surface cleaning is limited by safety considerations, since

most of the obvious application fields for enzymatic hard-surface cleaning, e.g., in

slaughterhouses, would be associated with release of enzyme aerosols. But even with

these limitations some enzyme applications could be shown to be safe and feasible,

because the enzymes are used in closed systems or in baths.

In the field ofmeat treatment, equipment for personal protection can be treated with

enzymatic cleaning baths, where the equipment is dipped into or soaked in the enzyme-

containing bath. The enzymes relevant for such treatment are usually proteases of the

subtilisin type (E.C. 3.4.21.62), which can be identical with enzymes used in automatic

dish washing detergents.

Clogging of sinks can be avoided or cleared by using proteases in combination with

surfactants and potentially reducing agents in the household setting. In restaurant

kitchens the use of lipases is accepted in some countries to clean fat separators by

degradation of the fat into free fatty acids [1068].

5.3.4.1 Enzymes in Membrane Cleaning

With increasing use of membrane technology in the food industry and biotechnology,

an increasing number of enzyme applications has arisen. In many applications

enzymes were used directly in food processing to improve the membrane filtration

performance or yield. The applications in membrane cleaning are focused only on the

separate membrane cleaning step, with no contact between enzyme and filtered

material or product. The fruit juice industry is the preferred target for such processes

[1069], but over thewhole range of food industries enzymes are described in cleaning of

cross-flow filtration membranes [1070]. In some cases, e.g., milk or beer, contact could

even lead to negative sensoric evaluation. Thus, the process has to guarantee the

effectiveness of the enzymatic cleaning product and at the same time the complete

absence of contact of the relevant product with the cleaning agent. Initially, the benefits

of enzymatic cleaners were primarily seen on organic ultrafiltration membranes with

their limited stability towards harsh cleaning conditions. In the meantime even for

more stable inorganic membranes the use of enzymes like the subtilisin protease

Alcalase has been described [1071]. The efficiency of detergent - enzyme cleaning

solution versus enzyme-free detergents in controlling biofouling of membrane bior-

eactors has been demonstrated [1072].

When the process is not linked to treatment of product streams, but to wastewater

treatment it must meet different requirements [1073] (see Section 5.3.8).
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5.3.4.1.1 Proteases

Subtilisin proteases (E.C. 3.4.21.62) clearly improve the performance of alkaline

membrane cleaning formulations when protein is involved in fouling or blocking

films onmembranes. Such applications include quite different fields ranging from the

food industry to biotechnological downstream processing [1074].

5.3.4.1.2 Hemicellulases

The term hemicellulases describes enzymes with activity on polysaccharides like xylan,

xyloglucan, arabinan, arabinogalactan, and galactomannan. Hemicellulases are thus a

group of enzymes able to degrade these gel-forming polysaccharides from plants. The

most commonhemicellulases are galactanases (b-1,4-galactanases, E.C. 3.2.1.89;b-1,3-

galactanases, E.C. 3.2.1.90), xylanases (endoxylanases, E.C. 3.2.1.8; exoxylanases, E.C.

3.2.1.37), xyloglucanases, and mannanases (E.C. 3.2.1.78) [1075]. Hemicellulases are

used in the food industry for processing of fruit and vegetables to produce juice or

concentrates. They are also used formaceration of plantmaterial for improved filtration

processes.

The same enzyme preparations used for direct fruit treatment can also be used to

clean membranes in processes in which plant-derived material or juices are filtered.

Large molecules of hemicellulosic or pectic nature can be associated with polyphenols

or proteins. Because of their size and physicochemical properties they can block the

ultrafiltrationmembranes used for concentration of fruit juices and thus reduce theflux

rates. By hydrolyzing these polymers, enzymes can result in increased filtration

periods, higher flux rates, and decreased costs. Examples of such membrane cleaning

applications are known in fruit juice filtration [1075] and beer filtration before bottling.

Especially the beer industry offers a broad field for applications of proteases, cellulases,

and hemicellulases for cleaning of membranes used for filtration of beer. In contrast to

other applications, the enzymatic treatment of beer-filtration membranes profits from

the fact that there is little to no variation in the composition of the membrane-blocking

material [1076]. Thus, an optimized enzymatic composition for this application can be

used for extensive periods of time and over a broad geographic range.

5.3.5

Enzymes Generating a pH Shift

The activity of many enzymes is linked with pH changes based on consumption or

release of acid or base by the reaction catalyzed. The consequent change of pH is often

an unwanted side effect with respect to the application and is normally counterweighed

by carrying out the reaction under buffered conditions. In some cases this side effect is

considered the primary effect that changes the pHsitu during the reaction tomodify the

conditions for the next reaction step. In most industrial processes which require pH

shifts (e.g., pulp and paper treatment) acids or bases are added due to their lowprice and

high effectiveness. pH-shifting enzymes include hydrolases such as protease, lipase,

and, most effectively, urease. The last-named hydrolyzes urea and releases ammonia,

leading to a pH increase, whereas esterases usually release acids from esters, resulting

in a drop in pH.The efficiency of the enzymatic reactions is often limited to shifts of 1 or
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2 pH units. pH-shifting enzymes have therefore only been investigated for hair

treatment processes requiring relatively gentle pH shifts.

In hair waving, urease (E.C. 3.5.1.5) is claimed to increase the pH from neutral up to

9 over several minutes. Alkaline conditions improve the reducing efficacy of thiogly-

colic acid, which is used for reducing disulfide bonds [1077]. To stop this reducing

reaction in hair waving, lipases have been described. They hydrolyze esters and release

acids, which leads to a drop in pH. At pH values below 8 the reduction is no longer

effective [1078]. Although patent literature concerning pH shifts in hair waving

appeared as early as 1957 no commercial waving product contains an enzymatic

pH shifting system to date. As mentioned in Section 5.3.2.2 the hair-waving market at

this moment is rather small and would need further development to allow a quite

expensive enzymatic system to be introduced into products.

5.3.6

Enzymes in Cork Treatment

The traditional stopper of wine bottles consists of cork made from the bark of Quercus
suber L. Since the supply of high-quality material is limited, an increasing quality

problemwith cork is observed in themarket. The problem is the generation of a specific

cork taste leading to a wine quality that is rejected by the consumer. The replacement of

cork by artificial material is possible, but is not generally accepted by customers, who

prefer the traditional methods.

Chemically the cork taste is based on the generation of trichloroanisole (TCA). TCA is

not a natural compound of cork, but is derived from natural polyphenols that become

chlorinated to 2,4,6-trichlorophenols during chlorine bleaching of cork. The trichlor-

ophenol ismethylated to TCAby themetabolic action of bacteria in the cork. The TCA is

finally extracted from the cork by the wine during storage. This extraction efficiency

depends on the type ofwine and a number of physicochemical parameters related to the

wine.

Although the ability to identify TCA is not evenly distributed among consumers, the

substance is usually smelled and thus tasted at extremely low concentrations in the

range of 3 ng/L. There aremore than hundred patents and patent applications claiming

to prevent the generation of TCA in cork.

The application of laccases from Myceliophthora (Suberase, Novozymes, Denmark)

leads to oxidation and subsequent polymerization of the polyphenols and thus removes

them as reaction partners for the further steps of TCA generation [1079]. The oxidative

polymerization also modifies the surface of the cork, generating an increasingly

hydrophobic surface with increased surface tension. Thus, the water-repellent proper-

ties of the cork are increased, and extraction of substances into thewine reduced. By this

method it is possible to significantly reduce the number of bottles with wine tasting of

cork.

The potential of using the polymerization reaction of phenol-oxidizing enzymes in

processing and preparation of cork material has been evaluated with a focus on

replacing environmentally harmful binders. This technology is closely related to the

use of laccase in fiberboard production (see Section 5.3.9) [1080].
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The bleaching of cork with hydrogen peroxide and subsequent removal of the

hydrogen peroxide with catalase has also been described [1081]. In the context of this

article this must be considered a classical application of enzymes in production

processes.

5.3.7

Enzymes in Oil-Field Applications

Polysaccharides such as starch, b-glucan, galactomannan, mannan, or polyanionic

cellulose derivatives are used in oil fields for improved removal of drilledmaterial by the

drilling equipment. Thefiltration-control polymer solution is designed for lowviscosity.

The control of the viscosity of these drilling fluids is the important factor for achieving a

rapid decrease in viscosity of the resulting filter cakes. This step is often catalyzed by

enzymes. The specific requirement for this application is the high temperature, which

can reach 100 8C. Thus, high-temperature stability of enzymes is required for this

application.

The use of cellulases and amylases has been described for drilling fluid based on

polyanionic cellulose and starch [1082]. Galactomannan and mannan are also used for

drilling fluids. Hence, mannanases, with their ability to hydrolyze these polysacchar-

ides, have also been tested for oil field application [1083].With increasing industrial and

food relevance of guar gums, an increasing number of mannanases (E.C. 3.2.1.25, E.C.

3.2.1.78) has become available, and for these enzymes an increasing number of

applications is claimed in patents [1084].

In deep andhigh-temperaturewells, aswell as inwater-based reservoir drillingfluids,

thermostable mannanases have shown their potential for control of viscosity of

mannan-based formulations, thus allowing for improved extraction of oil and gas

from existing wells, resulting in greater production and increased revenue per well. A

typical example are the mannanases distributed under the trade name Pyrolase. They

were isolated from natural diversity and screened for high-temperature stability by

Diversa (San Diego, USA). Diversa has claimed a whole range of thermostable

glycosidases from Thermococcus, Staphylotermus, and Pyrococcus organisms for a broad

range of applications [1085].

5.3.8

Enzymes in Wastewater Treatment

In many wastewater treatment processes the use of intact microorganisms producing

the relevant enzymes in situ is the preferred solution over the use of isolated enzymes.

Only in industrial processes with specific wastewater problems is the use of enzymes

relevant. A typical example is the treatment of industrial wastewater containing

hydrogen peroxide, for which catalase (E.C. 1.11.1.6) treatment is themethod of choice

to degrade the hydrogen peroxide fast and efficiently.

Another typical example is the use of lipases in grease separators, which is not

generally allowed in all countries, since it leads to the inflow of long-chain fatty acids

into the biological sewage treatment plants with consequent formation and the
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stabilization of foam in activated-sludge treatment tanks [1068]. The application of

enzyme-containing surfactants in grease traps in restaurants also showed that

such products can have detrimental effects [1086]. This leads to a situation in which

lipase-containing products must be seen not as a general solution, but as a product

with the need for a case by case evaluation. Industrial processes, with their more stable

and reliable wastewater situation, thus seem to be the preferred site for enzyme

application.

Membrane cleaning has become increasingly relevant in ultrafiltration of wastewater

treatment plant effluents, where irreversible membrane fouling otherwise reduces the

lifetime of the membranes significantly. The effectiveness of enzyme-containing

cleaners has been described in comparison to traditional methods. If, due to coagulant

dosing, metal complexes are formed with proteins and exopolysaccharides in the

fouling layer of prefiltered wastewater effluent an additional acid cleaning step prior to

enzyme treatment is beneficial [1087].

5.3.9

Enzymes for Polymerisation: Wood Fiberboard Production

Polyphenol oxidases such as laccases catalyze the oxidation of a phenolic substrates by

formation of a free radical. This radical can itself represent a further substrate of laccase

action, but it can also react nonenzymatically with water or other phenols with

formation of polymers. The ability to form polymers has been exploited to use laccases

in fiberboard production from wood.

State-of-the-art fiberboard production is based on pressing wood chips with binders

like urea, melamine, or phenol–formaldehyde resin to achieve a stable structure. This

process is regarded as unfavorable for humans due to the emission of formaldehyde.

The phenol oxidase based process uses enzymatic oxidation of lignin phenolic hydroxyl

groups to form free radicals in lignin. By further reaction of these free radicals the auto-

adhesion between wood fibers can be enhanced significantly to form fiberboards of

good mechanical stability [1088]. Beech fibers were suspended in an aqueous solution

of laccase, then dried, and pressed into fiberboards. The amount of water introduced in

the enzymatic process was described as the critical parameter for transfer into an

industrial process.

The pretreatment of wood chips with peroxidase and hydrogen peroxide before

conventional pressing has also been described as effective for obtaining fiberboards

with a stability close to medium quality standards [1089].

5.3.10

Enzymes in Composting

Composting is a complex process which, similar to a fermentation, is very much

dependent on the starting material and the process conditions. Enzymes are used in

composting as processing aids, often in combinationwithmicrobial starter cultures. The

microorganisms are the major source of enzymes in composting, but externally added

enzymessuchashydrolasesmaysupport themicroorganisms,especiallyintheadaptation

or lag phase.Although enzymes are often described andused in composting, their role in
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theprocesshasnot been investigated ingreat detail. Enzymeshave alsobeendescribed as

additives in odor control of composting processes. In these cases the enzymes are

normally sprayed onto the surface or into the air space above the compost. Very little

has been published about the biochemical nature of enzymes used in odor control.

5.3.11

Application of Bacteriorhodopsin in Security Printing and Data Storage

Bacteriorhodopsin is a photochromic retinal pigment from the archeonHalobacterium
salinarum that converts energy from sunlight into chemical energy. This protein shows

an interesting side effect easily observable by the naked eye: When exposed to visible

light the initial purple color of bacteriorhodopsin turns to yellow and returns to purple

in the dark. This property of light-induced color switching (photochromism) provides

an effective tool for copy protection, for instance, in anti-counterfeiting applications.

The combination of properties on the molecular level, such as light-inducible color

change, photochemical data storage, and traceability due to molecular markers in the

proteinsequences,withthehighthermal(>1008C)andchemicalstabilityofthecrystalline

protein makes bacteriorhodopsin a promising material for security applications.

Photochromic bacteriorhodopsin-based inks have been developed for screen, pad,

and ink-jet printing. Through chemical modification of the natural pigment a whole

range of different colored photochromic pigments for printing inks were synthesized.

Due to thehigh photochromic sensitivity towards varying illumination, it is not possible

to reproduce the dynamic color by photoprinting (copy protection of documents) [1090].

Furthermore, bacteriorhodopsin can beused as an information-storagemediumable

to store several megabytes of optical information on a few square centimeters. The

impact of high-energy laser light pulses in the pico- to nanosecond range generates a

stable state of the pigment that stores the polarization of the actinic beam. Data can be

written onto a memory strip in a write-once read-many (WORM) way. Stored informa-

tion cannot be copied by common scanners and can only be read by means of suitable

terminals [1091].

The bacteriorhodopsin protein consists of 248 amino acids. By using genetic and

protein engineering tools the amino acid sequence can be changed without any

alteration of the protein function. Particularly in the C-terminal segment of the protein,

which functions in the natural environment as a membrane anchor, amino acid

exchanges can be carried out easily, but they can only be detected by elaborate analytical

equipment. Therefore, it is possible to prepare important documents with a specific

peptide whichmakes them traceable up to the producer of thematerial. The analysis of

molecular recognition sides (tags) allows the origin of each single tagged batch of the

pigment to be identified reliably.

5.4

Overview of Industrial Enzyme Applications

This chapter summarizes enzyme use in industrial applications, as presented in

Sections 5.1 to 5.3 . Table 38 gives an overview of enzymes which are commercially
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Table 38. Enzyme applications as described in Sections 5.1, 5.2, and 5.3

E.C. number Name Section Application area Function

Class 1: Oxidoreductases

1.1.3.4 glucose oxidase 5.1.1 5.1.1 baking increase gluten strength

5.1.3 5.1.3 brewing shelf life improvement

5.1.4 dairy milk preservation

5.1.5 textile indirect enzymatic bleaching

5.3 new industrial use tooth paste

1.1.3.5 hexose oxidase 5.1.1 baking increase gluten strength

1.10.3.2 laccase 5.2.5 textile prevention of backstaining in

enzymatic stone washing

5.2.6 pulp & paper pulp bleaching

5.3 new industrial use cork treatment

5.3 new industrial use polymerization of lignin for

production of wood fiberboards

1.11.1.6 catalase 5.1.3 brewing shelf life improvement

5.1.4 dairy milk preservation

5.2.5 textile hydrogen peroxide removal

5.3 new industrial use wastewater treatment,

hydrogen peroxide removal

1.11.1.7 peroxidase,

lactoperoxidase

5.1.1 baking dough improvement

5.1.4 dairy milk preservation

1.13.11.12 lipoxygenase 5.1.1 baking whitening of breadcrumb

Class 2: Transferases

2.3.2.13 transglutaminase 5.1.4 dairy texture improvement in

yoghurt, whipped cream

2.4.1.5 dextransucrase 5.1.3 brewing production of isomalto-

oligosaccharide beer

Class 3: Hydrolases

3.1.1.3 triacylglycerol

lipase

5.1.1 baking bread improvement

5.1.4 dairy cheese clotting

5.2.1 laundry detergent removal of greasy stains

5.2.6 pulp & paper pitch removal

3.1.1.11 pectin

methylesterase

5.1.2 fruit juice apple and red berry juice,

citrus fuit peeling

3.1.1.26 galactolipase 5.1.1 baking in situ formation of surfactants

in dough for better gas retention

3.1.3.8 3-phytase 5.1.3 brewing mashing

5.2.4 animal feed phosphate release from

phytic acid in animal feed

3.1.3.26 6-phytase 5.1.3 brewing mashing

5.2.4 animal feed phosphate release from

phytic acid in animal feed

3.2.1.1 a-amylase 5.1.1 baking antistaling in dough
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Table 38. (continued)

E.C. number Name Section Application area Function

5.1.2 fruit juice apple juice production

5.1.3 brewing mashing, fermentation

5.2.1 laundry detergent removal of starch containing

stains

5.2.2 automatic

dishwashing

removal of starch containing

stains

5.2.3 grain wet milling starch hydrolysis

5.2.4 animal feed improved digestion of starch

in maize feed

5.3 new industrial use viscosity control in oil drilling

5.2.5 textile textile desizing

3.2.1.2 b-amylase 5.1.3 brewing mashing

3.2.1.3 glucoamylase,

amyloglucosidase

5.1.2 fruit juice apple juice production

5.1.3 brewing mashing

5.2.3 grain wet milling hydrolysis of

maltooligosaccharides

5.3 new industrial use toothpaste

3.2.1.4 endo-1,4-

b-glucanase, cellulase

5.1.3 brewing fermentation

5.2.1 laundry detergent removal of particular soils,

softening, improved color

brightness

5.2.5 textile cotton finishing, denim ageing

3.2.1.6 endo-1,4(3)-

b-glucanase,

cellulase

5.2.4 animal feed improved weight gain and feed

efficiency in poultry and swine

3.2.1.8 endo-1,4-b-xylanase 5.1.1 baking improved dough handling,

dough stability

5.2.4 animal feed increase digestibility of cereals

5.2.5 textile flax retting

5.2.6 pulp & paper pulp bleaching

3.2.1.55 arabinosidase 5.1.2 fruit juice apple juice production

3.2.1.60 glucan 1,4-a-

maltotetraohydrolase

5.2.4 baking antistaling in dough

3.2.1.67 exopolygalacturonase 5.2.5 textile cotton scouring

3.2.1.78 endo-1,4-b-mannanase 5.2.1 laundry detergent removal of guar gum

containing stains

5.2.5 textile flax retting

5.2.6 pulp & paper pulp bleaching

5.3 new industrial use viscosity control in oil drilling

3.2.1.91 exo-cellobiohydrolase 5.2.1 laundry detergent removal of particular soils,

softening, improved color

brightness

5.2.5 textile cotton finishing

5.2.6 pulp & paper mechanical pulping

3.4.X.X protease 5.2.5 textile silk degumming, wool

antishrinking
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used in the applications described in these Sections. It is limited to commercial

applications presented by the authors and does not include applications which are

under development in 2003 or for which development has ceased. Although this limits

the scope, the table gives a good overviewof the industrial enzymeusage as presented in

these chapters. A closer look at the table and analysis of enzyme usage in industrial

applications in more detail reveals a total of 35 different enzyme functionalities, which

are used in almost 80 different technical applications. The 35 enzyme functionalities

account for numerous different products, whose number goes far into the hundreds or

even thousands, worldwide. Each enzyme company certainly has more than 35

products in its portfolio.

The discrepancy in number of enzyme functionalities and enzyme products can be

explained by the fact that most of the enzymes are tailored for one specific application.

Table 38. (continued)

E.C. number Name Section Application area Function

5.3 new industrial use artificial-denture cleaning

3.4.21.62 subtilisin 5.2.1 laundry detergent removal of proteinaceous stains

5.2.2 automatic

dishwashing

removal of proteinaceous stains

5.2.4 animal feed Improved digestibility of

proteins in animals feed

5.3 new industrial use membrane cleaning

3.4.21.63 oryzin 5.2.4 animal feed improved digestibility of

proteins in animals feed

3.4.22.X cysteine

endopeptidases

5.1.3 brewing filtration aid

5.3 new industrial use skin care

3.4.23.4 chymosin 5.1.4 dairy cheese clotting

3.4.23.18 aspergillopepsin I 5.2.4 animal feed improved digestibility of

proteins in animals feed

3.4.23.22 endothiapepsin 5.4.4 dairy cheese clotting

3.4.23.23 mucorpepsin 5.1.4 dairy cheese clotting

3.4.24.28 bacillolysin 5.2.4 animal feed improved digestibility of

proteins in animals feed

Class 4: Lyases

4.1.1.5 a-acetolacetate

decarboxylase

5.1.3 brewing diacetyl removal for flavor

enhancement

4.2.2.2 pectate lyase 5.2.5 textile cotton scouring

4.2.2.10 pectin lyase 5.1.2 fruit juice apple and red berry juice,

citrus fruit peeling

Class 5: Isomerases

5.3.1.5 xylose isomerase 5.2.3 grain wet milling fructose production

5.3.4.1 protein disulfide

isomerase

5.3.2 new industrial use cosmetics, hair waving
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Enzyme products appear in different formulations, each designed so that the enzyme

performance is optimized for usage in a particular application.

The differentiation of a small number of functionalities into a broad range of

products is also achieved by selecting and producing enzymes from different sources

(e.g., animals, bacteria, yeast, fungi) with a wide variety in intrinsic properties such as

pH/activity profile or stability under a certain set of conditions. The need for such

differentiation becomes evident when looking at the different conditions used in the

industrial enzyme field. The fruit juice industry uses processes in which enzymes have

to operate at an acidic pHand rather low temperature. On the other hand, the detergent

industry uses alkaline conditions up to pH 11, a temperature range between 40 8C and

60 8C, and a denaturing regime of surfactants and sequestrants that would be fatal for

most enzymes. So far, the most extreme temperature stability has been obtained for a-

amylases in the starch liquefaction, which is performed under pressure above the

boiling point of water. The a-amylase has to operate for a few minutes at around

106–108 8C followed by a 2 h cooling period to 90–95 8C.
Table 38 also shows the wide chemical diversity in terms of the catalyzed reactions, as

illustrated in Figure 92: the majority of the industrial enzymes that are described in the

previous chapters are from the class of the hydrolytic enzymes. Almost 70%of industrial

enzymes belong to this group, class 3 of the IUB enzyme classification system.

The oxidoreductases (class 1) are the second largest contributor to the group of

industrial enzymes (15%). Classes 2, 4, and 5 are almost unused in industrial

Fig. 92 A) Distribution of technical enzyme functionalities

over IUB enzyme classes. B) Distribution of technical enzyme

applications over IUB enzyme classes.

5.4 Overview of Industrial Enzyme Applications 261



applications, and there is no example yet of an industrial enzymeof class 6. From this it is

clear that the huge diversity of catalysts for chemical reactions which is available in

nature’s laboratory is completely under-utilized in industrial enzyme applications. There

is thus a huge range of natural catalytic potency that awaits exploitation by humans.

A closer look at new but as-yet uncommercialized applications reveals a change in

trend. Theneed to use new, unexploited functionalities, especially in new developments,

is evident. The use of oxidoreductases in particular seem to be receivingmore attention.

Another observation is that some enzymes are used in mixtures rather than as

individual enzyme preparations. A good example of these is cellulases, which are used

in many textile applications as complex mixtures of different types of cellulases. The

basic chemical reaction is of course the same in all cellulases: the cleavage of the b-1,4

bonds between the sugar moieties. The difference lies, however, in the regioselectivity

(exo or endo) and in the difference in enzyme binding to different regions of the variety

of complex cellulase substrates. Inmost textile applications of cellulases, the synergistic

action of the enzyme mixtures is needed to obtain the desired effect.

a-Amylases are good example for the use of one catalytic chemical reaction in

numerous industrial applications. a-Amylases seem to be the most versatile enzymes

in the industrial enzyme sector, with eight different applications, no doubt due to the

abundance of starch. The widespread occurrence of this biopolymer and the ability of

a-amylases to catalyze the hydrolytic degradation of amylose or amylopectin by cleavage

of the a-1,4 bond between the glucose molecules results in a multitude of applications

for this enzyme. Applications of a-amylase include starch degradation in the liquefac-

tion step of glucose,maltose, or high-fructose corn syrupproduction; the degradation of

starch-containing stains in detergent and dishwashing applications; and the clarifica-

tion of fruit juice and beer. The use of a-amylase as an antistaling agent in baking is

slightly different. In this application, the action of a-amylase modifies the three-

dimensional polymer structure of amylose and thus changes the material properties

of bread by influencing the crumbstructure. Since starch is alsoused to service oil wells,

thermostable a-amylases are used to control the viscosity of oil well fluids.

The beauty of the selectivity of enzyme use in industrial enzyme applications is again

best exemplified by the use ofa-amylase in textile desizing. In this particular application

a-amylases areused to remove aprotective layer of starchwhich is applied to the cellulose

fibers to avoid damage during mechanical treatment in the manufacturing process. a-

Amylases break down the amylose and amylopectin of starch, in which the glucose

monomers are linked together bya-1,4 bonds, whereas the glucosemoieties of cellulose,

which are linked throughb-1,4 bonds, are not hydrolyzed. In effect the starch size can be

removed in amild process without disrupting the integrity of the cellulose polymer. The

cellulose polymer can subsequently be attacked by cellulases to give, for example, a

stonewashed look. In chemical terms the stereochemistry of one carbon atom in the

monomer is enough to direct the selectivity of the enzymes which attack the polymers.

It is impossible for this chapter to cover all uses of all enzymes in all industrial areas:

many of the enzymes listed in Table 38 are also used as digestives, nutraceuticals, and

probiotics; in the upgrading of waste materials; in the bating of hides; to accelerate

silage; or in the recovery of silver from spent films, just to summarize some of themore

exotic uses of enzymes in industrial applications.
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6

Nonindustrial Enzyme Usage

6.1

Enzymes in Organic Synthesis

6.1.1

Introduction

A modern survey of catalysis would not be complete without a discussion of enzyme-

catalyzed transformations. The fact that enzymes represent the first chiral catalysts

should ensure them a place next to the most sophisticated man-made catalysts.

Although it may seem odd that the catalyst must be isolated from cells, tissue, or

organs and that sometimes whole organisms are employed, the rapid development and

success of biocatalytic processes [1092–1112] for the synthesis of natural products,

pharmaceuticals, and agrochemicals [1113] has immensely increased their acceptance

among organic chemists. They have in part found industrial applications, especially

sincemany technical problems, such as enzyme stabilization, enzyme immobilization,

and cofactor regeneration, have been solved. Also, the availability of enzymes has been

greatly improved: of the more than 3000 enzymes known, several hundred are

commercially accessible or can be obtained in sufficient purity by easy, well-developed

procedures. Moreover, enzymes can in principle be produced in large quantities by

recombinant DNA techniques, and their properties can be manipulated in favor of a

desired performance by directed evolution or DNA shuffling [1114], [1115]. Further-

more, enzyme techniques can be combined with high-throughput screening [1114] to

give very powerful tools for testing for improved efficacy.

Due to the characteristic properties of enzymes comparedwith the chemical reactions

usually employed, enzymatic transformations are exceptional in several respects:

1. They operate under mild conditions in a pH range of 5–8 at temperatures

around 20–40 8C in aqueous media.

2. Many of them tolerate organic solvents [1101], [1108], [1116–1118].

3. Enzymes are highly efficient catalysts, accelerating reactions by factors of

105–1012 compared to the corresponding uncatalyzed reactions.
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4. Enzymes often combine a high selectivity for the reactions they promote and the

structures they recognize with a broad substrate tolerance.

5. Besides their chemoselectivity many enzymes exhibit a high degree of diastereo-,

regio-, and/or enantioselectivity.

As a result of the increasing demand for complex, biologically relevant substances

and the problems connected with their efficient preparation, it is mainly the enantio-

discriminating properties of enzymes that have led to the exponential development of

the use of such complex molecules in organic synthesis.

6.1.2

Examples of Enzymatic Conversions

6.1.2.1 Syntheses by Means of Hydrolases

Due to their ready availability and the ease with which they can be handled, hydrolytic

enzymes have been widely applied in organic synthesis. They do not require coen-

zymes, are reasonably stable, and often tolerate organic solvents. Their potential for

regioselective and especially for enantioselective synthesis makes them valuable tools

[1106], [1111], [1113], [1116–1118].

Acylation Regioselective acylations of polyhydroxylated compounds such as carbohy-

drates, glycerols, steroids, or alkaloids have been carried out with lipases, esterases, and

proteases [1109, 1110], [1119-1123]. One example is the Candida antarctica lipase B

(CALB, E.C. 3.1.1.3, immobilized on acrylic resin) catalyzed monoacylation of the
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signalling steroid ectysone (1) giving selectively the 2-O-acetate 2. Using vinyl acetate

for this transesterification irreversibly pushed the reaction to the product side, since the

liberated enol instantaneously isomerizes to acetaldehyde [1124]. The sometimes

unfavorable aldehyde is avoided when 1-ethoxyvinyl acetates [1125], [1126], trichloro-

or fluoroethyl esters [1127], [1128], oxime esters [1129], or thioesters [1130] are

employed for the ‘‘quasi-irreversible’’ reaction courses.

Deacylation In the synthesis of highly phosphorylated phosphoinositide derivatives,

regioselective hydrolysis of one of three butyrate groups by a lipase fromCandida rugosa
(CRL, formerly C. cylindracea, E.C. 3.1.1.3) in pH 7.8 buffer containing 5 % methanol

gave the key intermediate 3, unfortunately without yielding enantiomeric excess

(Scheme 1) [1131].

Enantioseparation An intensively utilized strategy is the kinetic resolution of racemic

mixtures [1116-1118], either by stereoselective (trans)-esterification or -amidation

reactions in organic solvents or hydrolysis in aqueous media. This approach is

particularly attractive when the unconverted enantiomer is racemized in the process

and reconsumed. In the example shown in Scheme 2 ethyl acetate was used as the

acylating agent and triethylamine as the solvent [1132]. The enzyme was again the

immobilized lipase from Candida antarctica B (Novozym SP 435). Racemization of

the unconverted enantiomer (S)-4 was achieved with palladium on charcoal. Isolated

yields of 5 were 64 % with an ee of 99 %.

Another advantageous use of hydrolytic enzymes is the enantioselective hydrolysis of

prochiral substrates, making use of the ability of these biocatalysts to discriminate

Scheme 1. Regioselective hydrolysis of the less hindered butyrate by a lipase
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between enantiotopic groups. An elegant way to obtain both enantiomers (R)-7 and

(S)-7 from the prochiral diol 6 is the combination of porcine pancreatic lipase (PPL, E.C.

3.1.1.3) mediated hydrolysis and esterification (Scheme 3) [1133].

Pig liver esterase (PLE, E.C. 3.1.1.1) has found extensive use for the hydrolytic

cleavage of methyl or ethyl esters of prochiral carboxylic acids.

The usefulness of hydrolases such as the immobilized lipase from Pseudomonas
species (LIP, E.C. 3.1.1.3) to provide chiral substances for elaborated synthetic strategies
is demonstrated by the quantitative acetylation ofmeso-Diol 8 to the monoacetate 9, an

important intermediate in the preparation of synthon 10 (Scheme 4) used for pros-

taglandin syntheses [1134].

As can be deduced from the examples above, availability and use of immobilized

enzymes has significantly increased over the past years. When used in organic solvents

immobilized enzymes often show a greatly augmented catalytic activity due to

Scheme 2. Enantioselective acylation of racemic amines and

in situ racemization of the unconverted enantiomer

Scheme 3. Preparation of 2-phenylpropane-1,3-diol mono-

acetates using enantiotopic hydrolysis versus transesterification
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increased surface area and reduced denaturation [1117]. Three techniques are fre-

quently employed to immobilize enzymes: simple absorption, entrapment, and cova-

lent immobilization. Especially lipases, with their need for an aqueous–lipid interface

proved to be favorably altered in their activities. Lipases entrapped in hydrophobic sol–

gels made from alkylsilanes and Si(OMe)4 showed up to 100-fold increased activity in

organic solvents [1135-1137]. Their use in water has also been demonstrated [1138].

Covalent fixation of enzymes to a matrix is often achieved by cross-linking an absorbed

biocatalyst with glutaraldehyde [1139], [1140]. Surprisingly, this methodology is parti-

cularly powerful when small cross-linked enzyme crystals (CLEC) are formed

[1141–1143].

Several hydrolytic enzymes other than esterases have been applied for synthetic

purposes. One important subject is the chemoenzymatic preparation of amino

acids. An industrial method for the synthesis of non-natural D- or L-amino acids

employs the enzymatic hydrolysis of hydantoins, prepared by Bucherer–Bergs

condensation using D- or L-hydantoinase (see Section 6.1.4) [1144], [1145]. Another

efficient method to prepare natural and non-natural amino acids is a

two-step synthesis involving a palladium-catalyzed amidocarbonylation to afford racemic

N-acyl amino acids, followed by enantioselective hydrolysis with various acylases

[1146].

Scheme 4. Efficient enantioselective monoacetylation of a

meso-diol by an immobilized lipase in organic media
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The enzymatic hydrolysis of a broad range of nitriles to the corresponding amides and

acids is documented [1147-1149]. These conversions are effected directly by nitrilases

(E.C. 3.5.5.1) or by successive action of a nitrile hydratase (E.C. 4.2.1.84) and an amidase

(E.C. 3.5.1.4). Most of these enzymes are unstable, and whole-cell preparations are

preferred. However, recently a purified nitrile hydratase preparation without amidase

activity was shown to convert several 2-arylpropionitriles enantioselectively to the

corresponding optically active amides (Eq. 2) [1150].

The important use of penicillin acylases (E.C. 3.5.1.11) is discussed in Section 6.1.4.

6.1.2.2 Reduction of C¼O and C¼C Bonds

Carbonyl reductases utilizing NADH or NADPH as cofactor have been successfully

applied for the asymmetric reduction of carbonyl groups. These enzymes deliver a

hydride from the reduced cofactor in accordance with Prelog’s rule to the re face or in
rare cases to the si face of the carbonyl group. The most commonly used alcohol

dehydrogenase for this purpose is that from horse liver (HLADH, E.C. 1.1.1.1), which

preferentially reduces cyclic carbonyl compounds [1151]. The completely regioselective

reduction of the 3,5-dioxocarboxylate 11 using the alcohol dehydrogenase from

Scheme 5. Recombinant Lactobacillus brevis alcohol dehy-

drogenase (recLBADH) catalyzes the stereoselective reduc-

tion of 3,5-dioxocarboxylates with in situNADPH regeneration
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Lactobacillus brevis (E.C. 1.1.1.2) and employing substrate-coupled recycling of the

cofactor gave the alcohol 12 (Scheme 5) [1152] in excellent enantiomeric excess and

good yields.

Lactate dehydrogenases are another important subgroup of carbonyl reductases.

They reduce a-oxo acids enantiospecifically to a-hydroxy acids. Both L- and D-selective

enzymes (E.C. 1.1.1.27 and E.C. 1.1.1.28, respectively) are available, giving access to

both enantiomers of various a-hydroxy acids [1153–1155].
The use of purified nicotinamide cofactor-dependent dehydrogenases in preparative

reduction reactions requires an efficient regeneration of the expensive and

unstable NADPH cosubstrate. For the recycling of NADH the formate/

formate dehydrogenase system is well established, which combines the use of an

inexpensive substrate (HCOONa) with the formation of the volatile coproduct

CO2[1156], [1157]. The use of cofactor-bound CLECs is an elegant way to avoid the

instabilities of enzyme and cofactor [1143]. An example for an alternative single-

enzyme system is shown in Scheme 5. Through oxidation of the added propan-2-ol the

dehydrogenase (E.C. 1.1.1.2), which also catalyzes the reduction of the carbonyl

compound, regenerates NADPH [1158], [1159]. To avoid troublesome and often

problematic cofactor regeneration, whole-cell-mediated reductions are currently uti-

lized extensively. By this means the necessary cofactors and their regeneration is

provided by immanent pathways. For example, baker’s yeast catalyzed reduction

of ketone 13 was a key step for the preparation of phorocantholide 1 14 (Scheme 6)

[1160].

Baker’s yeast has also been used for the highly stereoselective reduction of prochiral

2,2-dimethyl-1,3-cyclohexanedione [1161]. The resulting S-configured hydroxycyclo-

hexanone served as a versatile starting material for the synthesis of various natural

products [1106], [1162].

NADH-dependent enoate reductases are also interesting tools for synthetic

applications. They stereoselectively reduce conjugated carbonyl double bonds and

those activated by electron-withdrawing substituents, as shown above [1163–1165].

Scheme 6. Ketone reduction using baker’s yeast as the key

step in the synthesis of phorocantholide 1
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6.1.2.3 Oxidation of Alcohols and Oxygenation of C–H and C¼C Bonds

Horse liver alcohol dehydrogenase (HLADH, E.C. 1.1.1.1) has been used for the

enantiotopic oxidation of meso-diols, preferably by applying an ammonium a-ketoglu-
tarate/glutamate dehydrogenase recycling system to regenerate NAD+. The initially

produced asymmetric hydroxyaldehyde cyclizes to the hemiacetal, which is further

oxidized to the lactone 15 [1166]. Scheme 7 presents an illustrative reaction with an

alternative NAD+ regeneration path [1167].

Mutants of Pseudomonas putida were found to exhibit arene dioxygenase activity,

which has been exploited in whole-cell reactions for the regio- and enantioselective

preparation of cis-dihydrodiols starting from benzene, substituted benzenes, and

polycyclic or heteroaromatic compounds [1168–1171]. The products are invaluable

precursors for natural product synthesis, as exemplified in Scheme 8 [1172], [1173].

The enzymatic counterpart of the Baeyer–Villiger reaction is catalyzed by a flavine-

containing monooxygenase (cyclooxygenase) in the presence of oxygen and NAD(P)H.

Using whole cells, racemic mixtures of cyclic ketones were kinetically resolved

or enantio- and regioselectively oxidized [1174]. Recently, a cell-free system with

cyclohexanone monooxygenase (CHMO, E.C. 1.14.13.22) and recombinant NADP+-

Scheme 7. Horse-liver alcohol dehydrogenase (HLADH)

catalyzed stereoselective oxidation of a meso-diol with in situ

NADþ regeneration through a flavin mononucleotide (FMN)

oxygen recycling system
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dependent formate dehydrogenase (FDH, E.C. 1.2.1.4) for cofactor regeneration was

successfully introduced to prepare the chiral b-lactone 17 from prochiral 4-methylhex-

anone 16 (Scheme 9) [1175].

Regio- and stereospecific monohydroxylations of elaborate molecules have been

achieved with monooxygenases that are in most cases membrane-bound cytochrome

P450 enzymes. Because these are coupled with a complex redox system for electron

transport fromNADPH, the reactions are preferably carried out with whole cells [1176],

[1177]. The same is true for enantioselective enzymatic epoxidations. An impressive

example is the preparation of 18 in 78 % yield and high enantiomeric excess [1178].

Scheme 9. Baeyer–Villiger oxidation of a prochiral cyclic

ketone to a lactone with in situ cofactor regeneration (CHMO

¼ cyclohexanone monooxygenase, FDH ¼ formate dehydro-

genase)

Scheme 8. Enzymatic dihydroxylation of chlorobenzene

using whole cells give access to enantiomerically pure cis-
dihydrodiols
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6.1.2.4 C–C Coupling

A wide range of natural and non-natural monosaccharides has been generated by

exploiting the catalytic capacity of aldolases, which perform reactions equivalent to

nonenzymatic aldol additions [1179-1184]. More than 20 aldolases have been identified

so far and can be divided into three main groups, accepting either dihydroxyacetone

phosphate (DHAP), acetaldehyde, or pyruvic acid, and phosphoenolpyruvate as

nucleophilic methylene component. A common feature is their high stereocontrol

in the formation of the new C–C bond. As presented in Scheme 10 all four possible vic
diols are accessible by selection of the appropriate DHAPaldolase [1093], [1094], [1185–

1187], all of which show a distinct preference for the two stereocenters and a broad

substrate tolerance for the aldehyde component.

In a particularly elegant example (Scheme 11), 5-deoxy-5-ethyl-D-xylulose (19) was

prepared fromglycerol by a four-step, one-pot chemoenzymatic reaction sequence. The

key step was the aldol reaction catalyzed by fructose 1,6-bisphosphate aldolase (FruA,

E.C. 4.1.2.13) from Staphylococcus carnosus [1188].

Scheme 10. Stereoselective C–C bond formation bymeans of

DHAP-utilizing aldolases
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Other C–C coupling reactions have been published [1092–1094]. A prominent

example is the enzymatic Diels–Alder reaction which affords (�)-solanapyrone A

(20). The enzyme solanapyrone synthase from extracts of the phytopathogenic fungus

Alternaria solana has hence been named ‘‘Diels-Alderase’’ [1189].

Scheme 11. Careful pH control can switch the enzyme

activities for phosphorylation, oxidation/aldol addition and

dephosphorylation. Only readily available starting materials

are necessary
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6.1.2.5 Formation of Glycosidic Bonds

The most frequently applied concepts for the enzymatic formation of oligosaccharides

and glycoproteins involve the utilization of glycosyl transferases or exo- and endo-
glycosyl hydrolases (glycosidases) [1190–1194]. Glycosyl transferases require expensive

and often unstable sugar nucleotides as activated donor substrates, a major problem

besides the poor availability of the enzymes. However, transferase-catalyzed glycoside

synthesis leads to regio- and stereochemically pure products in high yields. Glycosi-

dases, on the other hand, are inexpensive and easy to handle. The reactions are

mostly carried out under kinetic control using simple glycosides as donors. Generally,

one or more regiomers are obtained in moderate yields, all of them having the

same anomeric configuration of the newly formed glycosidic linkage.

For instancea-fucosides anda-sialosides,whicharebothdifficult toproducebymeans

of classical carbohydrate chemistry, have been synthesized by use of the corresponding

nitrophenyl glycoside donors by applying pig livera-fucosidase (E.C. 3.2.1.51) [1195] and
the sialidase (E.C. 3.2.1.18) from Vibrio cholerae [1196], respectively.
Starting from lactose as donor and N-acetyl glucose as acceptor substrate the b-

galactosidase from Bacillus circulans (E.C. 3.2.1.23) gives exclusively N-acetyl lactosa-
mine 21 [1197], which has been subjected to sialyltransferase (E.C. 2.4.99.6) catalyzed

conversion to the trisaccharide Neu5Ac-a(2,3)Gal- b(1,4)GlcNAc (22; Scheme 12). By

combining these two enzymatic steps the reaction is pushed toward the product, and

the problem of low yields related with the galactosidase-mediated reaction could be

overcome [1198].

To avoid problems associated with transferase-catalyzed reactions, i.e., the high price

of the sugar nucleotides and possible inhibition by the released nucleotide phosphates,

schemes for the regeneration of the sugar nucleotides were developed [1199–1201].

Thus, multienzyme systems have been successfully used in one-pot reactions for the

large-scale synthesis of several oligosaccharides [1190–1194], [1199–1201].

A particular challenge is enzymatic in vitro glycoprotein synthesis. Initially, the way

was paved for the preparation of several glycoforms of ribonuclease B (RNase B) (24 and

25). First, a monoglycosylated form of RNase B (23) was prepared by deglycosylation of

the heterogeneous sugar moities [1202]. Subsequently, the homogeneously modified

sialyl Lewis X RNase B was generated with the help of a series of glycosyl transferases

(Scheme 13). In an alternative approach endo-glycosidase A (endo A, E.C. 3.2.1.96)

transferred a mannose-rich glycoside core from an N-linked aspartate donor to the

mono-glycoside of RNase B to give the homogeneous protein [1203].

6.1.2.6 Enzymatic Protecting Proup Techniques

Often, not only highly selective but also extremely mild methods to introduce and

remove protecting groups are needed. This applies in particular for the construction of

complex, polyfunctional molecules, e.g., oligosaccharides, peptides, nucleotides and

their conjugates, as well as for the synthesis of alkaloids, macrolides, and other natural

products. In this respect enzymes offer valuable opportunities complementing the

already elaborated classical techniques. The chemo-, regio-, and stereoselectivity of

enzymes allows them to establish otherwise unattainable ‘‘quasi-orthogonal’’ protect-

ing group arrangements.
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The aforementioned hydrolase-catalyzed regioselective acylations and deacylations

of a wide array of polyhydroxylated compounds has been addressed in numerous cases

[1109], [1110].

In a recent advanced application of enzymatic protecting group techniques for the

construction of complex multifunctional and sensitive targets, the synthesis of the

characteristic S-palmitoylated and S-farnesylated lipohexapeptide of human N-Ras
protein 26 was constructed. Compound 26, which would not withstand standard

procedures under basic or acidic conditions, could be obtained by following two

different routes, both employing enzyme-labile protecting groups. The choline ester

group was employed for C-terminal chain elongation [1204], while the p-acetoxyben-
zyloxycarbonyl (AcOZ) urethane group served well in a N-terminal coupling strategy

[1205] (Scheme 14).

The spectrum of enzymatic deprotecting tools (Fig. 93) was further broadened by the

introduction of the p-phenylacetoxybenzyloxycarbonyl (PhAcOZ) group for N-terminal

protection [1206], [1207] and the p-phenylacetoxybenzyl ester (PAOB) group for

C-terminal protection of peptides [1208], respectively. Both groups are readily cleavable

Scheme 12. Enzymatic synthesis of a sialyl trisaccharide by

combination of glycosidase- and glycosyl-transferase-

catalyzed reactions
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by penicillin G acylase (E.C. 3.5.1.11) and have been successfully used in lipopeptide

and glycophosphopeptide synthesis [1208], [1209]. The glucosyloxycarbonyl (Gloc)

group is a suitable substrate fora- andb-glucosidases (E.C. 3.2.1.20 and 3.2.1.21) [1210].

6.1.3

Enzyme-Analogous Catalysts

The capability of enzymes to transformorganic substrates smoothly, in good yields, and

highly selectivity, have stimulated the desire of organic chemists to tailor catalysts with

similar features for specific reactions.

In this respect, reactions catalyzed by monoclonal antibodies have been the focus of

much interest [1211–1213]. One of the first antibody-supported syntheses on a gram

Scheme 13. Glycosylation of ribonuclease B using either

glycosyltransferases or endo-glucosidase (endo-A) systems

results in unnatural or homogeneously glycosylated proteins,

respectively
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Scheme 14. Biocatalytic syntheses of a S-farnesylated and

S-palmitoylated N-Ras fragment
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scale and with an enantiomeric access of up to 99 % was the kinetic resolution of aldol

adducts. The products resulting from the retro-aldol reaction served as precursors in the

synthesis of epothilones A and B [1214], [1215].

For the production of an effective monoclonal antibody it is crucial to raise it from a

well-designed transition-state analogue. Besides not resembling the product too much

in order to avoid product inhibition, this hapten should mimic the transition state as

closely as possible tomaximize its stabilization by the antibody generated. Utilizing the

extraordinary specificity of the immune systemby thismeans, the combining site of the

antibody is programmed to exhibit a specific catalytic activity. This technique has been

directed toward the development of selective reactions which are chemically difficult to

achieve, for example, ‘‘disfavored’’, and for which no suitable enzyme is available.

Therefore, several reactions were subjected to various antibody catalyzes, e.g., ester

and enol ether cleavage, transesterification, ketone reduction, Cope rearrangement,

ring-closure reaction via epoxide opening, and Diels–Alder cycloaddition [1216–1218],

[1219]. An exceptional reaction is the antibody-catalyzed Robinson annulation of

triketone 28 to the Wieland–Miescher ketone 29 on a preparative scale. Surprisingly,

even the alkylation of diketone 27 with methyl vinyl ketone was catalyzed by the same

antibody, but at moderate rates (Scheme 15) [1220].

Ribonucleic acids (RNAs) were employed as catalysts in the synthesis of amides and

esters, peptide bond formation, and Diels–Alder reactions. The approach suffers from

the fact that it requires the reactants to be either RNA itself or a compound covalently

tethered to RNA.However, there is one prominent example inwhich RNA acts as a true

catalyst in a bimolecular Diels–Alder cycloaddition reaction without tethering the

substrates [1221–1223].

Fig. 93 Enzyme-cleavable protecting groups for carboxy acids

(PAOB) and amines (PhAcOZ and Gloc)
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The chemicalmodeling of active sites of enzymes can help to gain deeper insight into

their catalyticmechanisms andmight also lead to enzyme substituteswhich are reliable

and easy-to-handle tools for organic synthesis. Recently, it was discovered that a single

proline can mimick the active site of an aldolase. High ee values were obtained with

acetone or hydroxyacetone, with generation of one (e.g., 30) or two (e.g., 31) new

stereocenters in fair to excellent yields, respectively. This reaction seems to be well

suited to industrial application, because of its simplicity and low cost [1224–1228].

Scheme 15. Preparative enantioselective synthesis of a

Wieland–Miescher ketone by an antibody
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Amore recent topic has so far received little attention, but willmost probably develop to

great importance in bioorganic chemistry: the use of enzymes for ligating peptides

[1229], [1230]. Peptide cyclization to form the antibiotics tyrocidine A and gramicidin S

was achieved with the thioesterase domain of tyrocidine synthetase [1229]. a-Chemo-

trypsin (E.C. 3.4.21.1) catalyzed the condensation of larger peptide fragments to form

an active sequence of the human thyroid anchoring protein Ht31 [1230]. The synthetic

peptide was able to abolish forskolin-induced outward chloride currents in guinea pig

ventricular myocytes.

6.1.4

Commercial Applications

6.1.4.1 General

Since themid-1970s biotransformationshave becomeawell-established tool in thefine-

chemicals industry. Biocatalytic systems, including crude and purified enzymes as well

as whole-cell systems performing highly selective reactions under mild conditions, are

widely used, especially in synthesis and production of biologically active compounds in

the agrochemical and pharmaceutical sectors.

Biocatalysis has already been proven in many cases to overcome specific synthetic

problems. Thus, theneed for hazardous reagents or the formation of specific impurities

or byproducts can be avoided. Furthermore, biocatalysis can provide excellent regio-

and stereoselectivity, and much higher turnover numbers than with chemical catalysts

are possible. Therefore, it is not surprising that biocatalysis has also found an important

place among industrial methods for the production of enantiomerically pure com-

pounds (EPC; see Figure 94). The reported sales of EPCs exceeded $100� 109 in 1999

for the first time.

In large-scale synthesis, cost-effectiveness and minimization of environmental pro-

blems are the most important factors in successful process development. The costs for

the catalytic system, its separation, and inmany cases its recovery are very important and

have to be optimized. A critical figure in cost calculation is the ‘‘catalyst consumption

number’’ (comparable with the TON in pure homogeneous catalysis) per kilogram of

product produced. In the case of an enzyme, this number expresses howmany units of

enzyme or grams of biomass are deactivated and have to be replaced during production

of 1 kg of product. Therefore, stability is often much more important than activity. The

most suitable biocatalyst, which can be a native or an immobilized enzyme, or a whole-

cell system, must be chosen carefully. Investigation of the total reaction engineering

(including the reaction system) for optimal reaction conditions, reaction and reactor

kinetics, as well as good downstream processing, offers the highest chance for success.

The examples selected here are commercially relevant and focus on specific topics

discussed above. They demonstrate the advantage of biocatalysis in the conversion of

functional groups and configuration, resolution of racemates, and asymmetric synthesis.

6.1.4.2 Nonstereoselective Biocatalytic Reactions

Even for simple, nonstereoselective conversions of functional groups, biocatalytic

methods can be highly competitive (and superior) compared with chemical standard

processes.
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This has been impressively demonstrated by Nitto Chemical Industries (now

Mitsubishi Rayon) with the biocatalytic manufacture of acrylamide, an important

building block for polymers and copolymers, produced in quantities of over

200 000 t/a [1231]. The chemocatalytic route to acrylamide (32) uses a reduced Raney

copper catalyst for hydration. This metal-catalyzed process has been shown to be

superior to the acid-catalyzed hydration, but catalyst poisoning and wastewater

problems due to heavy-metal content cause some problems [1232], [1233].

Nitto Chemical Industries developed and established an alternative way to produce

acrylamide by an enzymatically catalyzed addition of water to acrylonitrile, using

immobilized cells of Rhodococcus sp. N-774 and later an optimized mutant strain of

Pseudomonas chloraphis B 23 [1232], [1234], [1235]. Using a highly improved cobalt-

containingnitrile hydratase fromRhodococcus rhodochrous J1, it is possible to reachup to
700 g L�1 acrylamide in the reaction solution. The reaction temperature for the copper-

catalyzed hydration is around 100 8C, whereas the enzymatic process is carried out

below 10 8C. Nitto acrylamide production using bacterial nitrile hydratase is estimated

Fig. 94 Industrially applied approaches to enantiomerically pure compounds (EPCs)
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to produce around 30 000 t/a, consumes less energy, and avoids heavy-metal problems

in the wastewater. In Figure 95, the chemo- and biocatalytic production processes for

acrylamide are compared.

In addition, the conversion of aromatic nitriles to carboxylic acids or amides has been

applied for the production of fine chemicals. For example, Lonza reported the

biocatalytic manufacture of niacinamide starting from 3-cyanopyridine [1236]. It is

said that this process will be carried out in the future on a multithousand tonnes per

year scale.

Another interesting commercial nonstereoselective application is the biocatalytic

conversion of methyl groups to carboxylic acids. This new technology, also developed

at Lonza, is already successfully applied on an industrial scale in the production

of 5-methylpyrazine-2-carboxylic acid, a versatile building block for pharmaceuticals

[1236].

It is noteworthy that the biocatalytic formation of a methyl group via decarboxylation

can also be realized on a technical scale. Decarboxylation of L-asparagine in the presence

of an aspartate-4-decarboxylase (E.C. 4.1.1.12) allows an efficent synthesis of L-alanine

[1237].

6.1.4.3 Biocatalytic Resolution Processes

Onan industrial scale, resolution of racemates is still inmany cases the preferredway of

producing enantiomerically pure compounds. If chiral-pool compounds are not avail-

able as optically active starting materials, a cost comparison of asymmetric and

resolution processes often reveals advantages for the latter. Among the top 15 optically

active pharmaceuticals and their intermediates, a chemical asymmetric process could

be established only in the case of naproxen. For all others, diastereomeric and

biocatalytic resolution are the methods of choice, apart from fermentation, for creating

optically pure compounds.

Fig. 95 Comparison of the microbial and conventional chemical

process for acrylamide production
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Normally, only one enantiomer is needed; therefore, highly effective methods for

racemizing the undesired one must be integrated into the process. Besides the well-

known examples of separating diastereomeric salt pairs by crystallization, biocatalytic

resolution is gaining more andmore interest. There are a number of key factors which

must be optimized for successful industrial development; for example, substrate and

enzyme costs (including recovery); chemical, optical, and space-time yields; number of

reaction steps and positioning of the resolution step within the whole process; and

downstream processing, together with the necessary equipment.

In biocatalysis, hydrolases are the most important class of enzymes for carrying out

enzymatic resolutions.Many hydrolases, such as esterases, lipases, epoxide hydrolases,

proteases, peptidases, acylases, and amidases, are commercially available; a substantial

number of them are bulk enzymes [1238–1240]. Resting-cell systems, if they are not

immobilized, are used in dilute suspensions and could be handled as quasi homo-

geneous catalysts.

In the following examples some industrial applications of biocatalytic resolutions are

decribed.

Enzymatic Hydrolysis of Acyclic Amides Production of Amino Acids Using Amino
Acylases: The Degussa Process Enantiospecific hydrolysis of N-acylamino acids by

amino acylase I fromAspergillus oryzae (E.C. 3.5.1.14) is the best established large-scale
process for L-amino acids. Both L- and D-amino acids could be produced according to

this technology. Tanabe has developed a process using an immobilized enzyme [1241],

[1242], whereas at Degussa a process using native amino acylase I from Aspergillus
oryzae in homogeneous solution is applied. For this purpose, a new technology using an

enzymemembrane reactor (EMR) has been designed, basedmainly on thework of Kula

and Wandrey [1243–1245].

The substrate specificity of the amino acylase from Aspergillus oryzae is very

broad, and a wide range of proteinogenic and nonproteinogenic N-acetyl and

N-chloroacetyl amino acids are transformed by the enzyme. The enzyme membrane

reactor (Figure 96) is operated continuously as a recycle reactor, and the enzyme is

retained by a hollow-fiber ultrafiltration membrane (molecular weight cut off:

10 000 Da).

Since the early 1980s this process has been scaled up to a production level of many

hundreds of tonnes per year. Scheme 16 shows theDegussa process formanufacturing

L-methionine (33). The biocatalyst is produced in bulk quantities, and its operational

stability is high, so this continuous EMR acylase process demonstrates high efficiency,

especially on a large scale [1246], [1247].

Production of Amino Acids Using Amidases: The DSM Process DSM has developed a

widely applicable industrial process for production of enantiomerically pure amino

acids by enantioselective hydrolysis of racemic amino acid amides. These precursor

compounds can easily be obtained by alkaline hydrolysis of a-aminonitriles. The

L-specific amidase (aminopeptidase) was found in Pseudomonas putida (ATCC

12633), and shows a broad substrate specificity. Methods for racemizing the undesired

enantiomer are also integrated in the process (Scheme 17) [1248].
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Production of Carboxylic Acids Using Amidases: (S)-2,2-Dimethylcyclopropanecarboxylic
Acid [(S)-Ibuprofen] (S)-2,2-Dimethylcyclopropanecarboxylic acid is an intermediate

for the synthesis of cilastatin, a dehydropeptidase I inhibitor. Lonza has developed an

industrial two-step biotransformation process starting from racemic 2,2-dimethylcy-

clopropane nitrile (34; Scheme 18). The stereoselective amidase was found in Como-
monas acidovorans and cloned into a fast-growing E. coli strain which produces large

amounts of the biocatalyst [1249], [1250].

For the production of the analgesic (S)-ibuprofen from racemic ibuprofen amide,

(S)-selective amidase-containing microorganisms belonging to the genera Brevibacterium
andCorynebacterium, in particular the speciesBrevibacteriumR312,CorynebacteriumN771,

and Corynebacterium N774, have been found to be suitable biocatalysts [1251].

Production of 6-APA, 7-ADCA, and 7-ACA Using Amidases 6-Aminopenicillanic

acid (6-APA, 35), 7-aminocephalosporanic acid (7-ACA, 36), and 7-aminodesacetox-

ycephalosporanic acid (7-ADCA, 37) are the most important precursors for the highly

active semisynthetic b-lactam antibiotics. The worldwide capacity thereof exceeds

20 000 t/a.

Before 1980, 6-APA and 7-ADCA were produced only by chemical deacylation of

penicillin G and phenacetyl-7-ADCA, which could be obtained by chemical ring

expansion of penicillin G (Scheme 19). Since 1980, enzymatic processes avoiding

the use of environmentally critical reagents in large amounts have been developed

[1252–1254]. It is noteworthy that, in addition to environmental advantages, the

enzymatic route was found to be considerably cheaper than the chemical process

[1255]. The most prominent enzyme is penicillin G amidase (Pen G amidase,

Fig. 96 Recycle reactor used for amino acylase resolution of

N-acetyl-D,L-amino acids
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E.C. 3.5.1.11) [1255], [1256], which preferentially hydrolyzes penicillin G and

penicillin Vas well as phenacetyl-7-ADCAwithout affecting the b-lactam ring. A broad

variety of cultures can be used for large-scale production of this enzyme, including

E. coli [1257]. The penicillin G amidase from E. coli enzyme is one of the best studied

acylases, and has been characterized as a heterodimer withmolecular weights of 19 500

and 60 000 Da for the two subunits a and b, respectively [1258]. Nowadays, Pen G

amidase (E.C. 3.5.1.11) is applied in immobilized form. A preferred solid support is

Eupergit C, a bead polymer containing reactive epoxide functionswhich covalently bind

to the enzyme [1259]. It is noteworthy that Eupergit-immobilized penicillin G amidase

can be reused up to 600 times. The enzymatic hydrolytic reactions on an industrial scale

are performed at 30–40 8C and pH 7.5–8.0 [1260].

For the industrial production of 6-APA and 7-ADCA (see Scheme 19) excellent

conversion rates of at least 98 %were reported. In addition, yield of isolated product and

selectivity are high. Typically the industrial reaction is carried out batchwise. Detailed

summaries of production data are available in the literature [1260].

Scheme 16. Degussa L-methionine process using acylase
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Scheme 17. DSM amidase process for enantiomerically pure a-amino acids

Scheme 18. Enzymatic production of (S)–2,2–dimethylcyclopropane

carboxylic acid
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7-ACA (36) [1261] is produced in a three-step process using two enzymes, starting

from cephalosporin C (Scheme 20). After deamination by a D-amino acid oxidase, the a-
ketoadipyl-7-ACA spontaneously decarboxylates, and the remaining glutaryl side chain

is hydrolyzed by glutaryl-7-ACA-acylase.

6.1.4.3.1 Enzymatic Acylation of Amino Groups

Production of Ampicillin and Cephalexin Besides being used for the production of the

precursors 6-APAand7-ADCA, penicillin amidases are also able to couple 6-APA and7-

ADCAwith D-phenylglycine ester or amide in a kinetically controlled enzymatic peptide

synthesis to form ampicillin or cephalexin (38,39). These reactions (Scheme 21) have a

great potential for being commercialized in the near future [1262].

Production of Amines Using Lipases: The BASF Process Biocatalytic resolution has

been applied efficiently by BASF for themanufacture of optically active amines, such as

phenylethylamine [1263], [1264]. The process is based on a highly stereoselective

resolution of racemic amines by means of an acylation reaction in the presence of a

lipase as catalyst (Scheme22). Theproducts are obtained inhighyields andwithexcellent

enantioselectivities. The undesired enantiomer can be racemized subsequently. Thus,

starting from a racemate, efficient access (with theoretically 100 % yield) to the (R)- and
(S)-amines is available. This technology, which is said to be carried out on a greater than

1000 t scale, has been extended recently by BASF to the production of chiral alcohols.

6.1.4.3.2 Enzymatic Hydrolysis of Hydantoins

Production of D-Amino Acids Amino acids with D configuration play an important role

in synthesis and production of biologically active compounds. The most prominent

D-amino acids are D-phenylglycine and 4-hydroxyphenylglycine, which form the

Scheme 19. Enzymatic production of 6–APA and 7–ADCA
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side-chain of the semisynthetic b-lactam antibiotics ampicillin, amoxicillin, and

cephalexin. For production of both of these amino acids, resting-cell biocatalysts have

been developed, containing a D-hydantoinase and sometimes also a D-carbamoylase and

a racemase [1265]. The D-hydantoinase is able to transform a racemic 5-monosub-

stituted hydantoin into the D-hydantoic acid; the L-hydantoin can racemize at the

alkaline pH of the reaction mixture. When the carbamoylase and racemase are both

present, a complete transformation to the D-amino acid occurs. The racemase can assist

hydantoin racemization if the process itself is too slow under the prevailing reaction

conditions. Without the carbamoylase the liberation of the D-amino acid must be

Scheme 20. 7–ACA production starting from cephalosporin C
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Scheme21. Enzymatic synthesis of ampicillin and cephalexin

Scheme 22. BASF process for the production of amines
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performed by nitrosation of the hydantoic acid. This is not a highly desirable reaction;

additionally, HNO2-sensitive functional groups are degraded.

Another example of the biocatalytic production of D-amino acids involves the ureido

amino acid D-citrulline (D-Cit, 40), which is needed for the luteinizing hormone-

releasing hormone (LHRH) antagonist Cetrorelix, first synthesized by A. SCHALLY et al.
and further developed by Asta Medica [1266-1268]. Cetrorelix consists of five D-amino

acids, among which D-citrulline (D-Cit) is particularly difficult to synthesize. For the

synthesis of D-Cit (40), a hydantoinase/carbamoylase system from Agrobacterium
radiobacterwas chosen. The synthesis starts from the inexpensive proteinogenic amino

acid, L-arginine (L-Arg, see Scheme 23), which has the appropriate carbon chain length

and also a nitrogen atom attached in the 5-position. In the presence of arginase, L-Arg is

deguanylated quantitatively to L-ornithine (L-Orn). This reaction ismuchmore effective

than any chemical hydrolysis.

L-Orn then is then treated with two equivalents of cyanate to give dicarbamoylated

L-Cit, which can easily be cyclized to give the L-Cit hydantoin. When the Agrobacterium
biocatalyst with hydantoinase and carbamyolase activity is added to an aqueous alkaline

solution of this hydantoin, complete transformation to D-Cit takes place. The ee of

99.8 % demonstrates that the enzymes act stereospecifically [1269]. At Degussa D-Cit

(40) has been produced in quantities of several tens of kilograms. This hydantoinase/

carbamoylase system offers an excellent method for producing D-amino acids starting

from racemic or suitable L-precursors without additional racemization or subsequent

chemical steps. Particularly for synthesis of side-chain-functionalized D-amino acids,

this method is superior to other alternatives [1270], [1271].

Scheme 23. Production of D-Cit starting from L-Arg
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6.1.4.3.3 Enzymatic Hydrolysis of Lactams

Production of L-Lysine: The Toray-Process For some years Toray’s enzymatic process

for L-lysine (L-Lys, 41) was competitive with fermentation. This chemoenzymatic L-Lys

production was established with a capacity of 5000–10 000 t/a. The key intermediate is

a-amino-e-caprolactam (ACL), produced from cyclohexanone in amodified Beckmann

rearrangement. The enantiospecific hydrolysis forming L-Lys is based on two

enzymes: L-ACL hydrolase opens the ring of ACL to give L-Lys, and in the presence

of the ACL racemase D-ACL is racemized. By incubating D,L-ACL with cells of

Cryptococcus laurentii having L-ACL lactamase activity together with cells of Achromo-
bacter obaewithACL racemase activity, L-Lys could be obtained in a yield of nearly 100 %

(Scheme 24) [1272–1275].

This process has now been abandoned because, on a 100 000 t/a scale, fermentation

of L-Lys based on sugars has proven to be superior to the Toray process.

Production of 2-Azobicyclo[6.2.2.1]hept-5-en-3-one A highly selective enzymatic hydro-

lysis of racemic 2-azobicyclo[6.2.2.1]hept-5-en-3-one has been developed by Chirotech

[1276], [1277]. The selective hydrolytic cleavage of the (þ)-lactam led to the desired,

unhydrolyzed (�) enantiomerwith a high ee of >98 %. The single (�) enantiomer (42)

functions as an intermediate in the synthesis of the Glaxo Wellcome anti-HIV drug

Abacavir (Scheme 25). It is noteworthy that this process operates at a substrate

concentration of >500 g/L.

6.1.4.3.4 Enzymatic Hydrolysis of C–O Bonds

Esterases, lipases, and proteases are widely used in enzymatic resolution of racemic

carboxylic ester substrates. Industrially relevant examples are themanufacture of (D)-b-
acetylmercaptoisobutyric acid, the optically active side chain of the angiotensin-con-

verting enzyme (ACE) inhibitor captopril (43; Scheme 26) [1278], [1279], and synthesis

and production of (S)-2-arylpropionic acids such as (S)-naproxen and (S)-ibuprofen,
which are very important nonsteroidal antiphlogistic and analgesic drugs [1280–1284].

Scheme 24. Toray enzymatic L-lysine process using

a-amino-caprolactam as starting material
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In Andeno’s diltiazem synthesis (Scheme 27), an enantioselective enzymatic hydro-

lysis of an epoxy ester by a lipase is the key step, creating the necessary optically active

intermediate 44 [1285–1287].

The enzymatic aspartame process of Tosoh can also be regarded as a reactive

deracemization of D,L-phenylalanine methyl ester (D,L-Phe-OCH3). In the key step

the metalloproteinase thermolysin (E.C. 3.4.24.27) couples only the L isomer with (Z)-
aspartic acid in a thermodynamically controlled peptide synthesis; the remaining

D-Phe-OCH3 is racemized and reused [1288].

Many more examples can be found in the literature [1289], [1290]. Another esterase

process is described inmore detail here. It is the optical resolution of D,L-pantoyl lactone

(D,L-PL) by a fungal lactonase. The D isomer is a key component in the vitamin

pantothenic acid and in coenzyme A. D,L-PL is easily produced by adding HCN to

the aldol product of formaldehyde and isobutanal with subsequent acidic lactonization.

For commercial production of D-pantoyl lactone (D-PL) the racemate can be resolved by

chiral amines.

Recovery of the chiral auxiliary and racemization of the L isomer are troublesome.

Therefore, much work has been done on developing more efficient resolution

Scheme 25. Resolution of a racemic lactam

Scheme 26. Production of captopril

292 6 Nonindustrial Enzyme Usage



processes or asymmetric syntheses. YAMADA et al. screened new fungal aldonolactonases

which are able to hydrolyze D-PL specifically to D-pantoic acid (D-PA, see Figure 97).

This D-acid can easily be separated from the remaining L-PL, which can be racemized

and recycled. Relactonization of D-PA yields the desired D-PL.

Among various lactonase-containing fungal microorganism, Fusarium oxysporum
AKU 302 showed the highest activity. Compared with asymmetric chemical or micro-

bial reduction methods or conventional chemical resolution, this lactonase process

exhibits superior performance [1291–1293].

Scheme 27. Production of diltiazem

Fig. 97 Comparison of resolutionof diastereomeric salt-pairs

and enzymatic resolution for producing D,L-pantoyl lactone
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6.1.4.3.5 Enzymatic Hydrolysis of Nitriles

Production of (R)-Mandelic acid: The BASF Process That the conversion of nitriles into

carboxylic acids also represent a suitable industrial resolution process has been

reported by BASF [1096], [1294]. Based on racemic mandelonitrile, a stereoselective

hydrolysis led to (R)-mandelic acid (45) in high yield and with high enantioselectivity

(Scheme 28). It is noteworthy that during the process the cyanohydrin enantiomers are

racemized in situ when the appropriate pH conditions are chosen. Thus, in spite of

starting from a racemate a (theoretically) quantitative enzymatic conversion to the

optically active (R)-mandelic acid can be achieved. The production of (R)-mandelic acid

(45) is carried out on a scale of several tons. The hydrolysis of nitriles for the

stereoselective manufacture of fine chemicals has also been applied by Celgene [1295].

6.1.4.3.6 Enzymatic Cleavage of threo Aldol Products

A chemoenzymatic process for the preparation of D- and L-threo-phenylisoserine and

derivatives thereof has been developed by Celgene. This process integrates an Erlen-

meyer condensation as an initial chemical step which produces racemic threo com-

pounds, and a subsequent enzymatic cleavage of the undesired enantiomer with

regeneration of the starting materials [1295]. As a biocatalyst, a novel D- or L-aldolase

enzyme has been used (Scheme 29). Enantiomerically pure threo-phenylisoserines find
awide range of applications, e.g., for the preparation of the taxol side chain or a variety of

phenicol antibiotics.

6.1.4.4 Biocatalytic Asymmetric Synthesis

Enzymatic reduction, oxidation, and ligase or lyase reactions, provide numerous

examples in which prochiral precursor molecules are stereoselectively functionalized.

Scheme 28. BASF process for the production of (R)–mandelic acid
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Ajinomoto’s b-tyrosinase-catalyzed L-dopa process [1296], [1297], the formation of

L-carnitine from butyro- or crotonobetaine, invented by Lonza [1298], and the IBIS

naproxen route oxidizing an isopropylnaphthalene to an (S)-2-arylpropionic acid are

representative, examples for many successful applications of enzymatic asymmetric

synthesis on an industrial scale. A selection of recent industrial contributions in this

field are summarized below.

6.1.4.4.1 Biocatalytic Reductive Amination of C¼O Bonds

A very effective method for synthesizing a-amino acids with bulky side chains is the

cofactor-dependent enzymatic reductive amination of a-keto acids, which is carried out

by Degussa. For example, bulky-side-chain amino acids such as L-tert-leucine (L-Tle, 46)
and L-neopentylglycine (L-Npg) could be produced starting from the corresponding a-
keto acid. In this reaction two enzymes, namely, leucine dehydrogenase (LeuDH, E.C.

1.4.1.9) and formate dehydrogenase (FDH, E.C. 1.2.1.2), and the cofactor NADþ act

simultaneously in the transformation of the keto acid to the L-amino acid. The cofactor is

used in catalytic amounts and is recycled during the reaction (Scheme 30). The use of

LeuDH as amino acid dehydrogenase guarantees L stereospecificity, as no D enantiomer

could be detected.

This type of reaction forming non-natural L-amino acids uses enzymes from the

metabolism of proteinogenic amino acids, which additionally have an unexpectedly

versatile substrate specificity by also accepting highly sterically hindered a-keto acids.

L-Tle and L-Npg are of growing importance because of their extensive use as a building

blocks in pharmaceuticals and as chiral auxiliaries in asymmetric synthesis

[1299–1301].

The synthesis of chiral a-amino acids starting from a-keto acids by means of

transamination has been reported by NSC Technologies [1302], [1303]. In this process,

L-aspartate serves as the amino donor. The broad substrate specificity allows the

conversion of numerous keto acid substrates.

Scheme 29. Celgene-process for the production of L-threo–phenylisoserine
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Another type of asymmetric reduction of a broad range of carbonyl compounds was

developed by Celgene [1295]. Using ketones as substrate in the presence of a highly

efficient transaminase as biocatalyst gave the corresponding amines in high yield and

with high enantiomeric excess. It is noteworthy that transaminases have been found for

the synthesis of (R)-amines as well as (S)-amines.

6.1.4.4.2 Biocatalytic Hydrocyanation of C¼O Bonds

A further important asymmetric biocatalytic synthesis is the hydrocyanation of alde-

hydes [1304-1306] for the production of cyanohydrins, which are intermediates for a

broad variety of pharmaceuticals and agrochemicals. For example, (R)-mandelonitrile is

a versatile intermediate for the synthesis of (R)-mandelic acid, and (S)-m-phenoxy-

benzaldehyde cyanohydrin is a building block for the preparation of pyrethroids.

For the production of (S)-m-phenoxybenzaldehyde cyanohydrin (47) DSM estab-

lished an enzymatic hydrocyanation process on an industrial scale (Scheme 31). An

efficient (S)-oxynitrilase biocatalyst (E.C. 4.1.2.11) has been developed. This enzyme is

derived from the plant Hevea brasiliensis, and has been cloned and overexpressed in a

Scheme 30. L-Tle production by cofactor-dependent reductive amination

Scheme 31. Asymmetric hydrocyanation using (S)-oxynitrilases
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microbial host organism [1307]. In the presence of this biocatalyst the desired product

(47) has been obtained with high enantioselectivity.

6.1.4.4.3 Biocatalytic Addition of Water to C¼O Bonds

The enantioselective addition of water to fumaric acid gives malic acid [1308]. This

highly efficient biocatalytic reaction is catalyzed by a fumarase (E.C. 4.2.1.2). Although

substrate tolerance of this enzyme is narrow, high enantioselectivities are obtained.

6.1.4.4.4 Biocatalytic Amination of C¼C Bonds

A biocatalytic enantioselective addition of ammonia to a C¼C bond of an a,b-unsa-
turated compound, namely, fumaric acid, makes the manufacture of L-aspartic acid

possible on industrial scale. This process, which is applied by, e.g., KyowaHakkoKogyo

and Tanabe Seiyaku, is based on the use of an aspartate ammonia lyase (E.C. 4.3.1.1) as a

biocatalyst [1309]. Another comparable reaction is the asymmetric biocatalytic addition of

ammonia to trans-cinnamic acid, which is a technically feasible process for the production

of L-phenylalanine [1310].

6.1.5

Outlook

The increasing use of biocatalysis in research and industrial production, especially in

the developing field of chirotechnology is foreseeable. Advances in the following areas

seem most promising:

1. Elucidation of the active site and the reaction mechanism of enzymes by a

combination of X-ray analysis and computer-aided modeling may allow precise

prediction of enzyme–substrate interaction.

2. Screening of microorganisms from exotic environments may lead to the

discovery of promising new enzyme activities.

3. Using modern gene technology the catalytic properties of enzymes could be

improved or custom-tailored for specific reactions. Even the design and engi-

neering of synthetic catalysts may become feasible.

4. Consideringthesignificantprogressinthefieldofmicrobialpathwayengineering,

it is expected that the importance of this technology will also grow rapidly in the

future. Microbial pathway engineering leads to biocatalysts which allow the

production of desirablemetabolites. Thus, similarly to fermentation, thismethod

represents abiocatalytic one-pot synthesis inwhich several consecutiveenzymatic

stepsare involved.Numerous important industrially relevantcontributions in this

field have been already made, for example, successful pathway engineering for

carotenoids and polyketides [1311]. Further representative examples are the

production of indigo, vitamin C, and 1,3-propandiol [1312].

There is a strong need for new biocatalyticmethods producing enantiomerically pure

compounds which are the basis for synthesis and production of biologically active

compounds of agrochemical and pharmaceutical importance.
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6.2

Therapeutic Enzymes

6.2.1

Requirements for the Use of Enzymes in Therapy

There is a long history of successful use of enzymes and other proteins as drugs [1313].

Although pharmaceutical research and development activities in the field of recombi-

nant therapeutic proteins are mainly focused on antibodies, cytokines, and hormones

rather than on enzymes, there are nevertheless three broad areas where enzymes are

successfully employed in therapy: (1) to replace enzymeswhich aremissing or defective

as a consequence of inherited genetic disease; (2) to replace enzymes that are deficient

or present only in inadequate quantity as a consequence of acquired disease in the

organ(s) where they are normally synthesized; and (3) to provide a specific biological

effect which is dependent on the catalytic activity of the enzyme [1314]. Furthermore,

some enzymes are used in a supportivemanner in combinationwith other therapies, or

for the removal of toxic or otherwise undesirable substances from the bloodstream or a

body tissue.

To be effective as therapeutic agents, the enzymes must meet a number of

requirements:

– They must reach their site of action in the body and tissue compartment.

– They must be active under the conditions present at the intended site of action.

This includes substrate and cosubstrate/coenzyme availability, appropriate

redox potential, adequate pH value for activity, and absence (or saturation) of

inhibitors.

– They must be sufficiently stable to ensure adequate pharmacokinetics, i.e., the

required activity level for the necessary time period.

– They must be sufficiently soluble to allow application as a solution if admin-

istration is via the intravenous, intramuscular, or subcutaneous route.

– Theymust be sufficiently pure to avoid eliciting unwanted side reactions caused by

contaminants, e.g., microbial endotoxins, pyrogens, or other harmful materials.

– There must be a therapeutic effect that depends on the particular activity of the

enzyme applied.

Of course, enzymes as active pharmaceutical ingredients of drugs must fulfill a

number of further requirements which are equally relevant for low molecular weight

drug substances:

– Safety depending on the indication/disease. This means that the therapeutic

benefit must surpass any adverse reactions, especially immunological

complications.

– Efficacy, i.e., the therapeutic effect must be established in controlled clinical

trials according to FDA/EMEA regulations.
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– Convenience of the application form, again depending on the indication or

disease: in the treatment of life-threatening diseases, convenience is clearly of

less importance than for, e.g., digestion aids.

6.2.2

Coping with Peculiar Protein Properties

Enzymes have unsurpassed substrate and reaction specificity, as well as exceptional

efficacy as biological catalysts. Furthermore, they have been optimized by evolution for

action in living organisms. Especially in the case of genetically encoded enzymedefects,

enzyme therapy will make rational therapy possible.

However, due to their specific molecular properties, enzymes (or, in general,

proteins) would by no means be considered ‘‘ideal’’ therapeutic agents for several

reasons:

– Instability: enzymes are polypeptides and therefore inherently labile with

respect to heat, extreme pH values, denaturants, and biological degradation.

This may lead to limited shelf life and short half-lives in the human body, e.g.,

due to proteolysis in the stomach and intestine or receptor-mediated clearance

from the blood followed by proteolytic degradation in the liver.

– Presence of endogenous inhibitors, which are especially common in blood

[1315] and may destroy the catalytic activity of the enzyme.

– Bioavailability : since the molecular surface of soluble enzymes is hydrophilic,

proteins generally cannot pass through biological membranes. Thus enzyme

drugs are not orally available, and, unless the enzyme is intended to act in the

oral cavity or in the gastrointestinal compartment, an intravenous, intramus-

cular, or subcutaneous route of administration must be chosen. In some cases

administration by inhalation using a nebulizer has proved possible for enzymes

acting in the respiratory tract.

– Cell permeability : Since enzymes will not usually enter tissue through the

intestinal wall or into human cells from the bloodstream, protein drugs are

unsuitable for intracellular action. Therefore, at present many applications of

enzymes as drugs are extracellular, such as purely topical uses, the removal of

toxic substances, and the treatment of life-threatening disorders within the

bloodstream.

– Immunogenicity : nonhuman proteins are foreign to the human body and

therefore are expected to be immunogenic.When injected into the bloodstream,

they may induce the formation of antibodies and cellular immune response

[1316]. This might change pharmacokinetics and prevent repeated or prolonged

application of the same protein drug (in contrast, immunogenicity is even

desired when proteins are used as vaccines [1317]). However, even with
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recombinant human enzymes, immunogenicity may be an issue, especially if

muteins are applied or if the production process does not ensure the absence of

misfolded or aggregated enzyme species.

– Allergic reactions may occur on inhalation of enzyme powders, especially with

proteases.

– Manufacturing and characterization: Enzymes are complex macromolecules

that require difficult multistep production processes, leading to high cost of the

drug. Furthermore, in contrast to small molecules, only limited analytical

characterization of the final enzyme product is possible, even with the highly

sophisticated protein-analytical techniques available nowadays. This makes

quality control at the end-product level difficult, so that process changes may

require bioequivalence testing.

On the other hand, there are some important advantages in the use of enzymes in

therapy:

– Generally, fewer adverse reactions (including teratogenic effects) for protein

drugs than for chemically synthesized low molecular weight compounds, for

which the safety profile of new chemical entities (NCEs) cannot be predicted.

– Shorter development times: since the advent of recombinant protein drugs in

the 1980s, it has initially been found that the total time needed for research and

development of a new drug from project initiation until marketing approval

generally was significantly shorter, and the attrition rate (i.e., the fraction of

development projects which must be terminated during preclinical or clinical

development) is lower than for traditional low molecular weight compounds.

However, the mean development times for biopharmaceuticals rose dramati-

cally during the 1990s, and seem to be converging for biopharmaceuticals and

NCEs since 1996 [1318], [1319].

Therefore, a number of challenges remain for the future development of enzymes for

therapeutic use:

– Improve stability : Approaches to prolong the half-life in the circulation include

coupling of enzymes to polyethylene glycol (PEGylation) [1320], [1321]; chemical

cross-linking; the development of sustained-release forms and depot systems,

e.g., by microencapsulation of the enzyme in polymers such as poly(lactide)–

poly(glycolide) copolymers [1322], or by entrapment within artificial liposomes

or red blood cell ghosts; as well as the removal of receptor binding sites by

designing appropriate enzyme muteins.

– Diminish immunogenicity, e.g., by chemical (PEGylation) or genetic modifica-

tion to cover or remove epitopes on the protein surface recognized by the

immune system.

– Achieve specific targeting to tissues/cells [1323]. This may be possible by

modification with sugar residues which are recognized by hepatocyte receptors,
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or by genetic fusion to ‘‘targeting devices’’ such as recognition peptides or

antibody fragments [1324]. Another use of enzymes in tumor therapy is anti-

body-directed enzyme prodrug therapy [1325], [1326]: an antibody with an

attached enzyme that is not normally present in extracellular fluids or on cell

membranes, is administered to achieve specific binding to the surface of cancer

cells. This is followed by administration of a prodrug, which is a substrate of the

enzyme and on enzymatic cleavage releases the physiologically active cytotoxic

entity in a site-specific manner. This is expected to reduce the exposure of

normal tissue to the active drug while maximizing concentrations in the tumor

tissue.

– Improve tissue penetration by decreasing molecule size (muteins) or by fusion

to sequences mediating membrane permeation, such as penetrating (a peptide

derived from the third helix of the DNA-binding domain of the Antennapedia

homeodomain protein) [1327], TAT protein from human immunodeficiency

virus-1 [1328], VP22 protein from Herpes simplex virus [1329], or Pep-1, a

designed 21-residue peptide carrier [1330]. However, these approaches are at

present (2006) in the experimental stage and appear to be still far from being

useful in clinical practice.

6.2.3

Sources of Enzymes and Production Systems

For many decades, enzymes obtained from natural nonhuman sources such as

bacteria, fungi, animals, and snake venoms have been used for therapeutic purposes.

Due to their immunogenicity, these enzymes usually are suitable only for external

applications (e.g., digestive or topical). In these cases, purity, source, anddosage of these

enzyme preparations are not considered critical.

The purification of enzymes from human sources in a form and quantity which

would allow their administration to patients has been a major challenge [1331].

Nevertheless, a number of human enzymes obtained from blood, urine, placenta,

or human cell culture have been introduced into clinical practice, such as blood

fractions and coagulation factors, urokinase, alglucerase, and others. Besides the

limited supply of starting material, a major problem with enzymes obtained from

human sources is the reliable elimination of viral (or maybe viroid) contamination.

Therefore, since the 1980s, human enzymes are preferentially obtained by recombi-

nant DNA technology.

Whereas initially basic replacement protein products, i.e., recombinant proteins

identical with the native human enzymes were developed, there is now a trend towards

engineered ‘‘second-generation’’ protein products whose amino acid sequence has

been deliberately altered to improve properties relevant for therapeutic efficacy or

safety, or to improve the manufacturing process [1332].

An important aspect of the production of recombinant enzymes for therapy is the

choice of the expression system. Most or perhaps all human enzymes in their native

form are subject to posttranslational modifications such as glycosylation, phosphor-

ylation, acetylation, myristoylation, or proteolytic processing. If the host cell used for
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recombinant production is not identical to the cell in which the protein is produced

naturally, posttranslational modifications may deviate from the authentic pattern. This

may influence the pharmacokinetic, pharmacodynamic, and immunological properties

of the enzyme. Whether this is of importance for use in therapy must be studied

experimentally in each case.

At present, various expression systems are used to obtain therapeutic proteins [1333]:

– Production from human cell lines clearly will provide the best fit to the natural

modification pattern, but may give rise to problems of viral contamination.

However, with the advent of highly developed, immortalized human production

cell lines such as the human retina-derived Per.C6 cell [1322], the use of human

cells as hosts for recombinant production will increase.

– Production from mammalian cells [mostly Chinese hamster ovary (CHO) and

baby hamster kidney (BHK) cell lines] is often used, especially for glycosylated

proteins in cases where glycosylation affects therapeutic efficacy [1334], [1335].

Glycosylation provided by mammalian host cells may be somewhat different in

detail but is generally similar to the human glycosylation pattern.

– Production from yeast (S. cerevisiae) results in posttranslational modifications

different from the human pattern; hence, it has been used until now primarily

for fungal (nonhuman) proteins [1336]. Recently, the use of glycoengineered

Pichia pastoris as the host cell has been described [1337], which allows human

N-glycan structures to be obtained.

– Production from E. coli results in nonglycosylated products. In principle,

bacterial production systems have significant advantages concerning lower

development cost, improved process economics, and absence of viral contam-

ination [1338], [1339]. However, since eukaryotic proteins are often not folded

correctly in bacteria, refolding of the target protein from ‘‘inclusion bodies’’ may

be necessary. This can be done on an industrial scale [1340] but may require

extensive process optimization to obtain good product yield.

– Production from transgenic plants [1341], [1342] or the milk of transgenic

animals [1343]: these production systems are under study and may provide

interesting options, especially for proteins needed in very large amounts or for

very complex proteins such as coagulation factor VIII. No therapeutic enzyme

product produced in transgenic animals or plants has yet been approved for

marketing [1344].

For several years it has been discussed whether gene therapy will be a future third

generation of protein therapy following the first (therapy with naturally occurring

proteins) and second (engineered protein muteins) generations. In this case, the

proteins are no longer produced in a fermenter but by the patients themselves after

application of the protein-coding gene bymeans of a suitable gene-transfer system.This

approach appears especially attractive for long-term therapies, such as enzyme replace-

ment therapy of hereditary defects (e.g. ADA deficiency or lysosomal storage diseases).

Many preclinical and clinical trials have been performed in this field, but given the
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progress of gene therapy to date and considering unresolved safety issues, this

alternative apparently does not pose an immediate threat to the enzyme drug market.

6.2.4

Overview of Therapeutic Enzymes

Many of the requirements listed in Section 6.2.1 are not met by older enzyme products,

i.e., enzymes fromnonhuman sources approved prior to ca. 1980which are still in use as

generics in 2006 (some of them also in nutrition additives, oral hygiene products, or

cosmetics; these applications are not treated here). On the other hand, in the field of

modern innovative drugs, only a relatively small number of recombinant enzymes have

been developed until now as themain active principles of therapeutics, in contrast to the

increasing number of recombinant cytokines, hormones, and antibodies which have

already been approved or are in clinical development. The following overview includes

older enzyme preparations still in use, even if they would not meet the requirements of

modern drugs, as well as newer enzyme drugs developed and approved according to

present-day standards.

In the development of therapeutic enzymes, as with other biopharmaceuticals,

special attention must be given to regulatory requirements, as well as to aspects of

quality assurance, assay methods, and standardization issues. These topics are not

treated here in detail.

Vaccines such as diphtheria toxin (an ADP ribosyltransferase) or tetanus toxin (an

endopeptidase) are not discussed here. These are proteins whose toxic properties

indeed rely on their enzymatic activity. However, they are used as immunogens for

vaccination after chemical treatment with formaldehyde to convert them into enzy-

matically inactive toxoids. Thus, their medical use does not rely on their enzymatic

activity but rather on their immunogenic properties.

The overview of enzymes (Table 39) used in therapy is ordered according to the E.C.

numbering schemeof enzyme classes. The table includes enzymespresentlymarketed,

as well as several enzymeswhich are at present in advanced clinical studies but have not

yet been approved. For more information, the reader is referred to comprehensive

books and reviews [1345–1348], [1349], [1350].

6.2.4.1 Oxidoreductases

Urate oxidase (E.C. 1.7.3.3), an enzyme which catalyzes the oxidation of uric acid to the

more soluble allantoin, is present in many organisms (including mammals) but not in

higherprimates.AnonrecombinanturateoxidaseproductisolatedfromAspergillusflavus

has been used in some countries formany years (France, since 1975; Italy, since 1984) for

prophylaxis or treatment of hyperuricemia in patients with hematological malignomas

whichareprone to the riskof tumor lysis syndrome (TLS).This is anoncologicemergency

most commonly occurring spontaneously or after chemotherapy in patients with large

tumorburdens such as acute leukemia, aggressive lymphoma, or bulky solid tumors. TLS

is characterized by hyperuricemia leading to the precipitation of uric acid and to

intraluminaltubularobstruction,hyperphosphatemia,andhypocalcemia.Theconsequen-

ces of TLSmay be life-threatening and include acute renal failure andmultiorgan failure.
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Several factors, including the complex manufacturing process, have limited the

availability of A. flavus urate oxidase. Therefore, the cDNA coding for the enzyme was

cloned and expressed in Saccharomyces cerevisiae. The purified recombinant enzyme

(rasburicase) was approved for marketing in Europe in 2001, and in the USA in 2002

[1351]. Use of rasburicase in cancer treatment is under study [1352].

Detailed protein-chemical studies demonstrated a higher purity of rasburicase com-

pared to the natural A. flavus enzyme; in particular, the fungal oxidase contained a

cysteine adduct toCys-103, likely attributable to thepurificationprocess,whichwas absent

in the recombinant enzyme product [1353], [1354]. Because urate oxidase is a nonhuman

protein, thedrug is antigenic andpotentiallymay inducehypersensitivity reactions.While

nonrecombinant urate oxidase has a rate of acute hypersensitivity reactions of up to 5 %,

the incidence appears to be much lower with the recombinant form.

A PEGylated version of recombinant porcine uricase is in phase II clinical devel-

opment for the elimination of excess uric acid in patients with symptomatic gout for

whom conventional therapy is contraindicated or has been ineffective. In 2001, PEG-

rasburicase was granted orphan drug designation by the FDA for this indication [1355].

Superoxide ion (O2
�) and hydrogen peroxide are crucial starting points in the

formation of other reactive oxygen species (ROS) which may cause oxidative damage

to cells and tissue destruction. This is specially evident in endothelial cells, damage of

which appears to be involved in pathological situations such as myocardial infarction,

lung injury and inflammation, ischemia-reperfusion damage, hypoxia, and hyperoxia.

Superoxide dismutase (orgotein, E.C. 1.15.1.1), a copper–zinc protein identified in

bovine liver in the 1960s, removes the superoxide radical by catalyzing its dismutation

to molecular oxygen and hydrogen peroxide, and thus acts as part of the cellular ROS

detoxification pathway. Bovine superoxide dismutase has been used since the early 1980s

as an anti-inflammatory drug, proved to be therapeutically effective in the treatment of

osteoarthritis, chronic polyarthritis, radiation cystitis, and interstitial cystitis, and still is

used as a veterinary product (palosein). However, superoxide dismutase is susceptible to

the known limits of native protein administration such as unsatisfactory pharmacoki-

netics and immunogenicity, although the incidence of allergic and anaphylactic reactions

seems to be low. Recombinant human superoxide dismutase (sudismase) preparations

obtained from recombinant E. coli or yeast are presently in clinical development for

treatment of amylotrophic lateral sclerosis, bronchopulmonary dysplasia in premature

neonates, asthma, and respiratory distress syndrome.

To improve the blood residence time and simultaneously reduce immunogenicity,

bovine superoxide dismutase has been coupled to polyethylene glycol. This conjugate

(pegorgotein) indeedwas found to have greatly increased clearance time that depends on

themolecularweight of thePEGused formodification [1356]. The therapeutic efficacy of

pegorgotein has been studied in several indications, and the product is presently in

phase III clinical development for treatment of stroke and closed head injury.

6.2.4.2 Transferases

The only enzyme of this class which is used in therapy is coagulation factor XIII (fibrin-

stabilizing factor) obtained from human plasma. Factor XIII is a glycoprotein which

circulates in the blood as a proenzyme. During the final stages of blood coagulation,
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thrombin converts it to an active form called factor XIIIa (E.C. 2.3.2.13). This is a

transglutaminase which, in the presence of Ca2þ, catalyzes the cross-linking of fibrin

monomers through the formation of intermolecular e-(g-glutamyl)lysine bonds.

Factor XIII deficiency is a rare inherited disease characterized by poorwoundhealing

and abnormal scar formation, with bleeding from the umbilical stump after birth as the

most common clinical symptom. Deficiency of factor XIII can be corrected with

infusions of fresh frozen plasma or human factor XIII concentrates. Although the

cloning and recombinant expression of factor XIII has been reported in several

publications since the 1980s, no recombinant factor XIIIa preparation has yet been

approved for therapeutic use. Recombinant human factor XIII is presently in phase I

clinical trials and has obtained orphan drug designation for the treatment of factor XIII

deficiency in 2003 the EU and in 2004 in the USA [1357].

6.2.4.3 Esterases

Platelet-activating factor (PAF, 1-O-alkyl-2-acetyl-sn-glycero-3-phosphatidyl choline) is a
potent phospholipid mediator with pleiotropic effects, produced by a wide variety of

cells. Serum levels of PAFare elevated in human sepsis, and when PAF is injected into

animals, it produces physiological dysfunction similar to that seen in sepsis. These

effects are mediated by various cytokines and other molecules [1358]. Although a

statistically significant reduction in mortality associated with the use of the recombi-

nant PAF acetyl hydrolase (E.C. 3.1.1.47, pafase) was reported as the result of two

phase II trials in the sepsis indication, these results were not validated in a large

phase III multicenter trial [1359], and further development was discontinued.

Lipase (E.C. 3.1.1.3) from porcine pancreas (see Section 5.1.1.6) or from Rhizopus
arrhizus (rizolipase) is used as a digestion aid.

6.2.4.4 Nucleases

In lung diseases characterized by persistent airway infection such as cystic fibrosis (CF,

mucoviscidosis) and chronic bronchitis, respiratory distress and progressive lung

destruction are strongly associated with bacterial persistence and the accumulation

of viscous purulent secretions in the airways. Infected-airway secretions containmucus

glycoproteins and abundant amounts of DNA which, as an extremely viscous polymer

polyanion, is a major cause of the increased viscosity.

Recombinant human desoxyribonuclease I (dornase alfa, E.C. 3.1.21.1) reduces the

viscosity of the sputum by hydrolyzingDNA.Dornase alfa produced from recombinant

CHO cells is virtually identical to DNase I, an extracellular glycoprotein produced in

human pancreas and salivary glands.

In trials on clinically stable CF patients, dornase alfa, administered through an

inhalation device, was found to reduce CF-related morbidity, including the risk of

respiratory tract infectious exacerbations requiring treatment with parenteral antibio-

tics, and to improve pulmonary function and quality of life. It was approved for

treatment of CF in 1993.

Streptodornase, a desoxyribonuclease obtained from Streptococcus bacteria, is used
together with streptokinase for the debridement of wounds, as well as to treat ulcers in

order to liquefy blood clots and dead tissue so that these can be easily removed.
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DNAdamage plays an important role in the development of skin cancer, which is the

most common cancer in white people in theUSA and other countries. Patients with the

rare genetic disease xeroderma pigmentosum have an autosomal recessive genetic

defect in the pathway that repairs sun-induced damage of DNA. As a result, the rates of

malignant disorders of the skin are 1000 times higher than in the general population.

The DNA repair enzyme, T4 Endonuclease V (E.C. 3.1.21.-) is currently in phase III

clinical development for the prevention of actinic keratosis in xeroderma pigmentosum

patients and in phase II clinical trials for the prevention of skin cancer in renal

transplant patients who have elevated rates of skin cancer due to the use of immu-

nosuppressive drugs which inhibit DNA repair of UV damage, as well as in renal

transplant recipients with sun-damaged skin and a history of nonmelanoma skin

cancer. The compound is used as a liposomal lotion (T4N5 liposome lotion). It is a viral

DNA glycosylase which specifically excises pyrimidine dimers in DNA. The enzyme

binds to UV-irradiated DNA, progressively scans the DNA until a pyrimidine dimer is

encountered, and then cleaves the glycosyl bond of the 50-pyrimidine of the dimer as

well as the 30-phospho diester bond, resulting in breakage of the DNA strand. In a

randomized study, it was shown that topical application of the endonuclease lowered

the rate of development of new skin lesions (actinic keratoses and basal-cell carcino-

mas) during a year of treatment [1361].

Following studies which demonstrated inhibition of tumor growth after injection of

bovine pancreatic ribonuclease (RNase) into tumor-bearing mice, the potential of

ribonucleases (E.C. 3.1.26.4) to inhibit tumor growth has been investigated since

1955. However, at present only an amphibian RNase isolated from the leopard frog

Rana pipiens (ranpirnase) is in phase III clinical trials in the indications malignant

mesothelioma, refractory breast cancer, renal cell cancer, and prostate cancer [1362].

Ranpirnase, which is not inhibited by endogenous mammalian RNase inhibitors, is

also being studied preclinically for use in antiviral therapy. Furthermore, preclinical

studies are ongoing forRN321, an anti-CD22/RNase immunoconjugate that consists of

a B-cell-specificmonoclonal antibody conjugated with ranpirnase which is intended for

treatment of B-cell lymphomas.

6.2.4.5 Glycosidases

a-Amylase (E.C. 3.2.1.1) from porcine pancreas is part of pancreatin preparations (cf.

Section 5.1.1.6) and is used to support the digestion of dietary carbohydrate. This is also

the case for extracts from Aspergillus oryzae containing cellulases (E.C. 3.2.1.4),

proteases, and a- and b-amylase (E.C. 3.2.1.1/3.2.1.2). In fact, an enzyme preparation

from Aspergillus oryzae cultures (Takadiastase) developed by JOKICHI TAKAMINE and used

as a digestive aid in the 1890s, probably represented the first use of amicrobial enzyme

preparation for therapeutic purposes.

Lysozyme (E.C. 3.2.1.17) was discovered in 1922 by ALEXANDER FLEMING as a bacter-

iolytic substance present inmany tissues and secretions. Its antibacterial effect is based

on hydrolysis of the bacterial cell walls by cleaving the b-(1,4) glycosidic bonds between
N-acetylmuraminic acid and N-acetylglucosamine residues. Lysozyme also has chit-

inolytic activity, which contributes to the cell-wall lysis of numerous gram-positive

bacteria. The explanation for a reported antiviral action of lysozyme is elusive.
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Lysozyme, obtained from hen egg white, is still used for treatment of infectious and

inflammatory diseases, for the treatment of viral diseases, for eye therapy, and within

the oral cavity and throat in anti-angina preparations. Chitinases (E.C. 3.2.1.14) are also

under study for treatment of fungal infections.

Hyaluronidases (E.C. 3.2.1.35) randomly hydrolyze theb-N-acetyl hexosaminic bonds

inhyaluronate, chondroitin 4- and6-sulfate and their desulfated derivatives to yield even-

numbered oligosaccharides with glucuronic acid residues at their nonreducing end. By

hydrolysis of the connective tissue glycosaminoglycans, they facilitate the absorption of

injected fluids and resorption of exudates. Therefore, hyaluronidase obtained from

bovine testes (a mixture of several enzymes) is used to promote absorption and

dispersion in the subcutaneous or intramuscular injection of relatively large volumes

of fluids. Ophthalmic injectable formulations have also been developed for use in the

treatment of vitrous hemorrhage in diseases such as diabetic retinopathy. A recombi-

nant human PH20 hyaluronidase was approved in 2005 for use in removing the

cumulus matrix surrounding oocytes in preparation for assisted reproductive technol-

ogy (ART) procedures as well as for use as a spreading agent to facilitate the dispersion

and absorption of other drugs. It is also under study for treatment of ischemic stroke.

Diseases which are caused by genetically encoded single-enzyme defects generally

are candidates for rational therapy by enzyme replacement. Until now, this has been

realized in severe combined immunodeficiency (see Section 6.2.4.7) and in glycolipid

storage diseases such as Gaucher’s disease and Fabry’s disease. For some other

indications, clinical development of enzyme replacement therapies is in progress

[1363], e.g., recombinant acid sphingomyelinase (E.C. 3.1.4.12) for type B Niemann–

Pick disease, recombinant lysosomal acid maltase (a-glucosidase, E.C. 3.2.1.3) for
Pompe’s disease, and recombinant human iduronate-2-sulfatase (E.C. 3.1.6.13) for

mucopolysaccharidosis type II (Hunter syndrome).

Development of these recombinant enzyme-based drugs has been supported greatly

by the U.S. and European ‘‘orphan drug’’ regulations allowing drugs directed to life-

threatening diseases which affect less than 200 000 persons in the USA, or occur with a

frequency of less than 5 in 10 000 persons in Europe, to obtain tax incentives and grant

funding, as well as seven (USA) or ten (Europe) years market exclusivity. This gives the

originator companies a good chance to pay off the development costs of these drugs in

spite of the small market size.

Gaucher’s disease is the most prevalent lysosomal storage disorder, characterized by

the accumulation of glycolipid (glucosylceramide) primarily in peripheral tissues. It is

inherited in an autosomal recessive manner, and the incidence is 1/600–1/2500 in

ashkenazic jews and 1/50 000 in Caucasians. This disease is caused by deficiency in the

enzyme b-glucocerebrosidase (glucosylceramidase, E.C. 3.2.1.45) which catalyzes the

removal of glucose from glucosylceramide to form ceramide. In 1991, alglucerase

(glucocerebrosidase derived from human placenta) was launched as the first enzyme

replacement therapy for Type 1 Gaucher’s disease. Meanwhile, the human enzyme has

been replaced by recombinant glucocerebrosidase (imiglucerase; U.S. approval 1994,

European approval 1997) produced in CHO cells. This was critical for overcoming the

limitations of availability: 20 000 placentas were required to provide a one-year supply

for a single patient. Imiglucerase differs from the native human enzyme by one amino
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acid, Arg-495 being substituted byHis, and has amodified oligosaccharide component.

A PEGylated form of glucocerebrosidase is also in clinical studies. Among all ther-

apeutically used enzymes, glucocerebrosidase was the best-selling with global sales of

$ 0.88�10 in 2004.

Fabry’s disease is an X-chromosomal, recessively inherited lysosomal glycosphingo-

lipid storage disease which leads to the abnormal deposition of neutral glycosphingo-

lipids (mainly globotriaosylceramide) in many tissues and cell types, such as kidney,

heart, skin, and the cells lining the blood vessels. In theUSA, it occurswith an incidence

of 1 in 40 000,mostly in caucasians, but is also found in African Americans, Hispanics,

and Asians. The disease is caused by a genetically encoded defect of the lysosomal

a-galactosidase A (E.C. 3.2.1.22). Two recombinant human a-galactosidases (agalsidase
alfa produced in a human cell line, and agalsidase beta obtained from recombinant

CHO cells) have been shown to mobilize and clear the sphingolipid deposits and have

been approved for long-term enzyme-replacement therapy of Fabry’s disease [1365],

[1366]. The phase III clinical trial preceding the approval of agalsidase beta enrolled 58

patients at eight centers and was the largest trial ever conducted for Fabry’s disease.

Mucopolysaccharidosis type I (Hurler’s syndrome, MPS1) is an inherited and

progressive disorder that results from the body’s inability to make lysosomal

a-L-iduronate, an enzyme that helps breakdown mucopolysaccharides. Hurler’s syn-

drome is inherited as anautosomal recessive trait.Approximately1 in115000 individuals

are affected. The symptoms of intermediate MPS1 usually develop between three and

eight years of age. Infants with severe MPS1 appear normal at birth. Symptoms are

progressive and include growth retardation, progressive mental retardation, deafness,

joint disease including stiffness, heart valve problems, abnormal bones of the spine, and

claw hand. In 2004, recombinant human a-L iduronidase (laridonase, E.C. 3.2.1.76)

[1364], [1367], [1368] was approved in Europe and the USA for treatment of MPS1.

Mucopolysaccharidosis type VI (Maroteaux–Lamy syndrome, MPS VI) is an auto-

somal recessive lysosomal storage disease, caused by a deficiency of arylsulfatase B (N-
acetylgalactosamine 4-sulfatase, E.C. 3.1.6.12). Patients suffer from growth retardation

as well as from bone and joint changes, hepatosplenomegaly, enlargement of heart

valves, and cardiomyopathy. A recombinant arylsulfatase B (galsulfase) [1369] was

approved in 2005 for treatment of this inborn error of metabolism. Clinical trials have

demonstrated that Naglazyme provides clinically important benefits for MPS VI

patients, specifically improved endurance. Galsulfase reduces the excess carbohydrates

(glycosaminoglycans) that are excreted in the urine of patients with MPS VI, an

indication of enzymatic bioactivity.

Lactose is present in concentrations of about 4.7 vol % inmilk and the whey left after

the coagulation stage of cheesemaking. Its presence makes milk unsuitable for the

majority of the world’s adult population: the young of all mammals are able to digest

milk but in most cases, this ability declines after weaning. Of the Thai, Chinese, and

African American populations, 97, 90, and 73 %, respectively, are reported to be lactose

intolerant, whereas 84 and 96 % of the U.S. white and Swedish populations, respec-

tively, are tolerant. For people who have an impaired ability to digest lactose, lactase

(b-galatosidase, tilactase, E.C. 3.2.1.23) is available as a nonprescription enzyme as a

dietary supplement to alleviate the symptoms of lactose intolerance.
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6.2.4.6 Proteases

6.2.4.6.1 Pancreatic and Gastric Proteases

Gastric and pancreatic insufficiency is frequently treated by substitution with crude

enzyme preparations applied orally. These unspecific hydrolases are able to degrade

plasma proteins and cell membrane constituents in vitro. Nevertheless, orally admi-

nistered proteases appear to be nontoxic, which indicates that there is no significant

absorption of the active enzymes from the gastrointestinal tract.

Pepsin (E.C. 3.4.23.1) from porcine stomach is used for support of gastric function to

increase the digestive power of gastric juice. In combination with bismuth complexes it

is also used for treatment of gastric ulcers.

Treatment of disturbances of the exokrine pancreas function leading tomaldigestion,

such as chronic pancreatitis, partial or total pancreatic ectomy, or gastrogenic mal-

digestion, requires not only replacement of proteolytic, but also of amylolytic

and lipolytic activities. Therefore, pancreatin, a hog (or bovine) pancreatic powder

containing trypsin (E.C. 3.4.21.4), chymotrypsin (E.C. 3.4.21.1), a-amylase (E.C.

3.2.1.1), and lipase (E.C. 3.1.1.3) activities, is frequently used. The digestion of

neutral fats is usually promoted by the addition of bile acids. To protect the pancreatin

enzymes against the acid pH of the stomach, they are administered preferentially as

enterocoated formulations which release the enzymes at the alkaline pH of the

duodenum.

6.2.4.6.2 Plasma Proteases

Kallikrein (kallidinogenase, E.C. 3.4.21.8) was discovered in 1926 as a substance in

human urine exhibiting hypotensive properties. Serum kallikrein plays an important

physiological role in maintaining low blood pressure due to its ability to cleave

L-kininogen, a serum a-globulin protein, and release vasoactive kinin peptides

(bradykinin or lysyl-bradykinin). Kinins exert several biological activities such as

vasodilation, blood pressure reduction, smooth muscle relaxation and contraction,

pain induction, and inflammation. Therapeutically, kallikrein is used in the treatment

of peripheral vascular and coronary arterial diseases, as well as in delayed fracture and

wound healing.

The removal of purulent exudate, necrotic tissue, or hard and resistant eschar is a

prerequisite for the effective cleaning and sterilization of burns, ulcers, traumatic and

surgical wounds, and for the initiation of the healing process. A variety of proteolytic

enzymes such as bovine plasmin (fibrolysin, E.C. 3.4.21.7), trypsin (E.C. 3.4.21.4) from

bovine pancreas, clostridial collagenase (E.C. 3.4.24.3), and a protease from Bacillus
subtilis, which can remove fibrin layers from wounds, are used as debriding agents for

the cleaning of necrotic wounds, ulcers, abcesses, empyemas, sinuses, and fistulas. The

enzymes are usually combinedwith antibiotics and are topically applied as ointments or

as a wet or dry dressing. Dry enzyme powder may also be insufflated into wounds or

cavities, or inserted into fistulas by means of small gelatin capsules. Because of the

presence of trypsin and plasmin inhibitors in serum, the proteases are expected not to

attack living tissue. However, due to their heterologous source, the risk of allergenic

reactions must be considered.
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6.2.4.6.3 Coagulation Factors

a-Thrombin (Fibrinogenase, E.C. 3.4.21.5) is a trypsin-like serine proteinase which

causes blood clotting through proteolytic cleavage of fibrinogen and protease-activated

receptors. It also amplifies its own generation from the inactive precursor prothrombin

by activating the essential clotting factors Vand VIII. Thrombin from bovine plasma is

used to treat superficial bleeding resulting from trauma or surgical intervention, and

ultrasound-guided thrombin injection has recently emerged as a treatment of iatro-

genic femoral artery pseudoaneurysms. Another source of exposure to exogenous

thrombin is the use of commercial ‘‘fibrin glue’’ preparations which contain a human

or bovine thrombin component together with a gelatin-based matrix containing

fibrinogen, fibronectin, and coagulation factor XIII in surgical procedures, especially

during cardiac surgery, and to support wound healing. Bovine thrombin preparations

represent potential antigenic stimuli, and an immunologic responsemay occur in up to

30 %of patients [1370]. Thrombin cannot be used intravascularly because of the danger

of inducing intravascular coagulation.

Thrombin can both promote and prevent blood clotting (thrombin paradox). Its

anticoagulant effect is caused by its ability to complex with an endothelial cell

membrane protein, thrombomodulin, and then process the endogenous circulating

serine protease zymogen Protein C into activated Protein C [APC, drotregocin alfa

(activated), E.C. 3.4.21.69]. APC cleaves and inactivates factor Va and factor VIII and

thereby inhibits the generation of thrombin, which prevents clotting, and also inhibits

plasminogen activator inhibitor-1 (PAI-1), leading to a profibrinolytic effect. Further-

more,APCwas reported to exert an anti-inflammatory effect by inhibiting productionof

tumor necrosis factor by monocytes and by blocking leukocyte adhesion to selectins. A

recombinant version of naturally occurring human activated Protein C produced in

CHO cells was approved in 2001 for treatment of severe sepsis [1358]. This condition

results from an out-of-control host response to invadingmicrobes, which gives rise to a

dramatic increase of cytokine levels as well as escalation of the clotting cascade

throughout the body, leading to inflammation, septic shock, andmultiple organ failure.

Hemophilia is the most common congenital disorder of coagulation and affects

approximately 1 in 10 000 males around the world [1371]. Hemophilia A, the oldest

recognized hereditary bleeding disorder, is due to a deficiency of the antihemophiliac

factor (AHF, factor VIII) in the circulating blood, whilst hemophilia B (also known as

Christmas disease), a clinically identical, but less common disorder, is caused by factor

IX deficiency. Both factor VIII, which is not an enzyme but a protein cofactor required

for the activation of factor X by factor IXa, and factor IX (a zymogen of the serine

protease factor IXa) are essential glycoproteins in the clotting cascade. Patients with

hemophilia A and B require life-long substitution therapy, which was introduced about

a century ago using fresh blood. A major therapeutic advance was the preparation of

bovine factor VIII in 1954, followed by the introduction of cryoprecipitates and then

lyophilized concentrates from human plasma. However, the pooling of plasma dona-

tions introduced the risk of transmission of viral infections (e.g., hepatitis, HIV).

Although pretesting of the plasma used in the manufacture of coagulation factor

products, as well as physical and chemical process steps of viral inactivation, have been

introduced, recombinant products are believed to offer the greatest margin of safety for
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hemophiliac patients. Recombinant expression of factor VIII and IX was a great

technical challenge, since both are glycoproteins which undergo several posttransla-

tional modifications, and factor VIII comprises no less than 2332 amino acid residues.

Nevertheless, various human coagulation factor preparations obtained from recombi-

nant mammalian cells have been developed and approved in the 1990s: recombinant

factor VIII (octocog alfa) from CHO or BHK (1992/93); a second-generation,

B-domainless factor VIII (moroctocog alfa), which retains activity in clotting assays

but can be formulated without the addition of human albumin, which further reduces

the theoretical risk of transmission of human viruses (1999); and recombinant factor IX

(nonacog alfa) obtained from CHO cells (1997).

However, highly purified factor VIII and factor IX preparations obtained from

human plasma are still available. Furthermore, concentrates of human plasma-derived

factor VIII containing von Willebrand factor are used to treat von Willebrand disease,

which is the most common inherited disorder of hemostasis, with an incidence in the

population of about 1 %.

One complication of replacement therapy, however, is the development of inhibitory

antibodies directed against factor VIII or factor IX in a significant percentage of severe

hemophilia patients. For this type of patients, porcine factor VIII isolated from porcine

plasma as well as prothrombin complex concentrates are available. Furthermore,

recombinant human factor VIIa (niastase, E.C. 3.4.21.21) manufactured from BHK

cells is used for treatment of these patients. Factor VIIa possesses very little inherent

proteolytic activity, but when bound to tissue factor on the subendothelial cell surface, is

able to convert factor X into factor Xa (and factor IX into factor IXa) directly in the

absence of factors VIII and IX, and therefore bypasses factors VIII and IX in the

coagulation cascade. Recombinant factor VIIa has been approved (EU, 1996; USA,

1999) for treatment of hemophilia A patients with factor VIII inhibitory antibodies and

hemophilia B patients with factor IX inhibitory antibodies. Factor VII concentrates

obtained fromhumanplasma are used to treat patientswith factorVII deficiency, which

is a rare disorder occurring in 1 in 500 000.

6.2.4.6.4 Plasminogen Activators

Acute myocardial infarction and ischemic stroke are two main causes of death and

disability in theWestern societies. Fibrinolytic therapy of these diseases is based on the

premise that their proximal cause is thrombosis, i.e., occlusive thrombi prevent blood

flow to vital organs, resulting in oxygen deprivation, cell necrosis, and loss of organ

function [1372]. Early and sustained recanalization is expected to prevent cell death,

reduce infarct size, preserve organ function, and reduce early and late mortality.

Thrombolytic agents dissolve blood clots by activation of the inactive circulating

zymogen plasminogen to the active protease plasmin, which then will degrade fibrin,

the main constituent of blood clots.

The first (and, in Europe, still most widely used) used plasminogen activator,

streptokinase (SK), produced by several strains of hemolytic Streptococci, is not an

enzyme, but activates plasminogen by forming an equimolar complex with plasmino-

gen, which then undergoes a conformational change resulting in the exposure of the

active site of the plasminogen molecule. In a second step, this active site catalyzes the
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activation of residual plasminogen to plasmin, which then again converts the plasmi-

nogen–SK complex to a plasmin–SK complex by proteolytic cleavage. Since strepto-

kinase generates free circulating plasmin, its use is associatedwith a systemic lytic state.

Furthermore, streptokinase acts as a strong antigen in humans, which is even more

critical because preexisting antibodies from previous streptococcal infections are

common. Nevertheless, prospective multicenter trials with streptokinase have demon-

strated that lytic therapy significantly improves the one-year survival rate if acute

myocardial infarction is treated within the first 3 h after the onset of symptoms.

To control the enzymatic activity of the plasmin(ogen)–SK complex, anistreplase

(anisoylated plasminogen–streptokinase activator complex, APSAC) has been devel-

oped. In APSAC, the catalytic center of the plasminogen moiety is specifically and

reversiblymodifiedwith an anisoyl residue. This should delay the formation of plasmin

but has no influence on the lysine-binding sites involved in the (albeit weak) binding of

the complex to fibrin, so that a certain degree of localization of protease activity at the

clot would be expected. However, the deacylation of the complex occurs both in

circulation and at the fibrin surface, and the additional fibrin specificity of thrombolysis

by anistreplase appears to be marginal [1372].

Urokinase (urokinase-type plasminogen activator, u-PA, E.C. 3.4.21.73) is an enzyme

of human origin, secreted by the kidney and eliminated in the urine. Urokinase is

formed in vivo as a single-chain form (scu-PA, prourokinase, Mr 54 000) which is then

processed at the Lys-158–Ile-159 bond into a two-chain derivative (tcu-PA or HMW

urokinase). Further proteolytic cleavage result in a form with Mr ¼ 33 000 (LMW

urokinase). Whereas the two-chain formsHMWand LMWshow similar activity in vitro

towards chromogenic substrates, scu-PA displays very low activity towards low mole-

cular weight substrates. In plasma, in the absence of fibrin, scu-PA does not activate

plasminogen; in the presence of the fibrin clot, scu-PA (but not tcu-PA) induces fibrin-

specific clot lysis due to enhanced activity versus fibrin-bound plasminogen. u-PA is a

serine proteasewith a high substrate specificity for plasminogen, and since it is a human

enzyme, does not cause any immunological complications. For several years, LMW-

urokinase obtained from human urine or from human neonatal kidney cell culture has

beenused for thrombolytic therapy.However, in the past few years, somemanufacturers

have run into problemswith rawmaterial supply (human urine) anduncertainties about

possible viral contamination (human cell culture), leading to temporary unavailability of

urokinase in some countries. Recombinant versions of single-chain urokinase (saru-

plase), obtained from recombinant E. coli, have been in clinical studies for a number of

years, but no recombinant urokinase products have yet been approved for marketing.

A major advance in thrombolytic therapy was made when recombinant tissue-type

plasminogen activator (t-PA, alteplase, E.C. 3.4.21.68) became available. t-PA is a

Mr ¼ 70 000 serine protease which also exists in single- and two-chain forms, which

are both proteolytically active, and comprises three N-glycosylation sites. t-PA has little

plasminogen activator activity in the absence of fibrin, but its activity is strikingly

enhanced in the presence of fibrin. Thus, when introduced into the systemic circula-

tion, t-PA will initiate local fibrinolysis at the site of blood clots, but only limited

systemic proteolysis. Recombinant t-PA obtained fromCHO cells was approved for the

treatment of acute myocardial infarction (AMI) in 1987, and for acute massive
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pulmonary embolism in 1990. In large clinical trials, it was conclusively demonstrated

that fibrin-selective recombinant t-PA combined with intravenous heparin is superior

to nonselective streptokinase for early mortality reduction.

Likemany plasma proteases, t-PA consists of several discrete structuralmodules, i.e.,

a ‘‘finger ’’ domain, a ‘‘growth-factor-related’’ domain, two ‘‘kringle’’ domains, aswell as

a protease domain, structurally similar to trypsin, which contains the enzymatically

active center. In the 1990s,many approaches were reported to design t-PAmutants with

improvedproperties, e.g., higher fibrin specificity, greater zymogenicity (activity ratio of

two-chain vs single-chain form), slower clearance from the circulation, and resistance to

plasma proteinase inhibitors, but only three of these mutants have been clinically

developed and approved for marketing: reteplase [1373] is a single-chain, unglycosy-

lated deletion variant consisting only of the second kringle and the protease domains of

human t-PA. The plasminogenolytic activities of alteplase and reteplase in the absence

of a stimulator do not differ, but in the presence of stimulating fibrinogen fragments,

reteplase activity is about four times lower as compared to t-PA, and its binding to fibrin

is five times lower. The reteplase molecule no longer contains the structural elements

responsible for the rapid clearance of t-PA from the bloodstream (finger domain and

carbohydrate residues), and indeed shows significantly prolonged half-life in the

circulation (14–18 min in humans, as compared to 3–4 min for wild-type t-PA). This

allows application as a double bolus, instead of a bolus followed by a 90min infusion, as

is necessary with t-PA. Reteplase is produced in recombinant E. coli by a process

involving protein refolding on an industrial scale. Several large clinical studies have

demonstrated that a clinical benefit of reteplase over alteplace could not be shown, and

the two agents can be considered equivalent [1374], [1375]. Reteplase was approved for

treatment of AMI in 1996.

In the second t-PAmutant which is commercially available, tenecteplase (TNK-t-PA),

the glycosylation site in kringle-1 was deleted by substitution of Asn-117 by Gln,

whereas a new glycosylation site was introduced, at a different locus, by replacement of

Thr-103 by Asn. Furthermore, the amino acids 296–299 were replaced by Ala residues,

which confer resistance against inhibition by PAI-1. Tenecteplase, which is produced in

recombinantCHOcells, has a plasmahalf-life of 17min, similar to that of reteplase, and

has a similar ability to wild-type t-PA to bind to fibrin. Large clinical trials with AMI

patients have demonstrated that tenecteplase, given as a single bolus, was equivalent to

alteplase in terms of 30-d mortality. Tenecteplase was approved for marketing in 2000.

Monteplase [1376], a modified human tissue plasminogen activator in which

replacement of cysteine 84 in the epidermal growth factor domain by serine results

in a prolonged half-life in vivo, was launched in Japan in 1998 for the treatment of

myocardial infarction. The compound has also been approved for treatment of

pulmonary embolism, and is in phase II trials for the treatment of cerebral embolism.

The product is not available outside of Japan.

Other plasminogen activators, e.g., the plasminogen activator from the saliva of

vampire bat Desmodus rotundus (desmoteplase, DSPAa-1), other t-PA muteins, a

chimeric t-PA Kringle 2/u-PA plasminogen activator (amediplase, [1377]) and staphy-

lokinase from Staphylococcus aureus (obtained from recombinant E. coli) have been

intensively studied in preclinical and even clinical studies, but until now, none of them
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has been approved for routine use [1378]. However, desmoteplase is presently in phase

IIb/II studies for treatment of acute ischaemic strokewhere this enzyme, due to its high

fibrin selectivity, is expected to be useful.

6.2.4.6.5 Proteases from Snake Venoms

Snake venoms contain two types of thrombin-like proteinases, including thrombocytin

and crotalocytin, which preferentially act on substrates other than fibrinogen and are

used for research purposes only, as well as enzymes (E.C. 3.4.21.74) such as Ancrod,

obtained from the Malayan pit viper Calloselasma (Agkistrodon) rhodostoma, and

Batroxobin, obtained from Bothrops atrox moojeni or Bothrops jararaca [1379]. These

latter enzymes act very specifically on the A-a chain of fibrinogen, which is transformed

into fibrinopeptide A and fibrin I, but do not promote cross-linking of the resulting

fibrin gel. Fibrin I stimulates release of plasminogen activators from the endothelium

and is degraded by plasmin into noncoagulating degradation products. This leads to a

decrease of fibrinogen plasma levels and to reduced viscosity and coagulability of the

blood. Therefore, Ancrod and Batroxobin are used for the prevention of thromboses,

improvement of blood rheology, and support of drug-induced fibrinolysis, as well as for

anticoagulation in patients with heparin-induced thrombocytopenia (HIT syndrome).

Loss of activity after prolonged therapy, resulting from antibody formation, is observed

with both snake venom proteases. Batroxobin is also used in chirurgic tissue glues and

hemostyptics in order to obtain fibrin I preoperatively from the patient’s own blood,

which is then used post-operatively for wound closure.

Alfimeprase is a truncated form of fibrolase, a fibrinolytic metalloproteinase (E.C.

3.4.24.72) first isolated from the venom of the Southern copperhead snake (Agkistrodon
contortrix contortrix) in which the first three amino acid residues at the N-terminus are

replaced by a single Ser residue. Both fibrolase and alfimeprase have been shown to

have direct proteolytic activity against the fibrinogen A-a chain. In vivo pharmacology

studies [1380] have shown that thrombolysis with alfimeprase is up to six times more

rapid than with plasminogen activators. Alfimeprase can be bound and neutralized

by serum a-(2)-macroglobulin, a prevalent mammalian protease inhibitor, which

may reduce systemic bleeding complications due to the inhibitory effects of

a-(2)-macroglobulin. Alfimeprase is presently in phase III clinical trials for treatment

of peripheral arterial occlusive disease.

6.2.4.6.6 Plant and Microbial Proteases

In the same way as pancreatin, lytic enzymes from plants or microorganisms are used

as digestive aids, e.g., papain (papayotin, E.C. 3.4.22.2), a cysteine endopeptidase

obtained from the latex of Carica papaya, and bromelain (E.C. 3.4.22.4), obtained from

the stem and fruit of pineapple (Ananas comosus var.).

In Europa and Japan (but not in the USA), enzyme preparations containing

bromelain together with papain, trypsin, or chymotrypsin, as well as serrapeptase

(E.C. 3.4.24.40), a protease from the nonpathogenic enterobacterium Serratia E15, have
been widely used in rheumatic disorders [1381] and generally for anti-inflammatory

treatment. A protease from Aspergillus sp (promelase, E.C. 3.4.21.63) has also been

studied as an anti-inflammatory agent. However, enzyme use in thismarket segment is
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declining versus other drugs such as salicylates, nonsteroid anti-inflammatory agents,

and steroids.

Intravenous administration of brinase, a proteolytic enzyme preparation from

Aspergillus oryzae, was found to be beneficial in the treatment of chronic arterial

obstruction. Sfericase, the main intracellular protease of Bacillus sphaericus was found
to reduce the viscosity of human pathological bronchial secretions while notmodifying

their elasticity, and has been studied for use in chronic bronchitis, acute pneumonia,

and chronic sinusitis. Sutilain, a proteolytic enzyme isolated from Bacillus subtilis, has
been used for the treatment of burns.

Chemonucleolysis is now an established treatment modality in the management of

herniated or prolapsed lumbar intervertebral disk disease as an alternative to surgery.

The enzyme chymopapain (E.C. 3.4.22.6), a proteolytic cysteine protease from papaya

latex, is injected directly into the center of the affected disk (nucleus pulposus), where it

digests the protein part of the insoluble mucopolysaccharide–protein complex. The

fragmented proteoglycan diffuses from the disk, causing a reduction in hydrostatic

pressure on the nerve root and thus an easing of pain and disability. This procedure has

been in widespread use since its introduction in 1963, and its efficacy has been

established in a placebo-controlled, double-blind study. However, the injection tech-

nique is complicated, and a relatively high complication rate is observed.

6.2.4.7 Amidases

Certain tumor cells may require unusual or specific nutrients derived from the

bloodstream, or may require a nutrient in higher concentration than normal cells.

Thus, continued growth of these tumors might be prevented by restricting their

nutrient supply by administration of an appropriate enzyme. In this area, microbially

derived L-asparaginase (E.C. 3.5.1.1), isolated from various microorganisms such as E.
coli (colaspase) and Erwinia carotovora (crisantaspase), has been approved for the

treatment of some forms of leukemia, and glutaminase is also under study for

treatment of neoplastic diseases. Asparaginase has proved to be particularly promising

for treatment of acute lymphocytic leukemia. Its action depends on the fact that tumor

cells are deficient in aspartate ammonia ligase activity, which restricts their ability to

synthesize the normally nonessential amino acid L-asparagine. Asparaginase deprives

the circulating blood of asparagine. This does not affect the functioning of normal cells,

which are able to synthesize enough for their own requirements, but induces a state of

starvation in the susceptible tumor cells. The enzyme is administered intravenously

and shows a half-life of about one day in dogs. This half-life can be increased 20-fold by

use of PEG-modified asparaginase (Peg-asparaginase) which is likely to expand the

scope of application and the therapeutic efficacy of this enzyme. However, the main

problems of this therapy are the rapid development of resistance by the tumor cells,

disturbances in the homeostatic system, as well as immunological complications.

Severe combined immunodeficiency (SCID) is a primary immune deficiency which

usually results in the onset of one ormore serious, and even life-threatening, infections

within the first few months of life. There are several forms of SCID; one of them is

linked to a chronic deficiency of the enzyme adenosine deaminase (ADA, E.C. 3.5.4.4).

For these patients, the only available alternative to bone marrow transplant is enzyme
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replacement with PEGylated bovine ADA (pegademase bovine) in infants from birth or

children of any age at the time of diagnosis. Injection of unmodified ADA is not

effective because of its short circulating life (less than 30 min) and the potential for

immunogenic reactions to a bovine-sourced enzyme. The attachment of PEG to ADA

increases its circulating life and masks epitopes on the surface of the ADAmolecule to

avoid immunogenic reactions.

6.2.4.8 Lyases

There are only two lyases presently under study for therapeutic application. Recombi-

nant human porphobilinogen deaminase (rhPBGD, E.C. 4.3.1.8), an enzyme involved

in the heme-synthesizing pathway, obtained orphan designation in 2002 for the

treatment of acute intermittent porphyria, a clinical manifestation of an autosomal

dominant genetic disorder caused by mutation in the PBDG gene and resulting in a

50 % reduction of enzymatic activity. This may lead to an increase in blood and urinary

concentrations of heme precursors such as porphobilinogen, and a deficit in heme

synthesis. The effects of recombinant human PBDG, until now, have only been

demonstrated in experimental models [1382].

Administration of PBDG is expected to decrease plasma concentrations of heme

precursors. Phase IIb studies are ongoing since 2004.

A chodroitinase ABC (E.C. 4.2.2.4), i.e., an enzymewhich cleaves chondroitin sulfate

into unsaturated disaccharides, has completed a phase I/II study in Japan for the

treatment of lumbar disk herniation andmay beuseful in chemonucleolysis (cf. Section

6.2.4.6.6 [1383].

6.3

Analytical Applications of Enzymes

This section describes the principles of enzyme use in analytical measurements;

the reader who wishes to get a deeper insight into this field is referred to special mono-

graphs, e.g., [1384]. Normally, enzymes are used as auxiliaries for determination of sub-
strate concentration, inhibitors, or enzyme activity and as labels for enzyme immunoassays.
Reactions are monitored photometrically (absorption change, fluorescence, biolu-

minescence, nephelometry, turbidimetry), by electrochemical detection (amperometry,

potentiometry), by calorimetry, and by radiochemical methods.

Enzymatic reactions may be used in clinical chemistry in complex matrices such as

serumorurine, due to thehigh selectivity of enzymes for their natural substrates [1385].

Some enzymatic reactions can be followed directly (substrate depletion or product

accumulation), for example, the electrochemical detection of H2O2 (at þ600 mV vs

Ag/AgCl) or the ferrocene mediator in the glucose oxidase reaction:

b-d-glucoseþ O2! d-d-gluconolactoneþH2O2

However, most enzymes catalyze reactions involving species that are not themselves

readilymeasured [1385]. In these situations, productsmust be converted to species that

aremeasurable, in a coupled or indicator reaction. The indicator reaction quantitatively

6.3 Analytical Applications of Enzymes 321



converts the product of the primary reaction into readily measurable species. It should

be rapid and quantitative. To accomplish this in a ‘‘linear manner’’, normally a large

excess of the indicator enzyme is employed and, if possible, saturating levels of

cosubstrates or coenzymes of the indicator enzyme.

The most commonly used indicator enzymes are dehydrogenases and peroxidases.

Example of a dehydrogenase reaction:

Reduced substrateþ NADðPÞþ ! oxidized substrateþ NADðPÞHþHþ

The formation of reduced coenzyme (NADH or NADPH) allows absorbance mea-

surements at 340 nm, where the oxidized coenzyme shows almost no absorbance [R2].

Example of a peroxidase reaction:

Reduced dyeþH2O2 ! oxidized dyeþH2O

Peroxidase indicator reactions can be used to follow any primary enzyme reaction

that produces H2O2. These aremainly oxidases. Peroxidases are very specific for H2O2,

but will react with a variety of organic dyes that are colorless in the reduced form but

highly absorbing in the oxidized form. The coupled reaction of glucose oxidase and

peroxidase is used in ‘‘dry chemistry’’, in so called enzyme dipsticks (see Section 6.3.4

for glucose measurement.

6.3.1

Determination of Substrate Concentration

Substrate concentrations are determined enzymatically in two general ways: (1) fixed-

time (end-point) methods and (2) kinetic methods (measurement of reaction rate)

[1387], [1388].

Fixed-Time (End-Point) Methods In the simplest case, the enzyme-catalyzed substrate

conversion is practically complete, and either the decrease in substrate concentration or

the increase in product concentration can be measured, e.g., by light absorption at a

given wavelength.

The time required for completion (e.g., 99 % conversion) of the enzymatic reaction

strongly depends on themaximum reaction rate (V) and theMichaelis constant (Km) of

the enzyme used. Fixed-time assays need a fixed, relatively long period of time and rely

on quantitative or near-quantitative substrate conversion. They are used exclusively for

substrate quantitation. They cannot be used for enzyme activity measurements, since

saturating conditions must be maintained over the duration of the reaction.

Determination of Glucose with Glucose Oxidase Glucose oxidase (GOD, E.C. 1.1.3.4)

is by far themost widely used analytical enzyme in theworld.Millions of diabetics use it

daily, mainly in hand-held biosensors.

To detect glucose with optical methods, in the first reaction, glucose is oxidized with

glucose oxidase [9001-37-0] and hydrogen peroxide is formed:

b-D-glucoseþO2 ! d-D-gluconolactoneþH2O2
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In the second reaction, hydrogen peroxide is used to oxidize a chromogen to form a

dye with the aid of horseradish peroxidase (E.C. 1.11.1.7) [9003-99-0]:

H2O2 þ chromogen ! dyeþH2O

2,20-Azino-bis(3-ethyl-2,3-dihydrobenzthiazolsulfonate) [30931-67-0] (ABTS) or tet-
ramethylbenzidine (TMB) is used as chromogen [1392].

Determination of Urea Urea is hydrolyzed with urease (E.C. 3.5.1.5) [9002-13-5]

and the ammonia formed is assayed by use of glutamate dehydrogenase

(E.C. 1.4.1.3) [9029-12-3]

UreaþH2O ! 2NH3 þ CO2

2-Ketoglutarateþ 2NHþ
4 þ 2NADH ! 2 l-Glutamateþ 2NADþ þ 2H2O

The reaction is followedphotometrically (decrease inNADHconcentration at 340nm).

Kinetic Assays The drawback of end-point methods is that a considerable amount of

time may be required before the reaction comes to completion; this limits the sample

frequency. In addition, many time- and reagent-consuming sample blanks must

be determined, to eliminate interference from light-absorbing serum constituents.

These problems can be overcome by assaying the substrate concentration via the rate of

the enzyme-catalyzed reaction [1388].

These so-called kinetic assays monitor continuously concentrations as a function of

time. As shown in Equation (6.1), up to around 10 % completion, the reaction obeys a

pseudo-first order rate lawwhich allows the initial reaction rate to be determined. At low

initial substrate concentrations (< 0.1Km), the initial ratewill be directly proportional to

the initial substrate concentration. A linear plot of initial rate versus the substrate

concentration is used as for quantitation (calibration) [1385].

v ¼ cS � V=Km (6.1)

Such assays are most conveniently run on automatic analyzers using the so-called

kineticfixed-timeapproach, inwhichtheabsorbanceisreadat twoconstantpointsoftime,

and the slope of the absorbance change is calculated. Only one calibration is required.

As said, these methods work only for substrate concentrations below the Km value,

which sets an upper limit on the dynamic range. This upper concentration limit is

increased in the presence of competitive inhibitors that increase the apparentKm of the

enzyme. Kinetic substrate assays are described for many analyses.

Urea concentration is determined according to the reaction sequence mentioned

previously.

Determination of Glucose

b-d-glucoseþ ATP!d-glucose 6-phosphateþ ADP

d-Glucose 6-phosphateþNADPþ!d-Glucono-d-lactone 6-phosphateþNADPHþHþ
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In the first reaction, glucose is phosphorylated by hexokinase (E.C. 2.7.1.1) [9001-51-8];

then glucose 6-phosphate is dehydrogenated by the action of glucose 6-phosphate

dehydrogenase (E.C. 1.1.1.49) [9001-40-5]. The NADPH production is monitored photo-

metrically at 340 nm.

Determination of Triglycerides Triglycerides (fats) are hydrolyzed by lipase (E.C. 3.1.1.3)

[9001-62-1] and carboxyl esterase (E.C. 3.1.1.1) [9016-18-6]. Glycerol is then phosphory-

lated by glycerol kinase (E.C. 2.7.1.30) [9030-66-4]. The ADP formed in this reaction is

rephosphorylated to ATP with phosphoenolpyruvate and pyruvate kinase (E.C. 2.7.1.40)

[9001-59-6]. Finally, the pyruvate is hydrogenated by L-lactate dehydrogenase

(E.C. 1.1.1.27) [9001-60-9] and the decrease in NADH concentration is followed:

Triglycerideþ 3H2O ! Glycerolþ 3 Fatty acid

Glycerolþ ATP ! Glycerol 3-phosphateþ ADP

ADPþ Phosphoenolpyruvate ! ATPþ Pyruvate

Pyruvateþ NADHþHþ ! l-Lactateþ NADþ

6.3.2

Determination of Enzyme Activity [1390]

Ideally, the substrate concentrationmust be so high for an enzyme assay that the value ofKm

can be neglected. Then the reaction rate is equal to the maximum rate defined by the

Michaelis–Menten equation. The reaction obeys pseudo zero-order kinetics. Inmany cases,

the enzyme to be assayed cannot be determined directly but must be coupled to a second

enzyme-catalyzed reaction that serves as the indicator reaction. In this case, the conditions

chosen must make the enzyme reaction which is to be determined the rate-limiting step.

Activity of Alkaline Phosphatase (E.C. 3.1.3.1) [9001-78-9].

4-NitrophenylphosphateþH2O ! Phosphateþ 4-Nitrophenolate

This is a straightforward enzyme activity assay. Serum alkaline phosphatase is an

importantmetabolic indicator. In vivo it catalyzes the dephosphorylation ofNADP+ and

a variety of other substances, but in vitro a synthetic substrate can be used. The

chromogenic substrate p-nitrophenyl phosphate is cleaved by the enzyme whose

activity is to be determined. The rate of formation of the yellow product nitrophenol

can be followed by the increase in light absorption at 405 nm.

Activity of Creatine Kinase (E.C. 2.7.3.2) [9001-15-4].

Creatine phosphateþ ADP ! Creatineþ ATP

The creatine kinase assay used to be the gold standard (the isoenzyme CK-MB) in

heart attack diagnostics before being replaced by the troponins. This is an example of a
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reaction coupledwith an auxiliary enzyme. TheATP formed in the reaction catalyzed by

creatine kinase is used to phosphorylate glucose to glucose 6-phosphate, which is then

dehydrogenated, as described previously. The rate of NADPH formation at 340 nm is a

measure of the rate of the reaction catalyzed by creatine kinase.

In this assay, diluted serum is preincubated with glucose, hexokinase, NADP+, and

G6P dehydrogenase to first allow any creatine phosphate and ADP (present in the

serum) to be consumed. When a constant absorbance is reached at 340 nm, excess

creatine phosphate and ADP is added. The increase is monitored with time. The slope

of the initial linear section is directly proportional to the enzyme activity. By using

standards, the assay can be calibrated.

6.3.3

Immunoassays

Enzymes are the most widely used labels for immunoassays, because a single enzyme

label can by catalytic amplification provide multiple copies of detectable species. The

detection limits therefore rival those of radioimmunoassays without the storage and

disposal problems associated with radioisotopes [1391].

Enzyme immunoassays use enzymes as labels to determine the amount of immu-

nocomplex (antigen–antibody) formed; for a review, see [1390], [1391], [1392]. Themost

popular immunoassay is the enzyme-linked immunosorbent assay (ELISA) technology

using microtiter plates.

The ideal label for immunoassays is inexpensive, safe and has simple labeling

procedures [1385]. It is covalently linked to the assay reagent at multiple sites for high

sensitivity. The labeled species is stable and is easily detected using inexpensive

instrumentation that is readily automated. The labeling should have minimal effect

on the binding behavior.

Depending on the chemical reaction catalyzed by the respective enzyme, its activity

canbemeasuredphotometrically, fluorometrically, or luminometrically. Enzymes canbe

bound to antibodies using such bifunctional coupling reagents as glutaraldehyde [111-

30-8] [1392], 3-maleinimidobenzoyl-N-hydroxysuccinimide [15209-14-0] [1393], or bis(-

maleido)-methyl ether [1394], depending on the nature of the reactive groups on the

enzyme.Horseradish peroxidase is bounddirectly to the antibody by reactionof carbonyl

groups in the carbohydrate part of the enzyme with amino groups of the antibody via

Schiff base formation and subsequent reduction with sodium borohydride [1395].

Alkaline phosphatase (E.C. 3.1.3.1) [9001-78-9], used in enzyme immunoassays,

should be homogeneous on electrophoresis. For conjugate synthesis, glutara-

ldehydeis recommended [1392]. Alkaline phosphatase activity can also be assayed

optically by using 4-nitrophenylphosphate (see above) or fluorometrically by using

4-methylumbelliferylphosphate [3368-04-5] as substrate. A photometric amplification

system for the immunoassay of alkaline phosphatase has been published [1396].

b-Galactosidase (E.C. 3.2.1.23) [9031-11-2] contains 12 mercapto groups; these are

linked to antibodies bymaleimide bifunctional reagents. The activity of b-galactosidase
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can be measured photometrically with 4-methylumbelliferyl-b-galactoside [39940-54-

0]; in histochemistry, the substrate of choice is 5-bromo-4-chloro-3-indolyl-b-galacto-
side [7240-90-6].

Horseradish peroxidase (E.C. 1.11.1.7) [9003-99-0] contains 12–14.5 wt % of carbohy-

drates,which can beused for coupling to antibodies. The enzyme activity can be assayed

photometrically in different ways. The chromogen 2,20-azino-bis[3-ethylbenzothiazo-
line-sulfonate] (ABTS) is especially suited as a substrate. 3,30,5,50-Tetramethylbenzidine

[54827-17-7] is recommended as a substrate for use in immunohistochemistry.

Luminescence Reactions Chemiluminescence occurs when part of the free energy

produced in a chemical reaction is emitted as light, because a reaction product is

generated in its singlet excited state. Bioluminescence occurs in living organisms, where

these reactions are catalyzed by enzymes. The corresponding enzymes are called

luciferases, and the substrates being converted to light-emitting products are called

luciferins; for reviews see [1397], [1398]; see also Section 2.2.5. Because light intensities

can be measured with very high sensitivity, luminescence reactions are of increasing

interest as indicator systems for immunoassays, giving detection limits comparable to

those achieved with radioactive labels, e.g., see [1399], [1400].

Firefly Bioluminescence In the reaction catalyzed by luciferase (E.C. 1.13.12.7) [61970-

00-1] of the American firefly Photinus pyralis, the light intensity is proportional to the

reaction rate, and substrate assays using this reaction follow the rules of kinetic

substrate determination. These considerations also apply to other enzyme-catalyzed

chemiluminescence reactions.

Bioluminescence catalyzed by firefly luciferase [1401] has been used in immunoas-

says in two different ways: the luciferase can be used directly as amarker, e.g., [1402]; or

pyruvate kinase can be used as a label, and the ATP formed in the rephosphorylation of

ADP by phosphoenolpyruvate (see Phytase) is then assayed by the reaction catalyzed by

firefly luciferase [1403].

Chemiluminescence Catalyzed by Horseradish Peroxidase The peroxidase from horse-

radish (E.C. 1.11.1.7) [9003-99-0] catalyzes the oxidation of luminol (50-amino-2,3-

dihydro-1,4-phthalazinedione [521-31-3] and luminol derivatives by hydrogen peroxide

[1404], with concomitant light emission:

LuminolþH2O2 þ 2OH� ! Aminophthalateþ N2 þ 2H2O

Under normal conditions, this reaction is rather slow and, depending on the

substrate concentrations, a lag phase of varying length is observed. Therefore, this

reaction is not suitable for routine assay of peroxidase activity. However, several groups

of compoundshave been found recently that activate this reaction by eliminating the lag

phase, which results in an increase in light intensity by a factor of 100–1000. The light

signal is stable at a given set of concentrations. Firefly luciferin [2591-17-5] [1405], 6-

hydroxybenzothiazoles [1406], and phenol derivatives such as 4-iodophenol [540-38-5]

and 4-phenylphenol [92-69-3] are used as activators [1407]. At pH 6, the phenol

326 6 Nonindustrial Enzyme Usage



derivatives also act as activators of a photometric reaction catalyzed by peroxidase

[1408].

Most primary enzyme reactions that producehydrogenperoxidehavebeen testedwith

a luminol-peroxidase indicator reaction [1385]. It has been used as an indicator reaction

for glucosewithglucoseoxidase, and for cholesterolwith cholesterol oxidase.Also, firefly

luciferase can be employed as an indicator reaction for any primary enzymatic reaction

that produces or consumes ATP (e.g., the hexokinase reaction). This assay is, however,

not economic compared with the simple and cheap glucose assays.

6.3.4

Enzyme Dipsticks and Enzyme Sensors

Real-time and in situ quantitation of analytes is an old goal of analytical research.

Biosensors and lateral-flow rapid tests are new tools aiming at this.

Enzyme lateral-flow rapid tests (dipsticks) are often also called ‘‘dry chemistry’’ [1409].

Theyfirstused immobilized reagents todetect analytes inurine, later also inwholeblood.

The first dipsticks were developed for testing urine for pH, glucose, and protein

(1964), nitrite (1967), urobilinogen (1972), ketone which ketone (1973), and bilirubin

(1974) as yes/no or semiquantitative mode. Color comparators and later reading

instruments were used for quantification. Thereafter, blood, serum, and plasma were

targeted. Reflectometric readers were developed. Blood glucose was determined by

using glucose oxidase and peroxidase in a coupled reaction on the dipstick.

Today, still dipsticks are mainly used for screening purpose in urine. They comprise

several fields for different analytes, for example combi-tests for glucose, ascorbic acid,

protein, pH, blood, and nitrite in urine.

Glucose measurement in whole blood, however, has shifted methodically mainly to

enzyme biosensors.

Biosensors [1410, 1411] ideally are small and portable devices that allow the selective

quantitation of analytes. They have two components: a transducer in intimate contact

with a biochemical recognition element.

Transducers measure electrochemical, optical, or thermal processes that change in

the presence of the analyte. Biorecognition is mainly achieved by enzymes, antibodies,

chemoreceptors, and nucleic acids. In the presence of an analyte, these agents,

immobilized at the surface of the transducer, cause a change in measurable property

and convert the biochemical recognition event into ameasurable electronic signal. The

immobilized bio-recognition element can be reused.

The first enzyme sensor was introduced by Clarke and Lyons in 1962 [1412]. It

consisted of glucose oxidase trapped on the surface of a platinumworking electrode by a

semipermeable dialysismembrane allowing substrates and products to freely diffuse to

and from the enzyme layer. The conversion of glucose and molecular oxygen to

hydrogen peroxide and gluconolactone is monitored electrochemically.

Different potentials allow different arrangements: At a potential of �0.6 V vs

Ag/AgCl, the oxygen reduction current ismeasured. In this case, the working electrode

is coveredwith a gas-permeablemembrane (Teflon). This is an almost interference-free

enzyme sensor.
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Atþ0.6 V vs Ag/AgCl, the oxidation of hydrogen peroxide ismonitored. This has the

advantage that the oxidation current in the absence of glucose is almost zero. The

measurement can be done within seconds. The glucose oxidase is mostly immobilized

in a polymeric gel (enzymemembrane) and trapped between two dialysis membranes.

It can be reused from 5000 to 10 000 times as it is a diffusion-controlled sensor having a

large ‘‘enzyme reserve’’.

A disadvantage is the possibility of interferences caused by other substances in the

sample, for example, ascorbic acid. Clinical benchtop analyzers are highly economical

becausetheyarereagentless, that is, theydonotconsumetheenzyme, justbuffersolution.

Both glucose sensors are dependent of the oxygen concentration in the solution

and the enzyme membrane. The pocket device used by millions of diabetics

uses a different principle: A mediator (1,10-dimethylferricinium) replaces molecular

oxygen. It uses an amperometric graphite foil as the transducer. The ferrocene species is

co-adsorbed with glucose oxidase on the sensor chip in its reduced form.

Formedical safety reasons, this enzyme sensor configuration is not reused; it is a one-

use sensor. Thus, no efforts are needed to immobilize and to stabilize the enzyme.Only

small amounts of glucose oxidase are used. The sensor operates at a very low potential,

so electroactive interfering substances present in blood (e.g., ascorbic acid) are not

detected. A drop of the patient’s blood is placed onto the sensor chip containing dry

ferrocene and glucose oxidase coadsorbed on the printed electrodes. The chip is

inserted before into a portable, handheld potentiostat. Glucose is bound by active site

of the enzyme and transfers two electrons to the FADmoiety. The reduced FAD in turn

reduces two mediator molecules each of which transfers one electron to the electrode.

The oxidation current measured by the device is then directly proportional to the blood

glucose concentration.

A similar device is available for the determination of lactate, mainly for monitoring

the fitness of athletes.

6.4

Enzymes for Food Analysis [1413], [1414]

Useof the catalytic activity of enzymes for analytical determinationdates fromthemiddle

of the 19th century.Nevertheless, the use of enzymes for food analysis in its present form

was established only about 30 years ago. This was made possible by the large-scale

preparation of pure enzymes, the availability of suitable and inexpensive photometers,

and the elaboration of both enzymatic procedures andmethods for sample preparation.

In food research, the amounts of various food constituents are determined, and

changes occurring during technological processing and subsequent storage are mon-

itored. Because of the great specificity manifest by enzymes, enzymatic methods are

now increasingly used for this purpose.

In industry, raw materials are checked, production controls are carried out, and both

the end products and the competing products are analyzed. Enzymatic methods were

accepted quickly by industry because of the obvious advantage of using easy, rapid, and

highly specific methods of analysis.
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Official inspections involve regular analysis of samples and checking that laws,

regulations, and guidelines are being observed. Checks are also made to determine

if the food industry is fulfilling its obligation tomake complete declarations according to

the law. Enzymaticmethods were used very early for these purposes not only because of

the accurate results obtained from enzymatic analysis but also because of the great

flexibility of the methods and their applicability to different types of sample materials.

Because of tariffs on food, customs officials routinely analyze food by enzymatic

methods. Military inspectors also use enzymes in the general control of food as well

as in stability and storage investigations.

The use of enzymes for analytical determinations is recommended today by many

national and international commissions; in fact, standardized enzymatic methods are

widely available.

6.4.1

Carbohydrates

Carbohydrates are determined routinely in food analysis. The sugar components are an

important part of the overall analytical picture: they constitute a large part of the caloric

value of food, and the authenticity of food samples can be deduced from the relative

amounts of different sugars. The presence of lactose indicates the use of milk. Starch

serves as a raising agent in meat products and as a thickening agent.

Glucose [50-99-7] is by far themost abundant sugar and is usually determined by using

the hexokinase method [1413, vol. VI, pp. 163–172]:

d�Glucoseþ ATP���������!Hexokinase

E:C:2:7:1:1
ADPþGlucose 6�phosphate (6.2)

Glucose 6�phosphateþ NADPþ������������������������������!Glucose 6�phosphate dehydrogenase

E:C:1:1:1:49

d�Gluconate 6�phosphateþ NADPHþHþ (6:3)

Other enzymatic methods can cause problems for a variety of reasons: e.g., the

enzymes are nonspecific (glucose dehydrogenase), or reducing substances in the

sample interfere with the reaction (glucose oxidase–peroxidase method). In addition,

other methods do not allow the simultaneous determination of fructose in the same

cuvette. Glucose is usually determined together with other carbohydrates such as

fructose, sucrose, maltose, and starch.

Fructose [57-48-7]. The enzyme hexokinase also acts on fructose, which is determined

after glucose (Reactions 6.4, 6.5, and 6.3) [1413, vol. VI, pp. 321–327]:

d�Fructoseþ ATP ���������!Hexokinase

E:C:2:7:1:1
ADPþ Fructose 6�phosphate (6.4)

Fructose 6�phosphate ��������������������!Glucose phosphate isomerase

E:C:5:3:1:9
Glucose 6�phosphate (6.5)
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Glucose and fructose are determined in wine and fruit juices, e.g., to detect the

prohibited addition of sugar. Fructose and glucose are also determined together with

sucrose.

Galactose [59-23-4] is easily determined by using the following reaction [1413, vol. VI,

pp. 104–112]:

d�Galactoseþ NADþ ���������������!Galactose dehydrogenase

E:C:1:1:1:48
d� Galactonic acidþ NADHþHþ

(6:6)

This determination is of interest only for certain milk products (yogurt, soft cheese).

Themethod can also be applied to acid hydrolysates of thickening agents like agar, guar,

carrageenan, gum arabic, locust-bean gum, and tragacanth gum.

Mannose [3458-28-4]. The determination of free mannose is also of little interest.

However, like galactose, it is an important component of thickening agents and can be

estimated after subjecting these substances to acid hydrolysis according to Reactions

(6.7), (6.8), (6.5), and (6.3) [1413, vol. VI, pp. 262–267]:

d�Mannoseþ ATP ���������!Hexokinase

E:C:2:7:1:1
ADPþMannose 6�phosphate (6.7)

Mannose 6�phosphate ��������������������!Phosphomannose isomerase

E:C:5:3:1:8
Fructose 6�phosphate (6.8)

Sucrose [57-50-1]. The disaccharide sucrose does not occur in animals but occurs in

many plants in varying amounts. Onhydrolysis, sucrose yields an equimolarmixture of

glucose and fructose (Reaction 6.9) and is estimated via glucose (Reactions 6.2 and 6.3)

[1414, vol. 3, pp. 1176–1179]:

Sucrose þH2O����������!b�Fructosidase

E:C:3:2:1:26
d� Glucose þ d�Fructose (6.9)

In addition to measurement of glucose, fructose produced in Reaction (6.9) can also

be measured according to Reactions (6.4), (6.5), and (6.3) to ensure accurate results or

increase the sensitivity of the determination.

Sucrose, glucose, and fructose are determined in fruit and vegetable products (e.g.,

juices, jams, tomato puree, or potatoes), bread and biscuits, honey, ice cream, confection-

ery, desserts, diet food, sugar refinery products, or beverages. A large excess of glucose

interferes with the accuracy of sucrose and fructose analysis. Therefore, excess glucose

shouldberemovedascompletelyaspossiblewithamixtureofglucoseoxidaseandcatalase.

Maltose [69-79-4]. Enzymatic hydrolysis of maltose yields two glucose molecules

which are determined as described above [1413, vol. VI, pp. 119–126]:

MaltoseþH2O����������!a�Glucosidase

E:C:3:2:1:20
2d�Glucose (6.10)
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Sucrose, which also contains an a-glucosidic bond, andmaltotriose are hydrolyzed as

well.

Maltose is determined in malt products, beer, baby food, and often together with

partial hydrolysates of starch (glucose syrup, starch sugar; dextrins in beer).

Lactose [63-42-3]. The carbohydrate of milk, lactose, is an important constituent of

infant diets. It is usually determined after hydrolysis (Reaction 6.11) via galactose and

indicates the use of milk or milk products in the production of food [1413, vol. VI,

pp. 104–112]:

LactoseþH2O ����������!b�Galactosidase

E:C:3:2:1:23
d�Galactoseþ d�Glucose (6.11)

Analysis via galactose gives accurate results because very few samples contain large

amounts of galactose. Lactose can also be estimated via glucose (Reactions 6.11, 6.2, and

6.3), but excess free glucose impairs the precision of the results and must be removed

with a mixture of glucose oxidase and catalase (see lactulose). The amount of lactose is

determined in milk (decreases with mastitis), milk products, and other food as a

measure of the milk content, e.g., baby food, bread, biscuits, ice cream, chocolate,

desserts, and sausages.

Raffinose [512-69-6] occurs in relatively high concentrations in sugar beet. It accumu-

lates in molasses during the production of sugar. Raffinose, which also occurs in

soybean, is determined by using Reactions (6.12) and (6.6) [1413, vol. VI, pp. 90–96]:

RaffinoseþH2O ����������!a�Galactosidase

E:C:3:2:1:22
d�Galactoseþ Sucrose (6.12)

Raffinose is measured at different stages in the production of beet sugar. The

addition of soybean protein to food is detected indirectly by measuring raffinose,

because soybean flour can contain up to 10 % of this carbohydrate (addition of soybean

is often subject to declaration).

Starch [9005-25-8]. The analysis of starch has played an important part in food analysis

for over 100 years. It is determined via glucose after hydrolysis. The use of acid

hydrolysis for this purpose is not advisable because other glucose polysaccharides and

oligomers are also hydrolyzed by acids; in addition, undesired reactions can take place

(e.g., conversion of glucose to fructose). Amylase is less suited for enzymatic hydrolysis

because it does not break down starch to glucose completely. Amyloglucosidase is the

enzyme of choice; however, in addition to starch, maltose and oligoglucosides are also

hydrolyzed to glucose by this enzyme. Analysis is carried out by using Reactions (6.13),

(6.2), and (6.3):

Starchþ ðn� 1ÞH2O ����������!Amyloglucosidase

E:C:3:2:1:3
nd�Glucose (6.13)

Starch in the sample must be dissolved, which is achieved by heating in an autoclave

or by treating with concentrated hydrochloric acid and dimethyl sulfoxide. All steps

must be performed carefully according to instructions.Oligoglucosides (maltodextrins,
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glucose syrup, starch sugar) are separated by extraction with ethanol–water mixtures

which do not dissolve starch.

Starch is determined in products such as flour, bread, biscuits, and meat products,

which contain starch as a raising agent. Oligoglucosides are estimated in fruit juices,

beverages, confectionery, jam, and ice cream. Dextrins (lowmolecular mass starch) are

determined in beer; they indicate the presence of fermentable carbohydrates.

6.4.2

Organic Acids

Organic acids and their salts frequently appear in metabolism and are of varying

importance. Their presence in food has a considerable effect on taste and may indicate

fermentation.

Acetic Acid [64-19-7]. Acetic acid, a component of the ‘‘volatile acids,’’ is determined

specifically by using Reactions (6.14)–(6.16) [1413, vol. VI, pp. 639–645]. The use of

acetate kinase is not suitable because this enzyme also acts on propionate.

AcetateþATPþCoA�������������!Acetyl�CoA synthetase

E:C:6:2:1:1
Acetyl� CoAþ AMPþ Pyrophosphate

(6:14)

Acetyl� CoAþOxaloacetateþH2O���������!Citrate synthetase

E:C:4:1:3:7
Citrateþ CoA (6.15)

l�Malateþ NADþ (����������+
l�MDH

E:C:1:1:1:37
Oxaloacetateþ NADHþHþ (6.16)

Reaction (6.16) is a preceding indicator reaction; the equilibriummust be considered

when the calculations are being made.

Acetate is measured in wine, fruit and vegetable products, cheese, dressings, and

vinegar as a check for fermentation.

Ascorbic Acid [50-81-7]. As a vitamin, ascorbic acid is of great biological importance in

humans; it is also often used as a food additive in industry, e.g., for fruit and vegetable

products. A chemical–enzymatic process (Reaction 6.17) is applied to the quantitative

determination of ascorbic acid [1413, vol. VI, pp. 376–385]:

l�Ascorbic acid ðXH2ÞþMTT !PMS
Dehydroascorbic acid ðXÞþFormazan�þHþ

(6:17)

where MTT = 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyl-tetrazolium bromide; PMS = 5-

methylphenazinium methyl sulfate.

Ascorbate is oxidatively removed in a sample blank reading in order to increase

specificity:

l� Ascorbic acid þ 1=2O2����������!Ascorbate oxidase

E:C: 1:10:3:3
Dehydroascorbic acidþH2O (6.18)
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Ascorbic acid is determined in fruit and vegetable products, meat products, milk,

beer, wine, and flour. The vitamin content is often declared.

Dehydroascorbic acid [490-83-5] can be determined by using Reactions (6.17) and

(6.18), after it has been chemically oxidized to ascorbic acid [1413, vol. VI, pp. 376–385]:

Dehydroascorbic acidþ DithiothreitolðreducedÞ! l - Ascorbic acid

þDithiothreitol ðoxidizedÞ ð6:19Þ

Aspartic Acid [56-84-8]. Aspartic acid is estimated primarily in apple juice [1413,

vol. VIII, pp. 350–357]:

l�Aspartate þ a�Oxoglutarate������!GOT

E:C: 2:6:1:1
Oxaloacetateþ l�Glutamate (6.20)

Oxaloacetateþ NADHþHþ�������!l�MDH

E:C: 1:1:1:37
l�Malateþ NADþ (6.21)

Citric Acid [77-92-9]. Citric acid is a key substance inmetabolism. It occurs abundantly

in plants and also in milk. It is determined by using Reactions (6.22) and (6.21) [1413,

vol. VII, pp. 2–12]:

Citrate �����������!Citrateð pro�35Þ�lyase

E:C:4:1:3:6
Oxaloacetateþ Acetate (6.22)

The decarboxylation of oxaloacetic acid to pyruvic acid can occur either chemically or

enzymatically (oxaloacetate decarboxylase present as an impurity in citrate lyase).

However, loss of oxaloacetate does not lead to inaccurate results because the pyruvate

formed is also estimated by using the L-lactate dehydrogenase reaction (6.38).

Fruit and vegetable products, bread, cheese,meat products, beverages, wine, tea, and

confectionery are all analyzed for citric acid.

Formic Acid [64-18-6]. An end product of the metabolism of bacteria and fungi, formic

acid is employed as a preservative in a variety of foods. However, the use of this additive

must comply with the law. Formic acid is determined according to [1413, vol. VI,

pp. 668–672]:

Formateþ NADþ þH2O�����������������!Formate dehydrogenase

E:C: 1:2:1:2
Hydrogen carbonate

þ NADHþHþ ð6:23Þ

Gluconic Acid [526-95-4]. Oxidation of glucose yields gluconic acid. d-Gluconolactone
is employed as a ripening agent in the production of sausages. The enzyme gluconate

kinase is used to determine gluconic acid [1413, vol. VI, pp. 220–227]:

d�Gluconateþ ATP������������!Gluconate kinase

E:C: 2:7:1:12
d�Gluconate 6�phosohateþ ADP

(6:24)
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d�Gluconate 6�phosphateþ NADPþ���������!6�PGDH

E:C: 1:1:1:44
d�Ribulose 5�

phosphateþ NADPHþHþ þ CO2 (6:25)

where 6-PGDH = 6-phosphogluconic acid dehydrogenase.

d-Gluconolactone is also determined by using Reactions (6.24) and (6.25) after

conversion to gluconic acid by alkaline hydrolysis (pH 10–11):

d-Glucono-d-lactoneþH2O ! d-Gluconate (6.26)

Glutamic Acid [6899-05-4]. The enzyme glutamate dehydrogenase is applied to the

quantitative determination of glutamic acid [1413, vol. VIII, pp. 369–376]:

l�GlutamateþNADþþH2O �������������!Glutamate dehydrogenase

E:C: 1:4:1:3
a�Oxoglutarate

þ NADHþ NHþ
4 (6:27)

The equilibrium of this reaction strongly favors the reductive synthesis of glutamate.

Originally, hydrazinewasused to trapa-oxoglutarate to achieve quantitative conversion.
This is more conveniently carried out today by using the enzyme diaphorase and

iodonitrotetrazolium chloride (INT):

NADHþHþ þ INT��������!Diaphorase

E:C: 1:8:1:4
NADþ þ Formazan (6.28)

This color reaction is very sensitive; all reducing substances in the sample must be

removed during its preparation to avoid interference.

3-Hydroxybutyric Acid [300-85-6]. The presence of hydroxybutyric acid in an egg

indicates that fertilization has taken place and that the egg has been incubated for

more than 6 d. Hydroxybutyric acid is estimated by using the following reaction:

d-3-Hydroxybutyrateþ NADþ����������!3�HBDH

E:C: 1:1:1:30
Acetoacetate þ NADHþHþ (6.29)

where 3-HBDH = 3-hydroxybutyrate dehydrogenase.

To ensure that this reaction is quantitative and to increase sensitivity, Reaction (6.29)

is coupled to the color reaction (6.28).

Isocitric Acid [6061-97-8]. The determination of isocitric acid, an intermediate in the

citric acid cycle, is of considerable importance for the analysis of fruit juice. The ratio of

citrate to isocitrate is very constant; hence, analysis of isocitric acid can be used to show

if citric acid has been added to the juice (adulteration). Isocitrate dehydrogenase is used

to measure this acid quantitatively [1413 vol, VII, pp. 13–19]:

d�Isocitrateþ NADPþ �����������������!Isocitrate dehydrogenase

E:C: 1:1:1:42
a�Oxoglutarateþ NADPH

þCO2 þHþ (6:30)
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The lactone or esters of isocitrate are first subjected to alkaline hydrolysis (Reaction

6.31) and then determined by using Reaction (6.30):

d� Isocitric acid lactone ðestersÞ þH2O������!
pH9�10

Isocitric acid ðþalcoholÞ
(6:31)

Isocitric acid is too expensive to be used to adulterate citrus fruit juices.

Lactic Acid [598-82-3]. One of the most important examples of the use of enzymes in

food analysis is the enzymatic determination of the stereoisomeric forms of lactic acid.

Only L-(+)-lactate is found in animals; it accumulates as the end product of glycolysis,

e.g., in muscle. D-(�)-Lactate is formed by certain types of Lactobacilli. The analysis is

carried out by using the following reactions [1413, vol. VI, pp. 582–592]:

l�Lactateþ NADþ ������!l�LDH

E:C: 1:1:1:27
Pyruvateþ NADHþHþ (6.32)

d�Lactateþ NADþ ������!d�LDH

E:C: 1:1:1:28
Pyruvateþ NADHþHþ (6.33)

The equilibria of the lactate dehydrogenase reactions favor formation of lactic acid.

Originally, hydrazine was used to trap pyruvate in order to achieve quantitative

conversion. Today, use of an enzymatic reaction, such as the following, is more

convenient:

Pyruvateþ l�Glutamate������!GPT

E:C: 2:6:1:2
l�Alanineþ a�Oxoglutarate (6.34)

L-Lactate is determined in fruit and vegetable products, meat additives, and baking

agents. Both D- and L-lactate aremeasured in suchmilk products as yogurt and cheese as

a check for microbial activity, and in wine and beer where the lactate content correlates

with sensory results. L-Lactate can also be measured with an enzyme biosensor.

Malic Acid [6915-15-7]. L-Malic acid, an intermediate in the tricarboxylic acid (TCA)

cycle, is found in fruit (e.g., grapes) and vegetables. In analytical determination, it is

oxidized in the presence of malate dehydrogenase and NAD+ to yield oxaloacetic acid:

the generated oxaloacetic acid is no longer trapped with hydrazine, but with an

enzymatic reaction [1413, vol. VII, pp. 39–47]:

l�Malateþ NADþ������!l�MDH

E:C:1:1:37
Oxaloacetateþ NADHþHþ (6.35)

Oxaloacetateþ l�Glutamate ������!GOT

E:C:2:6:1:1:1
l�Aspartateþ a�Oxoglutarate (6.36)

L-Malic acid is analyzed in fruit products and wine. In comparison with chemical

procedures which determine total malic acid content only, enzymatic methods can

detect even small amounts of cheap D,L-malic acid added to the product. An enzymatic

reaction for the determination of D-malate has been described in the literature, but the

required enzyme is not available on the market.
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Oxalic Acid [144-62-7]. More than half of all kidney stones are composed of calcium

oxalate. Oxalic acid is also important because it influences the absorption of calcium in

the intestine. It is determined by using Reactions (6.37) and (6.23) [1414, vol. 3, pp.

1551–1555]:

Oxalate ������������!Oxalate decarboxylase

E:C:4:1:1:2
Formateþ CO2 (6.37)

Oxalic acid is determined in beer (calcium oxalate is responsible for the Gushing

effect), fruit, vegetables, and cocoa products. The oxalate oxidasemethod [1413, vol. VI,

pp. 649–656] is not recommended for food analysis because too many factors interfere

with the reaction.

Pyruvic Acid [127-17-3] is a key intermediate in metabolism. It is determined by using

the following reaction [1413, vol. VI, pp. 570–577]:

Pyruvateþ NADHþHþ ������!l�LDH

E:C:1:1:1:27
l�Lactateþ NADþ (6.38)

Wine is analyzed for pyruvic acid, which is an SO2-binding component. In evaluating

the quality of rawmilk (and pasteurizedmilk), the determination of pyruvate is used as

an alternative to microbial counting. Another enzyme, pyruvate oxidase, is now

available for detection of pyruvate by means of the hydrogen peroxide generated.

Succinic Acid [110-15-6]. Succinic acid is also an intermediate in the citric acid

cycle; it is determined by using Reactions (6.39), (6.40), and (6.38) [1413, vol. VII,

pp. 25–33]:

SuccinateþITPþCoA������������������!Succinyl�CoA synthetase

E:C:6:2:1:4
IDPþ Succinyl� CoAþ p1 (6.39)

IDPþ PEP ������!Pyruvate kinase

E:C:2:7:1:40
ITPþ Pyruvate (6.40)

Fruits and fruit products are analyzed for succinic acid, which indicates the degree

of ripeness. The presence of this acid in whole eggs is a sign of microbial activity

following contamination. Other items sampled are cheese, soybean products, and

wine.

6.4.3

Alcohols

Enzymes are also used for the analytical determination of alcohol, such as ethanol,

glycerol, the sugar alcohols sorbitol and xylitol, or cholesterol, in food.

Ethanol [64-17-5]. Anaerobic metabolism by many microorganisms, notably yeast,

results in the formation of ethanol. Reaction (6.41), employed in the determination of

ethanol, was one of the first routinely used enzymatic analyses. The acetaldehyde
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generatedwas originally trappedwith semicarbazide.However, its enzymatic oxidation

(Reaction 6.50) is quicker and more efficient [1413, vol. VI, pp. 598–606]:

Ethanolþ NADþ������!ADH

E:C:1:1:1:1
Acetaldehydeþ NADHþHþ (6.41)

The ethanol concentration serves as an index of the quality of alcoholic drinks, such

as wine, champagne, spirits, and beer. The ethanol content of productsmade from fruit

indicates either the use of spoiled rawmaterials or the presence of yeast (e.g., in the case

of kefir). The maximum ethanol concentration in drinks that are classified as ‘‘low in

alcohol’’ or ‘‘nonalcoholic’’ has been established by law. The commercially available

alcohol oxidase (E.C. 1.1.3.13) produces hydrogen peroxide but is rather unspecific for

ethanol.

Glycerol [56-81-5] is widely distributed in nature, the bulk of it being bound as lipid.

Glycerol is determined by using Reactions (6.42), (6.43), and (6.38) [1414, vol. IV, pp.

1825–1831]:

Glycerolþ ATP���������!Glycerol kinase

E:C:2:7:1:30
Glycerol 3�phosphateþ ADP (6.42)

ADPþ PEP���������!Pyruvate kinase

E:C:2:7:1:4:0
ATPþ Pyruvate (6.43)

The determination of glycerol in wine is of considerable importance because the

ratios of ethanol to glycerol and of glycerol to gluconic acid indicate immediately

whether the wine has been adulterated by adding glycerol. Beer, spirits, and marzipan

are also analyzed for glycerol.

Sugar Alcohols Sorbitol [50-70-4] is obtained by reduction of fructose; it is of interest as

a sugar substitute for people suffering from diabetes. The enzymatic determination of

sorbitol can be carried out by using the following reaction,which is not specific, because

the enzyme also acts on other polyols [1413, vol. VI, pp. 356–362]:

d�Sorbitolþ NADþ������������������!Sorbitol dehydrogenase

E:C:1:1:1:14
d�Fructoseþ NADHþHþ (6.44)

This analysis can be made specific for sorbitol by quantitatively measuring the

fructose produced, via Reactions (6.4), (6.5), and (6.3). Another possibility is to couple

Reaction (6.44) to Reaction (6.28). Under these conditions, xylitol [87-99-0], which also

takes part in the sorbitol dehydrogenase reaction, can bemeasured aswell [1413, vol. VI,

pp. 484–490]:

Xylitolþ NADþ������������������!Sorbitol dehydrogenase

E:C:1:1:1:14
Xyluloseþ NADHþHþ (6.45)

The difference between the quantitative determination of sorbitol via fructose and via

INT–diaphorase gives the amount of xylitol present in the sample. Diet foods,

pomaceous fruit products, ice cream, confectionery, and biscuits are analyzed for

sorbitol. Xylitol is estimated in diet foods, chewing gum, and confectionery.
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6.4.4

Other Food Ingredients

Cholesterol [57-88-5] is an important steroid with diverse physiological functions; e.g.,

it is a component of the plasma membrane. At the same time, excessive deposition of

cholesterol in vascular tissue leads to atherosclerosis. Cholesterol is determined

according to Reaction (6.46) coupled to Reactions (6.47) and (6.48) [1413, vol. VIII,

pp. 139–148]:

Cholesterolþ O2 ������������!Cholesterol oxidase

E:C:1:1:3:6
D4�CholestenoneþH2O2 (6.46)

H2O2 þMethanol����������!Catalase

E:C:1:11:1:6
Formaldehydeþ 2H2O (6.47)

Formaldehydeþ NHþ
4 þ 2Acetylacetone! Lutidine dyeþ 3H2O (6.48)

Cholesterol is used as ameasure of the egg content of food, e.g., noodles and eggnog.

In general, the cholesterol content of food made from animal fats is very important.

When food containing plant materials is analyzed for cholesterol, phytosterols with a

3 b-hydroxyl group (other than lanosterol) interfere with the reaction.

Triglycerides an important group of lipids containing glycerol, are normally deter-

mined in clinical chemistry. Low-fat food is also analyzed enzymatically for triglycer-

ides, which are hydrolyzed with esterase or lipase to yield fatty acids and glycerol

(Reaction 6.49). The glycerol generated is determined by Reactions (6.42), (6.43), and

(6.38) [1414, vol. IV, pp. 1831–1835]:

Triglycerideþ 3H2O ������������!Esterase and lipase

E:C:3:1:1:1=E:C:3:1:1:3
Glycerolþ 3 Fatty acids (6.49)

Acetaldehyde [75-07-0] is a flavor substance in beer, yogurt, and spirits. It is bound by

SO2 in wine. Acetaldehyde dehydrogenase linked to NAD is used to determine

acetaldehyde [1413, vol. VI, pp. 606–613]:

AcetaldehydeþNADþþH2O����������������!Aldehyde dehydrogenase

E:C:1:2:1:5
Acetic acidþNADHþHþ

(6:50)

Ammonia [7664-41-7]. The simplest compound containing nitrogen and hydrogen is

ammonia. Fruit juice, milk, biscuits, cheese, diet food, andmeat products are analyzed

for ammonia [1413, vol. VIII, pp. 454–461]:

a-Oxoglutarateþ NADHþHþ þ NHþ
4 ������������������!Glutamate dehydrogenase

E:C:1:4:1:3
L-Glutamate

þNADþ þH2O (6:51)
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Nitrate The determination of nitrate by use of a stable enzyme was described for the

first time in 1986:

Nitrateþ NADPHþHþ ����������!Nitrate reductase

E:C:1:6:6:2
Nitriteþ NADPþ þH2O (6.52)

The determination of nitrate is of great importance. This compound is the precursor

of nitrite and nitrosamines; hence, it is considered hazardous. Samples of water,

beverages, meat, milk products, fruits and vegetables, and baby food are among the

items analyzed for nitrate. Indeed, fertilizers, which are primarily responsible for the

nitrate in food, are also subject to analysis.

Sulfite The enzymatic determination of sulfite was first described in 1983 [1413, vol.

VII, pp. 585–591]:

SO2�
3 þO2 þH2O����������!Sulfite oxidase

E:C:1:8:3:1
SO2�

4 þH2O2 (6.53)

H2O2 þ NADHþHþ ����������!NADHperoxidase

E:C:1:11:1:1
2H2Oþ NADþ (6.54)

Sulfite is often used as a preservative in food technology and has diverse functions;

e.g., it inactivates enzymes, prevents browning, and binds acetaldehyde in wine.

Usually, too high concentrations are obtained when sulfur-containing samples, such

as cabbage, leek, onion, garlic, and horseradish, are analyzed by either conventional

distillation or the enzymatic procedure.However, use of the enzymaticmethod in wine

analysis gives accurate results.

Creatine and Creatinine Both creatine [57-00-1] and creatinine [60-27-5] are found in

muscle. The amount of meat contained in soup, sauces, and meat extracts is deter-

mined by analyzing these foods for creatine and creatinine (Reactions 6.55, 6.56, 6.43,

and 6.38) [1413, vol. VIII, pp. 488–507]:

CreatinineþH2O����������!Creatininase

E:C:3:5:2:10
Creatine (6.55)

Creatineþ ATP����������!Creatine kinase

E:C:2:7:3:2
Creatine phosphateþ ADP (6.56)

Lecithin [8002-43-5]. phosphatidylcholine) is the most important phospholipid occur-

ring in plants and animals. The plural term lecithins refers to emulsifying agents, such

as soybean preparations (soy lecithin contains 18–20 % phosphatidylcholine). Lecithin

can be determined by using phospholipase D, which catalyzes its hydrolytic cleavage to

form choline. The choline generated is subsequently measured as Reinecke salt. The

method of choice, however, involves the use of phospholipaseC fromBacillus cereus and
of alkaline phosphatase to hydrolyze lecithin (Reactions 6.57 and 6.58), followed by heat
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inactivation of alkaline phosphatase and determination of choline (Reactions 6.59, 6.43,

and 6.38) [1413, vol. VIII, pp. 87–104]:

LecithinþH2O ����������!Phospholipase C

E:C:3:1:4:3
1; 2�Diglycerideþ Phosphorylcholine (6.57)

PhosphorylcholineþH2O ����������!Alkaline phosphatase

E:C:3:1:3:1
Cholineþ p1 (6.58)

Cholineþ ATP ����������!Choline kis

E:C:2:7:1:32
Phosphorylcholineþ ADP (6.59)

The sample can be prepared for analysis in variousways. An aqueous suspension can

be made by ultrasonic treatment, or a sample solution can be prepared in tert-butyl
alcohol and water (e.g., egg products, like eggnog). Alternatively, the sample can be

dissolved in tert-butyl alcohol after extractionwith organic solvents, or it can be prepared
by alkaline hydrolysis with methanolic potassium hydroxide (e.g., cocoa products).

Interpretation of the results can cause further problems, especially if acetone-soluble

phosphorus compounds are used as comparison and if no difference is made between

‘‘lecithin’’ and ‘‘lecithins’’.

Urea [57-13-6] is the most important end product of protein metabolism, most of it

being formed in the liver from ammonia. Urea is excreted via the kidneys. The enzyme

urease is used for determination of urea (Reactions 6.60 and 6.51) [1413, vol. VIII, pp.

444–449]:

UreaþH2O �������!Urease

E:C:3:5:1:5
2NH3 þ CO2 (6.60)

Samples analyzed for urea aremeat products andmilk, where it serves as an index of

protein in the diet of the cow. The urea content of wastewater and swimming pool water

indicates the urine concentration in these waters.

6.5

Enzymes in Genetic Engineering [1418–1478]

Cloning techniques provide the basis for recombinant DNA technology and its

applications in genetic engineering (Figs. 98 and 99). The term ‘‘genetic engineering’’

includes methods for the formation of new combinations of genetic material and for

reintroducing and multiplying the recombinant nucleic acid molecules in a new and

nonnatural environment.

The availability of a large variety of class II restriction endonucleases with different

sequence specificities is a prerequisite for recombinant DNA technology (Section

6.5.1). Analytical applications of this enzyme class can be classified roughly as follows

(see Fig. 99):

1. Molecular analysis of chromosome and genome structure (mapping, degree of

methylation),

2. Characterization of phenotypically manifest or latent hereditary genetic defects

on the DNA level (polymorphism analysis),
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Fig. 98 Horse liver alcohol dehydrogenase (HLADH)

catalyzed stereoselective oxidation of a meso diol with in situ

NAD regeneration

Fig. 99 Enzymatic synthesis of lactosamine.

GT = galactosyltransferase; PK = pyruvate kinase;

PGM = phosphoglucomutase; UDPGP = UDP–glucose pyr-

ophosphorylase; UDPGE = UDP–glucose epimerase;

PPase = inorganic pyrophosphatase
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3. Evidence of cell degeneration at an early stage by alteration of certain restriction

sites in oncogene sequences,

4. Taxonomy of viruses or other disease-causing organisms by the correlation of

characteristic fragment patterns,

5. Phylogenetic relationships by comparison of selected restriction sites in essen-

tial genes such as the hemoglobin gene.

In addition, DNA- and RNA-modifying enzymes are essential tools for cloning
technology; these enzymes are discussed in Sections 6.5.2, Analytical Applications of

Enzymes, Enzymes for FoodAnalysis, Enzymes inGenetic Engineering, SafeHandling

of Enzymes.

Cloning technology allows the identical multiplication of specific genes and frag-

ments thereof to high copy numbers. From these overproducing cells — the clones —

the coding DNA sequences and, after expression, the corresponding proteins can

subsequently be isolated in large quantities and high purity.

The starting materials for gene cloning are first of all complementary mRNA

molecules which are being retro-transcribed by the retroviral enzyme reverse tran-

scriptase (E.C. 2.7.7.49) into complementary double-stranded DNA molecules. The

startingmaterial may also be the structural gene itself whichmust first be isolated from

the genome, i.e., the entire chromosomal DNA. Furthermore, in addition to the

structural gene, essential regulatory elementsmust be available. Isolation of both specific

gene fragments and regulatory sequences is achieved by fragmentation of theDNAwith

sequence-specific class II restriction endonucleases. This requires that the structural

gene and the regulatory elements can be excised from the chromosome at exact

nucleotide positions.

The cDNA or the fragments obtained by restriction endonucleases can then be

modified further by DNA-modifying enzymes such as exonucleases, kinases, or

phosphatases. The fragment ends can also be altered in their sequence specificity

by attachment of synthetic oligonucleotides, i.e., linkers or adapters.
With the help of T 4 DNA ligase, the isolated fragments are inserted into special

cloning vehicles, the vectors. These vectors may, for example, be extrachromosomal

circular plasmids (e.g., pBR 322), appropriate derivatives of specific bacteriophages

(e.g., l, M 13), or eukaryotic viruses (e.g., SV 40).

The chimeric molecules obtained in this way, i.e., the recombinant DNA, are then

inserted into new host cells, such as Escherichia coli bacteria which are easy to cultivate.

All vectors carry the origin element ori, a DNA sequence for the autonomous replication

of theDNAhybrid. The recombinantDNA is thus able to amplify to high copy numbers

in transformed cells irrespective of the regular cell cycle. Growth of the host cells under

selective conditions, e.g., on culture media containing specific antibiotics, ensures that

only transformed bacteria replicate. Bacterial cells that do not take up recombinant

DNA molecules die after a short period in such selective media. In this way, only

transformed cells are able to grow, and the introduced vectors, and thus the inserted

DNA fragments, are selectively amplified to high copy numbers. This is referred to as

cloning because under selective growth conditions, all bacteria can be traced back to a

homogeneous population of identically transformed cells, the cell clone.

342 6 Nonindustrial Enzyme Usage



Large quantities of identical recombinantDNAmolecules can be purified easily from

the cultivated bacteria. Subsequently, the inserted DNA fragment can again be excised

from the vectorwith thehelp of the initially used class II restriction endonucleases. This

DNA fragment that contains the gene to be cloned can be characterized, e.g., by physical

mapping and sequencing.

In the final stage, the cloned DNA fragment is inserted into efficient expression

vectors which have been provided with regulatory control elements. After renewed

introduction into appropriate host cells, the regulatory elements are triggered by growth

conditions in such a way that primarily the cloned genes are transcribed into com-

plementary mRNA. In prokaryotes, the synthesized mRNA is directly translated into

colinear proteins by the ribosomes. In eukaryotes, the mRNA is first synthesized as a

precursor mRNAwhich is processed into mature mRNA by splicing. The structure and

sequence of the various RNA species can be analyzed by using RNA-modifying enzymes.

As in prokaryotes, the mature mRNA is then translated into colinear protein. Often the

overproducedprotein is synthesized in suchhighconcentrations that it precipitates in the

cell and can, therefore, be isolated from the cell mass in high yield and with high purity.

6.5.1

Restriction Endonucleases and Methylases [1479–1486]

6.5.1.1 Classification

In the search for enzymes that are the basis of restriction modification systems [1487],

[1488], class I enzymes were discovered in 1968 [1489], [1490]. The first member of a

class II restriction endonuclease, HindII, was found in 1970 [1491], [1492]. Later,

enzymes of class III were also isolated [1493], which have properties between those of

class I and class II. A selection of important class II restriction endonucleases and

methylases is given in Table 43.

Class I enzymes are coded by the three gene segments hsdS, hsdR, and hsdM,

expressing the functions for sequence specificity, restriction, and modification methy-

lation. The corresponding endonucleases and DNA methyltransferases are enzyme

complexes of highmolecularmass. These enzyme complexes requiremagnesium ions,

ATP, and SAM as essential cofactors. Class I enzymes bind to and methylate specific

sequences, but cut unspecifically after translocation into the 30-direction [1465],

[1574–1576]. An example of a class I system is the EcoB restriction — modification

system. The early steps of SAM-binding, i.e., enzyme activation and formation of the

initial enzyme–DNA complex, are common to both restriction and modification;

however, these reaction pathways diverge after the stable complex has been formed.

In the case of recognition, ATP leads to the release of the enzyme frommodifiedDNA; it

stimulates translocation in unmodified recognition complexes. This reaction is coupled

to ATP hydrolysis. Sequential cleavage of both DNA strands occurs in a limited

sequence stretch some 100 to 1000 base pairs away from the binding site.

Class II enzymes are expressed as two single proteins from two different genes acting

as separate enzymes. Class II endonucleases hydrolyze both DNA strands at specific
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phosphodiester bonds within, or very near, the recognition sequence. Their activity

depends only onmagnesium ions. The corresponding class II DNAmethyltransferases

methylate bothDNA strands, independent of the presence of the respective nuclease in

anSAM-dependent reaction. An example of a class II system is theEcoRI restriction and
modification system. Class II restriction endonucleases are by far the most important

tools for the synthesis of recombinant DNA because of their absolute sequence

specificity for both binding and cleavage [1577], [1578], [1579], [1580], [1581], [1582],

[1456].

Class III enzymes are also expressed from two genes. However, like class I enzymes,

the corresponding endonucleases and DNA methyltransferases form enzyme com-

plexes in which both activities act simultaneously. Class III enzymes recognize specific

sequences, but cleave rather specifically 25 to 27 base pairs downstream from this

region. The endonuclease activity depends on magnesium ions and ATP, whereas

methylation occurs in the presence of SAM [1574], [1583], [1584], [1493], [1576].

Class II restriction endonucleases and methylases are found in all prokaryotic cells

[1480], [1482], [1484]. In accordancewith the proposalsmade by SMITH andNATHANS, the

various enzymes are abbreviated by taking the first letters of the bacterial name [1585].

The various endonucleases and DNA-methyltransferases occur in almost all genera of

the two kingdoms of eu- and archaebacteria. In particular, type II enzymes are known in

both gram-positive and gram-negative eubacteria, in cyanobacteria, as well as in

thermophilic, halophilic, methanogenic, and sulfur-dependent archaebacteria. In

contrast, eukaryotic restriction–modification systems have not been described yet.

Specifically cleaving eukaryotic endonucleases, such as theHO-nuclease in yeast or the

retroviral endonucleases, have other functions and are characterized by more complex

recognition sequences [1586], [1587].

In addition to class II restriction–modification systems of single specificity, a whole

series of multiple component systems were discovered to contain several restriction–

modification systems of different specificity. Particularly complex systems, which

contain up to seven different specificities, are found in certain species of Nostoc
(Nsp 7524I–V) and in Neisseria gonorrhoeae (NgoI–VII) [1588], [1589].
Methods for separating the various enzyme species include size fractionation,

column chromatographywith anion and cation exchangers, andhydrophobic or affinity

materials with DNA orDNA-like heparin as ligands [1590], [1591]. At the end of 1986 as

many as 634 different class II restriction endonucleases with at least 111 different

specificities were known, which have been isolated from 564 different bacterial strains

(Table 43). The corresponding restriction methylases have been characterized only for

the most important systems. Enzymes are described completely in [1480], [1482],

[1484].

The active enzymes of the class II restriction endonucleases consist of protein dimers

of identical subunits, whereas the corresponding DNA methyltransferases act as

monomeric proteins. The molecular masses under denaturing conditions range from

20�103 to 70�103 dalton for both class II endonucleases andDNAmethyltransferases.

The only protein of highermolecularmass known so far isBstI which is about 400�103

dalton [1578].
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As an example, the EcoRI endonuclease monomer is a 277 amino acid protein with a

molecular mass of 31 063 dalton, which is processed after translation by removing the

terminal N-formylmethionine. The corresponding methylase protein consists of 326

amino acids with a molecular mass of 38 048 dalton. This protein is also processed by

removing the N-terminal dipeptide fMet-Ala [1594], [1596].

Examples of cloned restriction modification systems are BsuRI from Bacillus subtilis
[1517], [1445]; EcoRI [1592], [1593], [1594], [1595], [1597], [1596]; EcoRII [1501]; and
EcoRV [1598], [1599], [1600] from Escherichia coli; HhaII from Haemophilus parain-
fluenzae [1601], [1602]; PaeR7 from Pseudomonas aeruginosa [1603], [1440]; PstI from
Providencia stuartii [1604], [1453]; and PvuII from Proteus vulgaris [1605]. According to

gene mapping of the various systems, the proteins for both endonuclease and DNA

methyltransferasemay be plasmid or chromosomally coded. Further analysis of the two

genes shows that they are either arranged in tandem to form transcription units or

expressed as independent genes [1594], [1517], [1596], [1445]. When the known protein

and genetic sequences of corresponding endonucleases and DNA methyltransferases

were compared, no statistically significant sequence homology could be detected [1517],

[1596]. Circular dichroism studies also indicate extensive differences in secondary

structure [1596]. According to these observations, the two proteins have different

evolutionary origins and interact with DNA in different ways.

6.5.1.2 Activity of Class II Restriction Endonucleases

An enzyme unit, U, is normally defined as the amount of protein that completely digests

1 mg of the DNA from bacteriophage l in 1 h at 37 8C. To analyze the completeness of the

reaction, the fragment mixture is separated in 0.5–2 % agarose gels by horizontal or

vertical electrophoresis (see Section 2.2.15). The use of l DNA as the standard test

substrate has two advantages. ThisDNAhas 48 502 base pairs and contains cleavage sites

for almost all known restriction endonucleases, which allows a comparison of activities

[1480], [1607], [1608], [1609]. Because the complete sequence of l DNA is known, any

cleavage pattern can be calculated in advance by computer.

6.5.1.2.1 Reaction Parameters

The activity of EcoRI and other class II restriction endonucleases not only depends on

the presence of specific recognition sites and essential divalent cations, but also very

strongly on such reaction parameters as temperature, ionic strength, and pH [1456].

The activity of class II restriction endonucleases is also frequently stimulated by the

presence of reducing agents such as 2-mercaptoethanol or dithiothreitol.

On the plasmid pBR322, EcoRI has a temperature optimum of 40 8C. The apparent
activation energy for the overall enzymatic reaction is 5.1 kJ/mol. The enzyme is

inactivated irreversibly above 45–50 8C [1610]. The optimal pH for a specific EcoRI
cleavage is 7.5; the optimal NaCl concentration, 150 mmol/L [1461].

The optimal temperature for enzymatic activity often corresponds to the optimal

growth temperature of the organism from which the enzyme is isolated [1456]. Accord-

ingly, enzymes such as BclI, BstEII,MaeI–III, or TaqI with high temperature optima are

isolated from thermophilic organisms [1612], [1613], [1615], [1611]. Enzymes are also

known which require higher ionic strength (e.g., MaeIII with 350 mmol/L NaCl) or

higher pH values (e.g., BglI pH 9.5) for maximal activity [1616], [1611].
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6.5.1.2.2 Additional Structural Requirements Influencing Activity

The structure of the substrate also strongly influences the activity of class II restriction

endonucleases at individual cleavage sites. Important parameters are:

1. G–C content and base distribution in natural DNA;

2. Size of the DNA and cleavage frequencies;

3. Length and base composition of the flanking sequences;

4. Position of the cleavage sites with respect to each other;

5. DNA tertiary structure;

6. Modification of DNA and protein attachment.

Guanosine–Cytidine Content In natural DNA, the G–C content varies broadly. The

DNA from Micrococcus lysodeikticus contains 72 % G�C residues, but the DNA from

Euglena gracilis chloroplasts is composed of only 25 % G�C residues [1906], [1449].

Although this second DNA consists of about 130�103 base pairs, there is not a single

cleavage site for SmaI recognizing only G�C base pairs [CCC/GGG]. Furthermore, the

base distribution in natural DNA is nonstatistical. In eukaryotic SV40 DNA, the

dinucleotide CpG occurs very rarely [1618]. As a result, the cleavage frequency for

such class II restriction endonucleases as MaeII, CfoI, HpaI, TaqI, or FnuDII, which
contain the CpG dinucleotide in their tetranucleotide recognition sequences, is

extremely low [1480], [1547]. By contrast, the number of cleavage sites on prokaryotic

pBR322 DNA of similar size is about ten times higher, with values like those obtained

from enzymes such as AluI or HaeIII, which have no CpG dinucleotides in their

tetranucleotide recognition sequences [1480].

Length of DNA The influence of DNA length can be demonstrated by the SalI cleavage
of pBR322DNA [1619]. The length of this plasmid is only about one-tenth the length of

the bacteriophage lDNA [1621], [1609], [1622]. The lDNA has only two cleavage sites,

but the much smaller pBR322 DNA still has one cleavage site. Because the number of

cleavage sites permicrogramofDNA increases fivefoldwith pBR322DNA, digestion of

the same amount of l DNA with SalI requires about five times more enzyme as

compared with the plasmid DNA.

Flanking Sequences The influence of flanking sequences is demonstrated by the

observation that shortoligonucleotides consisting, for example, only of thehexanucleotide

EcoRI recognition sequence GAATTC are not cleaved. Even if several hexanucleotides

were ligated to longer DNA molecules to stabilize the double strand — which would be

completely denatured in the short hexanucleotide at 37 8C— they could not be digested

with EcoRI. Only if the recognition sequence is extended on both ends by one or more

flanking nucleotides the enzyme can exert its activity. However, in these cases, higher

quantities of enzyme and longer reaction times are required.Normal reaction rates canbe

achieved only by further increasing the length of the flanking sequences [1623].

Base Composition of Flanking Sequences The base composition within the flanking

sequence distinctly influences the actual cleavage rate at the individual recognition site.
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This effect was first observed for EcoRIwhich digests the various sites on l or Ad2DNA
with rates differing by a factor of ten [1624], [1579]. A similar preferential digestion has

also been observed with HindIII on l, HgaI on F X 174, and PstI on plasmid pSM1

DNA [1625], [1626]. In the latter case, significant resistance to cleavagewas conferred on

G–C-rich flanking regions.

More significant differences in individual cleavage rates were observed on pBR322

DNA with NaeI which recognizes the G–C-rich sequence GCC/GGC [1627]. The

enzyme NaeI cuts pBR322 DNA at four different sites, two of which are digested

rapidly and the third 5–10 times more slowly. Complete cleavage at the fourth site,

however, proceeds 50 times slower [1628]. Similar slow cleavage sites were also

observed for the enzymes NarI [GG/CGCC], SacII [CCG/CGG], and XmaIII [C/

GGCCG] which recognize sequences with alternating G and C residues [1480],

[1629], [1630]. In all these examples, the slower reaction rates at particular sites are

attributed to the sequences within the flanking regions. However, whether a particular

sequence element or an altered DNA conformation is responsible for the strong

decrease in cleavage rate is still unknown.

Relative Position of Cleavage Sites A similar decrease in cleavage rate is observed if two

ormore recognition sites that would be digested readily alone are only a few nucleotides

apart from each other. After digestion at one of the two sites, the essential flanking

sequences for efficient cleavage at the neighboring position aremissing. Therefore, after

the first cleavage, the DNA can only be hydrolyzed very slowly at the second site. This is

the case for the multiple cloning sites of the M13mp derivatives that are used frequently

for sequencing studies. In these polylinker regions, the recognition sequences for several

restriction endonucleases are located directly next to each other [1463].

6.5.1.3 Specificity of Class II Restriction Endonucleases

The specificity of the presently known class II restriction endonucleases is defined by

three criteria:

1. recognition sequence,

2. position of cleavage site, and

3. influence of methylation.

However, all three characteristics of enzyme specificity are known only for a limited

number of enzymes. For many class II restriction endonucleases, only the recognition

sequences have so far been determined [1480], [1484].

6.5.1.3.1 Palindromic Recognition Sequences

For the majority of class II enzymes, the recognition sequence on the double-stranded

DNA is characterized by a two-fold axis of rotational symmetry. Such symmetric

recognition sequences are called palindromes. In a palindromic sequence, a horizontal

complementary arrangement exists in addition to the normal base pairing betweenA–T

and G–C. For example, the EcoRI recognition sequence is

G/AATT-C

C-TTAA/G
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Most palindromic recognition sequences are tetra-, penta-, hexanucleotides, but

defined octanucleotides also exist [1631]. In addition, palindromic recognition

sequences of extended length exist, e.g., for BstXI, in which only the flanking nucleo-

tides are specifically recognized. In most of these cases, the flanking trinucleotides are

unambiguously defined. However, one case of nonequivocally defined flanking trinu-

cleotides is known with DraII [1632], [1633]:
�
A

G

�
G=GNCC

�
T

C

�

An example of an enzyme that recognizes flanking tetranucleotides is SfiI
[GGCCNNNN/NGGCC] [1634].

Palindromic recognition sequences can be arranged according to homologies within

their recognition sequences (Table 44). In this approach, the sequences are ordered by

starting from the shortest central palindromes AT, GC, CG, and TA. Tetranucleotide

palindromes are created for each dinucleotide sequence by adding one nucleotide on

the left side and its complementary nucleotide on the right side. Repeated application of

this cycle generates hexa- and octanucleotide palindromes. Out of the 16 possible

tetranucleotides, 11 sequences are covered by corresponding enzymes. For the 64

possible hexanucleotides, 49 enzyme specificities are known [1480].
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Table 44. Palindromic recognition sequences of restriction endonucleases

AT GC CG TA

A AluI MaeII T

G Sau3AI HaeIII CfoI RsaI C

C NlaIII FnuDII HpaII MaeI G

T TaqI A

AA HindIII SspI TT

GA EcoRI SacI AatII EcoRV TC

CA PvuII PmaCl NdeI TG

TA SnaBl TA

AG BglII StuI Eco47III ScaI CT

GG BamHI ApaI NarI Asp718 CC

CG PvuI XmaIII SplI CG

TG BclI BalI MstI CA

AC MluI SpeI GT

GC SphI BssHII NaeI NheI GC

CC NcoI SacII SmaI AvrII GG

TC BspHI NruI BspMII XbaI GA

AT NsiI ClaI AT

GT SnaI ApaLI SalI HpaI AC

CT PstI XhoI AflII AG

TT MlaI DraI AA

AT GC CG TA



The cleavage sites for class II restriction endonucleases lie within or directly next to

the recognition sequence; they are marked by a slash (/) in Table 45. As in recognition,

the positions in the two complementary strands have a two-fold rotational symmetry.

Either blunt double-stranded ends or protruding single-stranded 50- or 30-ends are

formed. The lengths of the protruding terminal single-stranded regions depend on

the position of the cleavage sites within the recognition sequence. Independent of

cleavage positions, all class II restriction endonucleases form fragments that have

50-phosphate and 30-hydroxyl fragment ends. The only exception known so far is NciI,
which produces 30-phosphorylated fragment termini [1635].

Some class II restriction endonucleases are able to digest DNA � RNA hybrids. The

enzymes AluI,HaeIII,HhaI, and TaqI cut the DNA strand of the hybrid at the correct

recognition sequences [1636].

Sequence-specific digestion of single-strandedDNAhas also been shown for anumber

of enzymes. However, like double-stranded DNA, base-paired recognition sequences

are necessary for cleavage of single-strandedDNA.Therefore, refolding effects between

different recognition sites, which result in transiently formed secondary canonical

structures, play a decisive role. The cleavage rates depend mainly on the stability of

these double-stranded structures [1637], [1638], [1464].

6.5.1.3.2 Nonpalindromic Recognition Sequences

In addition to class II enzymes that act on palindromic sequences, class II S enzymes

like FokI, HgaI, MboII, or MnlI have been found, which recognize nonsymmetric

sequences. These enzymes digest the double-stranded DNA at precise distances

downstream from their recognition sites [1639], [1640], [1641], [1466].

The spatial separation between recognition and cleavage has been utilized to digest

any predetermined sequence in single-strandedDNAs like those of the variousM13mp

derivatives [1642], [1643]. Universal cleavage is achieved by applying a specifically

Table 45. Cleavage positions of restriction endonucleases and generated fragment ends

Enzyme Recognition sequence End produced

HaeIII GG/CC CC/GG blunt end

EcoRI G/AATT-C C-TTAA/G 50-protruding
PstI C-TGCA/G G/ACGT-C 30-protruding
NotI GC/GGCC-GC CG-CCGG/CG 50-protruding
EcoRII

/CC

�
A
T

�
GG GG

�
A
T

�
CC/

50-protruding

SauI CC/TNA-GG GG-ANT/CC 50-protruding
XmnI GAANN/NNTTC CTTNN/NNAAG blunt end

SfiI GGCCN-NNN/NGGCC CCGGN/NNN-NCCGG 30-protruding
BstXI CCAN-NNNN/NTGG GGTN/NNNN-NACC 30-protruding
MnlI CCTCNNNNNNN/N GGAGNNNNNNN/N blunt end

HgaI GACGCNNNNN/NNNNN-N CTGCGNNNNN-NNNNN/N 50-protruding
MboII GAAGANNNNNNN-N/N CTTCTNNNNNNN/N-N 30-protruding
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designed adapter. This synthetic DNA element is constructed from a constant double-

stranded domain harboring (1) the recognition sequence of the class II S enzymes and

(2) a variable single-stranded domain complementary to the sequence to be cleaved. The

linearized single-stranded target DNA can be converted to double-stranded DNA by a

Klenow-catalyzed polymerization reaction using the synthetic deoxyoligonucleotide as

a primer. By this approach, double-stranded DNA molecules are created that can be

cleaved precisely at any position. Thus, the new method permits the design of novel

enzyme specificities by combining class II S restriction endonucleases with bivalent

DNA adapter oligonucleotides mediating the novel sequence specificities.

6.5.1.3.3 Isoschizomers

Isoschizomers are class II restriction endonucleases that are isolated from various

organisms but recognize identical sequences. Isoschizomeric enzymes, however, may

have various cleavage sites within the recognition sequence or may show different

sensitivity to particular modified bases. The great variability of isoschizomers is known

with 36 different enzymes all recognizing the sequence GATC [1480].

In this collection of isoschizomers, well-known examples for enzymes with different

methylation sensitivities are DpnI, MboI, and Sau3AI [1644], [1645], [1606]. Whereas

Sau3AI is insensitive tomethylation of the internal adenine residue,MboI is completely

inhibited by this methylation. In contrast,DpnI is fully dependent on this modification

because the enzyme does not cleave the unmethylated GATC sequence. TheDNA from

pBR322, isolated fromwild-type Escherichia coli cells, is highlymethylated at adenosine

residues within GATC sequences by E. coli dammethylase that specifically recognizes

GATC [1646], [1446]. Consequently, Sau3AI and DpnI will cleave this DNA, whereas

MboI is unable to digest this substrate.

Another important pair of isoschizomers, HpaII and MspI, shows a different

sensitivity with respect to cytosine methylation. Modification of the central cytosine

residue within their common tetranucleotide recognition sequence CCGG renders the

cleavage site resistant to digestionwithHpaII but sensitive to cleavagewithMspI [1504],
[1647]. This ability to discriminate between methylated and unmethylated cytosine

residues is used to detect methylated CpG dinucleotides which are thought to be

involved in eukaryotic gene regulation [1648], [1649], [1650].

An example of an isoschizomeric enzyme pair with different cleavage sites is

Asp718 and KpnI. Both enzymes recognize the sequence GGTACC but cleave

between either 50-terminal guanosine residues or 30-terminal cytosine residues

[1650], [1444]. The 50-terminal protruding ends of Asp718 fragments can be

efficiently labeled with T4 polynucleotide kinase, whereas the 30-ends are suitable

substrates for 30-endlabeling reactions with Klenow enzyme. Labeling of the 30-
protruding ends of KpnI fragments can be obtained via the tailing reaction with

terminal transferase.

The most commonly used cloning vehicles often have no restriction sites for

particular enzymes. In such cases, cloning can be achieved by the use of enzymes

from an enzyme family. Members of an enzyme family all produce identical single-

stranded fragment ends, whereas the complete recognition sequences of individual

enzymes are different in the flanking nucleotides. The best known enzyme family is the
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GATC family, whose members are Sau3AI, BglII, BamHI, BclI, and XhoII [1480]. All
these enzymes produce single-stranded ends of the sequence GATC. The respective

hexanucleotide recognition sequences are lost after recombination of fragments

produced by different enzymes of this family, but the common internal nucleotides

remains the same in all possible combinations. In this way, for example, BglII
fragments which are cloned into the BamHI site of pBR322 DNA can be recovered

from the vector by cutting with Sau3AI. Another enzyme family exists for the sequence

CTAG with the enzymes MaeI, SpeI, NheI, AvrII, and XbaI [1480].

6.5.1.4 Changes in Sequence Specificity

Relaxation Formany enzymes such as EcoRI, relaxation of the specificity occurs when

the solvent is changed [1577], [1651], [1652], [1653], [1442], [1461]. This altered activity of

EcoRI is known asEcoRI * activity. Relaxed specificitymarkedly increases the number of

small fragments, whereas the large fragments disappear. According to sequencing data,

the subcanonical sequences differ from the canonical recognition sites by at least one

base pair [1654]. Relaxation of both flanking positions yields the tetranucleotide AATT

as the predominant EcoRI * specificity. However, relaxation of internal positions has

also been observed [1655].

Relaxation of the specificity of class II restriction endonucleases has been attributed

generally to the effects of altered reaction environment on the nature of the complexes

formed between the DNA helix and the EcoRI dimer. Because EcoRI * is an inherent

enzyme property, it cannot be eliminated by more extensive purification. However,

relaxation specificity can be suppressed by using suitable buffers. Relaxation can be

prevented by the following conditions [1652], [1442], [1461]:

� high ionic strength,

� decreased pH,

� use of Mg2+ ions rather than Mn2+, Co2+, or Zn2+ ions,

� low enzyme concentration,

� low concentration of glycerol or other organic solvents such as dimethyl sulfoxide,

� which destabilize the double-stranded DNA helix, or

� short incubation periods.

In addition, incubation temperature strongly affects relaxation of specificity. As shown
for PstI, an increase in incubation temperature from 37 to 42 8C suppresses the relaxed

specificity almost completely even at higher concentrations and longer incubation

periods. In contrast, lowering the incubation temperature to 30 8C strongly favors

PstI * activity. When the incubation temperature is further lowered to 25 or 20 8C, the
relaxed activity becomes predominant even under normal incubation conditions.

Analogous observations have been made for BamHI, BstEII, EcoRI, SphI, SalI, and
TaqI [1656].

Modification of DNA by Methylation Additional changes in the activity and specificity

of class II restriction endonucleases are attributed to DNA modifications such as
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methylation [1482]. Certain enzymes are inhibited not only by the corresponding

methylase counterpart but also by DNA methylation mediated by Escherichia coli dam

[GATC] or dcmImethylase [CC
�
A

T

�
GG] [1657], [1658], [1446]. These twomethylases are

not part of the restriction–modification systems but have other biological functions

such as the regulatory role of dammethylase in mismatch repair and DNA replication

[1659], [1660], [1451].

When the recognition sequences of dam or dcmImethylase and the particular class II

restriction endonuclease overlap totally, the activity on DNA isolated from E. coli is
completely inhibited. Well-known examples of different dam influences at N6-methy-

lated adenine residues in GATC sequences are the isoschizomers DpnI, MboI, and
Sau3AImentioned previously [1644], [1645], [1642]. Similar considerations apply to the

dcmI methylase that inhibits EcoRII but activates ApyI by 5-methylation of the internal

cytosine residue [1661], [1662]; however, BstNI is not affected by this particular

methylation [1662], [1531]. The inhibitory effects of dam or dcmI can be eliminated

by isolation of the DNA from E. coli cells in which both methylase genes have been

inactivated by mutation [1657], [1646], [1658].

Partial overlapping with the dam recognition sequence is observed for a variety of

enzymes and frequently inhibits their activity [1664], [1665]. As an example, after dam
methylation, ClaI digestion is inhibited specifically at the heptanucleotide sequences

GATCGAT or ATCGATC[1663]. All the other ClaI sites are unaffected. Therefore,

sequential action of isolated dam methylase and ClaI endonuclease generates the

following new sequence specificity: 
A
G
T

!
ATCGAT

 
T
G
A

!

In contrast, the heptanucleotides mentioned above are cleaved specifically with

endonuclease DpnI after methylation of DNA with ClaI methylase [1666]. In this

approach, the other DpnI cleavage sites remain stable, and both enzyme pairs

complement each other in creating new sequence specificities.

Permutation of Fragment Ends Another approach for creating novel cleavage sites

applies the permutation of generated fragment ends with 50-protruding termini [1667].

Sites generated by such enzymes as EcoRI, BamHI, or SalI can be rendered blunt-ended

by filling in the protruding ends with deoxynucleoside triphosphates and Klenow

enzyme. This ligation creates a new symmetry center which corresponds to the ligation

point of the twofilled-in ends. If, for example, aSalI site [G/TCGAC] is treated in thisway,
a 10 base pair palindromic sequence GTCGATCGAC with a novel PvuI cleavage site

[(CGAT/CG)] is created. After PvuI cleavage, a third restriction site may be generated by

treatment with nuclease S1. After ligation, another novel cleavage site is created because

the resulting octanucleotideGTCGCGACcontains a newNruI cleavage site [TCG/CGA].
Analogous conversion of restriction sites can be accomplished for all the other enzymes

that generate fragments with 50-protruding ends. Interconversion of restriction sites

could generate unique novel cloning sites without the need of synthetic linkers. This

should improve the flexibility of genetic engineering experiments.
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Modification by Bacteriophages Bacteriophage-induced DNA modification is also

known to strongly influence the activity of class II restriction endonucleases. The

respective phage genomes contain all or most of the cytosine or thymine residues

substituted at the 5-position [1668], [1669]. Substitution of cytosine by 5-methylcytosine

(Xanthomonas oryzae phageXP12) or glycosylated 5-hydroxymethylcytosine (Escherichia
coli phage T4), or of thymine by phosphoglucuronated and glycosylated 5-(40,50-
dihydroxypentyl)uracil (Bacillus subtilis phage SP15) renders the DNA resistant to

almost all known class II restriction endonucleases. The only exception is TaqI, which
fragments the modified DNAs extensively. Substitution of 5-hydroxyuracil or uracil for

thymine (B. subtilis phages SPO1 or PBS1) results only in a decreased cleavage rate but

not in complete inhibition of the various enzyme activities.

Endonuclease Inhibitors Other inhibitors of class II restriction endonucleases are

DNA-binding agents such as ethidiumbromide, actinomycinD, proflavine, distamycin

A, or neotrypsin [1670], [1671], [1672]. Spermine or spermidine also have an inhibitory

effect at high concentrations, whereas low concentrations of these substances have a

stimulatory effect. This stimulation is similar to that observed after addition of proteins

such as E. coli RNA polymerase or T4 gene 32 protein which bind tightly to the single-

stranded termini generated by many class II restriction endonucleases [1676], [1675],

[1673], [1674].

6.5.1.5 Novel Class II Restriction Endonucleases

New sequence specificities are also obtained by screening bacteria for novel class II

restriction endonucleases [1485]. The firstmethod for finding new enzymes consists of

examining those bacterial strains that are resistant to certain bacteriophages. As an

alternative procedure, representatives of previously unexamined families from thewide

range of eu- and archaebacteria are screened systematically for the presence of new

class II restriction endonucleases. For example, in a total of 348 microorganisms

screened, 105 novel enzymes were found, predominantly in gram-negative bacteria

[1677]. To detect the novel specificities, aliquots of bacterial extracts are incubated

with a DNA of known sequence such as l DNA for various periods under standard

incubation conditions. The fragment mixtures are analyzed by electrophoresis on

agarose gels.

The new sequence specificity is determined with computer assistance by correlating

experimentally observed and predicted fragment patterns. In a following step, the

corresponding fragments obtained with other DNAs, e.g., from pBR322 or SV40, are

analyzed. In a third step, the precise cleavage positions with the recognition sequence

are fixed in sequencing gels by accurate fragment length determination of both strands

of a particular DNA fragment created with the novel enzyme.

The three steps in characterization of the specificity and cleavage positions of a new

enzyme may be examplified by the class II restriction endonuclease MaeI. This new
enzyme can be isolated from the archaebacterium Methanococcus aeolicus PL15/H,

along with MaeII and MaeIII which are also new enzymes with novel specificities

[1611]. The enzyme MaeI recognizes the tetranucleotide sequence C/TAG and

cleaves both DNA strands specifically between the 50-flanking cytosine and thymine
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nucleotides. The enzyme MaeII also recognizes a tetranucleotide sequence [A/CGT],

whereas MaeIII acts on the pentanucleotide sequence /GTNAC.

Novel class II restriction endonucleases with more complex recognition sequences

have also been found. Examples are DraII and DraIII which were isolated recently as

minor species from Deinococcus radiophilus in addition to the already known main

activity DraI, an isoschizomer of AhaIII [1457]. The enzyme DraII recognizes a novel
type of heptanucleotide with ambiguities in the flanking nucleotides:

�
G

A

�
G=GNCC

�
G

T

�

The enzyme DraIII is characterized by the nonanucleotide CACNNN/GTG with

three internal undefined nucleotides [1632], [1633].

6.5.2

DNA Polymerases

Table 47 lists the properties of important DNA polymerases under A.

6.5.2.1 Escherichia coli DNA Polymerase I

The enzyme E. coli polymerase I, also called deoxynucleoside triphosphate: DNA

deoxynucleotidyltransferase (DNA-directed) (E.C. 2.7.7.7) [9012-90-2], is obtained from

Escherichia coli.

Properties Escherichia coli DNA poylmerase I consists of a single polypeptide with a

molecular mass of 109�103 dalton [1679] and contains one Zn2+ ion per molecule

[1678]. The enzyme consists of two domains joined by a protease-sensitive peptide

linker [1680], [1681], although the complete protein is approximately spherical with a

diameter of 6500 pm [1682], [1683]. Escherichia coliDNApolymerase I contains a single

free mercapto group able to form a dissociable complex with Hg2+. The protein can be

carboxymethylated without loss of activity [1684].

One unit of E. coli DNA polymerase I is defined as the enzyme activity that

incorporates 10 nmol of total nucleotide into acid-precipitable material in 30 min at

37 8C [1685].

Uses Escherichia coliDNApolymerase I is used predominantly for the in vitro labeling

of DNA by nick translation [1476]. Several published procedures all follow a common

principle (Fig. 100). Trace amounts of DNase I (see Section 6.5.4.1) introduce nicks

into unlabeled DNA, thus exposing internal 30-hydroxyl groups. These nicks move

toward the 30-terminus by the subsequent sequential action ofE. coliDNApolymerase I.

First, the enzyme removes the nucleotide on the 50-side of the nick. In the coupled

reaction that follows, the excised nucleotide is replaced with a labeled nucleotide at the

30-terminus of the nick. Repeated action of E. coli polymerase I replaces all nucleotides

with labeled nucleotides downstream from the nick. Below 22 8C, the reaction will not

proceed further than one complete exchange of the existing unlabeledDNA strand for a
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labeled one, as shown in Figure 100. At the right ratio of DNA,DNase I, and E. coliDNA
polymerase I, about 20–40 % of the labeled nucleotides are incorporated into the

product, with a yield in label density of 108–109 dpm per microgram of DNA. Only

20–30 % of this incorporated label is commonly found in foldback DNA [1686]. The

amount of foldback DNA is often higher if the unlabeled DNA fragment is relatively

Figure 100. Use of DNA- and RNA-modifying enzymes in

recombinant DNA synthesis For abbreviations, see text
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small (<1000 nucleotides) [1687]. In this case,more 30-ends are probably used for DNA
synthesis than internal 30-termini at nicks.

6.5.2.2 Klenow Enzyme

Klenow enzyme is the largest fragment obtained by proteolysis of Escherichia coli DNA
polymerase I with subtilisin; it is also called deoxynucleoside triphosphate: DNA

deoxynucleotidyltransferase (DNA-directed) (E.C. 2.7.7.7) [9012-90-2].

Properties Klenow enzyme has amolecularmass of 75�103 dalton. It can be obtained

by subtilisin treatment, which digests the protease-sensitive peptide linker between the

two functional domains of the native enzyme [1688]. The large fragment carries the 50–
30 polymerase and the 30–50 exonuclease activities of intact DNApolymerase I, but lacks

the 50–30 exonuclease activity located on the small fragment of 36�103 dalton. Klenow

enzyme catalyzes the addition of deoxynucleotides to the 30-hydroxyl terminus of a

primer annealed to the template DNA.

One unit of Klenow enzyme is defined as the enzyme activity that incorporates

10 nmol of total nucleotide into an acid-precipitable fraction in 30 min at 37 8C
[1685].

Uses Klenow enzyme is used in a wide variety of techniques, such as the following:

1. Conversion of 30-recessed ends of restrictedDNA fragments to blunt ends by the

fill-in reaction [1689];

2. 30-Endlabeling of DNA fragments by use of a-32P-deoxynucleotides [1689];
3. Second-strand synthesis of cDNA [1690];

4. Homogeneous labeling of DNA fragments with random oligodeoxynucleotides

as primers (oligolabeling) [1692];

5. Sequencing of DNA by the dideoxy chain termination method [1691] (Fig. 101);

6. Elongation of oligonucleotides mediating mismatch formation for site-directed

mutagenesis [1693].

6.5.2.3 T4 DNA Polymerase

The enzyme T4 DNA polymerase, also called deoxynucleoside triphosphate: DNA

deoxynucleotidyltransferase (DNA-directed) (E.C. 2.7.7.7) [9012-90-2], is obtained from

phage T4-infected Escherichia coli.

Properties The enzyme T4 DNA polymerase consists of a single polypeptide with a

molecular mass of 114�103 dalton [1694]. This polymerase displays a relatively broad

pH optimum ranging from 8 to 9; at pH values of 7.5 and 9.7, ca. 50 % of the optimal

activity is observed. Maximal polymerase activity requires 6 mmol/L of Mg2+; this

activity is decreased to one-fourth if Mg2+ is replaced by Mn2+ at its optimal concentra-

tion of 0.1 mmol/L.

One unit of T4 DNA polymerase is defined as the enzyme activity that

incorporates 10 nmol of 3H-dTTP into acid-precipitable DNA products in 30 min at

37 8C [1694].
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The T4 DNA polymerase catalyzes the addition of mononucleotides onto the

30-hydroxyl terminus of a primer annealed to a single-stranded region of a DNA

template. Because fully duplex DNA cannot serve as a template primer, DNAmust first

bemade partially single-stranded by digestion of the 30-termini with E. coli exonuclease
III (see Section 6.5.4.2) [1685].

Single-stranded DNA can also serve as a template primer for T4 DNA polymerase.

This polymerase is unable to use a DNAduplex that contains a nick as template primer.

However, addition of the T4 gene 32 protein facilitates strand displacement, which

allows the T4 DNA polymerase to replicate even the nicked duplex DNA in vivo and

in vitro [1695], [1696]. Although T4 DNApolymerase lacks 50–30 exonuclease activity, it
contains an extremely active 30–50 exonuclease that shows a strong specificity for

Figure 101. Use of RNA- and DNA-modifying enzymes in

recombinant DNA analysis For abbreviations, see text
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single-stranded DNA. Its turnover number is about 250 times greater than that of the

30–50 exonuclease associated with E. coli DNA polymerase I and about 3 times greater

than the turnover number of its own 50–30 polymerase activity [1697].

Uses The enzyme T4 DNA polymerase can act as either a 50–30 polymerase or a 30–50

exonuclease. Polymerization occurs when all three of the following substrates are

available to the enzyme: a polynucleotide template, a 30-hydroxyl primer at least one

residue shorter than the template, and the appropriate dNTPs or NTPs complementary

to the template. In the absence of any one of these three components, the enzyme

functions as an 30–50 exonuclease.
TheT4DNApolymerase can beused to label blunt or recessed 30-termini ofDNAby its

50–30 polymerase activity. In the case of blunt ends, the 30–50 exonuclease activity of the
enzyme is responsible for digestion of duplex DNA to produce molecules with recessed

30-termini. On subsequent addition of labeled dNTPs, the partially digested DNA

molecules serve as primer–templates that are regenerated by the polymerase into intact,

double-stranded DNA. Molecules labeled to high specific activity by this technique may

beusedas sensitivehybridizationprobes.Theyhave twoadvantagesoverprobesprepared

bynick translation. First, they lack the artifactual hairpin structures thatmay be produced

during nick translation. Second, they can be converted easily into strand-specific probes

by cleavage with suitable restriction endonucleases in the unlabeled central region of the

DNAmolecule [1698]. In combination with T4 gene 32 protein, the T4DNApolymerase

is used for gap filling in site-directed mutagenesis experiments in which short oligo-

nucleotides are employed for mismatch formation [1699].

6.5.2.4 Reverse Transcriptase

The enzyme AMV reverse transcriptase, also called deoxynucleoside triphosphate:

DNA deoxynucleotidyltransferase (DNA-directed) (E.C. 2.7.7.49), is obtained from

avian myeloblastosis virus.

Properties The enzyme AMV reverse transcriptase is one of the gene products of the

RNA genome of avian myeloblastosis virus existing in two copies within the core

structure of the retrovirus particle. Retroviruses which are capable of replicating

without helper viruses have at least three genes arranged in the following order:

1. gag (encoding structural proteins of the inner coat and core),

2. pol (encoding reverse transcriptase and DNA endonuclease), and

3. env (encoding glycoproteins of the envelope).

A gag–pol precursor protein, p180gag–pol, is one of the primary protein products; it is

processed into a smaller protein, p130gag–pol[1700], [1701]. Further proteolysis releases

two polypeptides designated as a and b, the latter being phosphorylated [1702]. The

enzymatically active forms of reverse transcriptase exist as a, bb, and ab. Themolecular

mass of the a-subunit is 68�103 dalton and of the b-subunit 92�103 dalton.

One unit of reverse transcriptase is defined as the enzyme activity that incorporates

1 nmol of 3H-dTMP into acid-precipitable products in 10 min at 37 8C with

poly(dA) � p(T)15 as template primer [1703].
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Because the amino acid sequence of a is a subset of the b-subunit, the mature form

ab is considered to be formed by proteolytic cleavage of the bb dimer into ab and p32,

containing DNA endonuclease activity [1704]. Enzymatic activities associated with ab
are (1) RNA-dependent DNA polymerase, (2) DNA-dependent DNA polymerase,

(3) RNase H, and (4) an unwinding activity normally attributed to single-strand

binding proteins [1705]. The a-subunit contains both the polymerase and the RNase

Hactivity which has the unique ability to degrade the RNA inDNA �RNA hybrids in an

exonucleolytic manner [1706], [1707]. This exonucleolytic activity of RNase H can

proceed from either the 50- or the 30-terminus. However, it cannot act on RNA linkages

in covalently closed duplex circles. Reverse transcriptase was shown to synthesize

poly(dT) transcripts in vitro in a progressive way with poly(rA)1100 � oligo(dT)12–18 as
template and primer [1703]. In addition, the capacity of reverse transcriptase to use

poly(rC) � oligo(dG)12 as substrate is a useful feature for discrimination between the

viral polymerase activity and the various host DNApolymerases [1708], [1709]. Effective

priming is observed if the primer is more than eight nucleotides in length [1710].

Uses The enzyme AMV reserve transcriptase is widely used for synthesis of cDNA

transcripts of specific RNA sequences in vitro (Fig. 102). Synthesis of the primary DNA

strand is catalyzed by the RNA-dependent DNA polymerase activity. The DNA-depen-

dent DNA polymerase activity is responsible for second-strand synthesis in cDNA

formation when reverse transcriptase is used as polymerizing agent. The DNA-

dependent DNA polymerase activity can be inhibited by addition of actinomycin D

[1711]. Transcripts of cDNA are employed for analysis of structure, organization, and

expression of eukaryotic genes. Comparison between cDNA and genomic DNA

sequences elucidates genomic rearrangements, the existence of intervening

sequences, and details of the splicing events [1712], [1713], [1714]. Synthesis of cDNA

is also a powerful tool for the isolation of functional DNA sequences and the generation

of corresponding hybridization probes. More recently, cloning of cDNA copies of the

RNAvirus genomes has opened another way to study details of their genomic structure

[1715], [1716], [1717]. Several protocols for cDNA synthesis have been described [1718],

and typical procedures have been reviewed recently [1719], [1721], [1722]. In addition,

newmethods have been developed for highly efficient cloning of full-length cDNA and

sequencing of RNA [1723] by using AMV reverse transcriptase [1724].

6.5.2.5 Terminal Transferase

Terminal transferase, also called nucleoside triphosphate: DNA deoxynucleotidylexo-

transferase (E.C. 2.7.7.31) [9027-67-2], is obtained from calf thymus.

Properties Terminal transferase from calf thymus catalyzes the addition of deoxynu-

cleotides to the 30-hydroxyl terminus of a DNA primer [1725].

Oneunit of terminal transferase is defined as the enzymeactivity that incorporates 1nmol

of dAMP into acid-insoluble products in 60 min at 37 8C with d(pT)6 as primer [1726].

Terminal transferase from calf thymus has a molecular mass of 32�103 dalton.

Under denaturing conditions, two nonidentical subunit structures are observed with

molecularmasses of 26.5�103 and 8�103 dalton. The isoelectric point is at pH 8.6, and
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the pH optimum at 7.2. At 35 8C, terminal transferase has an absolute requirement for

an oligodeoxynucleotide primer containing at least three deoxynucleotides and a free

30-hydroxyl end. However, the reaction is not template-dependent. Any dNTP, includ-

ing substituted deoxynucleotides, can be polymerized by the enzyme [1727]. The

highest polymerization rate for purine deoxyribonucleoside triphosphates is obtained

when cacodylate buffer and Mg2+ are used, whereas the use of Co2+ instead of Mg2+

increases the polymerization of pyrimidine bases [1728].

Uses Because terminal transferase requires single-stranded DNA as primer, the

incorporation efficiency is highest for dsDNA with 30-protruding ends. However, blunt

ends and 30-recessive ends are also tailed by reverse transcriptase, with reduced efficiency
[1729], [1717]. Terminal transferase is used mainly to add homopolymer tails to DNA

fragments for the construction of recombinant DNA. By use of this tailing method, any

double-stranded DNA fragment can be joined to a cloning vehicle. Optimal lengths for

G–C tails are about 20–25 nucleotides, for A–T tails about 100 nucleotides [1476]. In
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addition to the tailing reaction, terminal transferase is used for 30-end-labeling of DNA

fragments with a-32P-labeled dNTPs or ddNTPs [1730], [1731] and for the addition of a

single nucleotide to the 30-ends of DNA for in vitro mutagenesis experiments [1729].

6.5.3

RNA Polymerases

Table 47 lists important RNA polymerases under B.

6.5.3.1 SP6 RNA Polymerase

The enzyme SP6 RNA polymerase, also called nucleoside triphosphate:RNA nucleo-

tidyltransferase (DNA-directed) (E.C. 2.7.7.6) [9014-24-8], is obtained from phage SP6-

infected Salmonella typhimurium LT2.

Properties The enzyme SP6 RNA polymerase consists of a single polypetide chain of

96�103 dalton [1732].

One unit of SP6 RNA polymerase is defined as the enzyme activity that catalyzes the

incorporationof1nmolofGTPintoacid-precipitableRNAproducts in60minat37 8C[1732].

The SP6 RNA polymerase requires a DNA template and Mg2+ as a cofactor for RNA

synthesis, and is strongly stimulated by bovine serumalbumin or spermidine [1732]. The

enzyme is not inhibited by the antibiotic rifampicin. This inhibitor affects bacterial RNA

polymerases but not bacteriophage-coded RNA polymerases such as SP6 RNA poly-

merase [1732], [1733]. SP6 RNA polymerase possesses a very stringent promoter

specificity which is distinct from that of analogous enzymes induced by bacteriophages

T7, T3, gh1, or other T7-like bacteriophages [1734], [1735], [1736]. Thus SP6 RNA

polymerase is able to transcribe only bacteriophage SP6 DNA [1737] or DNA cloned

downstream fromSP6 promoter as, for example, in the plasmids pSP64 or pSP65 [1738].

Uses The enzyme SP6 RNApolymerase is used for specific in vitro synthesis of RNA

transcripts obtained from distinct DNA sequences cloned into themultiple cloning site

of the vectors pSP64 or pSP65 [1738]. In these vectors, the SP6promoter located in front

of the multiple cloning site directs specific initiation of the transcription reaction.

Restriction enzyme cleavage of the vector at a unique restriction site downstream from

the inserted DNA sequences provides a discrete terminus for the run-off RNA

transcript. Sense or anti-sense RNA transcripts of unique length can be generated,

depending on the orientation of the integrated DNA (Fig. 103).

Splicing Analysis When this vector system is applied, SP6 RNA polymerase can be

used to synthesize large amounts of precursorRNA for in vitro and in vivo studies of the

splicing reaction [1739], [1740], [1738].

RNA Probes The enzyme SP6 RNA polymerase is also useful for the generation

of homogeneously labeled, single-stranded RNA probes of highest specific radio-

activity. These probes may be applied in Northern- and Southern-blot hybridization

techniques [1741]. After DNase treatment and removal of the nonincorporated
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nucleotides by ethanol precipitation, the RNA probes generated with the pSP64/65

vectors are ready for hybridization without prior purification by gel electrophoresis. A

tenfold increase in sensitivity may be observed when RNA probes are used instead of

nick-translated DNA probes [1738].

Genomic DNA Sequencing Radioactively labeled RNA probes derived from SP6 RNA

polymerase are also applied in genomic DNA sequencing [1742] and in situ hybridiza-

tion experiments.

Gene Mapping M13 libraries may be screened with RNA probes synthesized by SP6

RNApolymerase in a one-step procedure that identifies the orientation of cloned DNA

fragments.

Synthesis of Specific RNA An additional application of SP6 RNA polymerase is the

synthesis of specific RNA strands for use in the RNase protection technique. After

hybridization to total cell RNA, nonhomologous sequences are digested with amixture

of RNase A and RNase T1. Only the homologous double-stranded regions will give

stable hybrids of characteristic length [1741].

6.5.3.2 T7 RNA Polymerase

The enzyme T7 RNA polymerase, also called nucleoside triphosphate:RNA nucleoti-

dyltransferase (DNA-directed) (E.C. 2.7.7.6) [9014-24-8], is obtained from phage T7-

infected Escherichia coli.

Properties The enzyme T7 RNA polymerase consists of a single polypeptide chain of

98�103 dalton [1743].

One unit of T7 RNA polymerase is defined as the enzyme activity that incorporates

1 nmol of GMP into acid-precipitable RNA products in 60 min at 37 8C [1744].

The enzyme T7 RNA polymerase is highly specific for a T7 promoter (17 base pairs)

including the transcription start site [1745]. The promoter sequence differs from that of

bacteriophage SP6-coded RNA polymerase (Section 6.5.2.1) by only two nucleotides.

Although the sequences are similar, T7RNApolymerase specifically transcribes onlyT7

DNA or DNA cloned downstream of the T7 promoter. Appropriate cloning vectors are

pT7–1 and pT7–2 containing the strong T7 promoterF10 in front of a polylinker region
with eight unique restriction sites [1746]. In pT7–1 and pT7–2, the polylinker regions

are integrated in opposite orientation. In addition to a DNA template with a T7

promoter, T7 RNA polymerase requires Mg2+ as cofactor and the four NTPs as

substrates. Spermidine or bovine serum albumin stimulates the activity of the enzyme.

In contrast to bacterial RNA polymerases, T7 RNA polymerase is not inhibited by

rifampicin [1732], [1733].

Uses The T7 transcription system consisting of T7 RNApolymerase and vectors pT7–

1 andpT7–2 is used for in vitro synthesis of specificRNA. For this purpose, the template

DNAs are cloned into the polylinker regions of these vectors downstream from the T7

promoter. By cutting the cloned DNA at the 30-end with an appropriate restriction
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enzyme before the transcription reaction has started, run-off RNA transcripts of

defined size are obtained. By using the T7 vectors pT7–1 and pT7–2 with oppositely

oriented polylinker regions, DNA can be transcribed into sense and anti-sense mRNA.

The T7 system allows in vitro synthesis of either homogeneously labeled (in the

presence of radioactive or biotinylated NTPs) or unlabeled RNA molecules. Since the

ratio of the produced RNA to template DNA reaches 30 : 1, elimination of the DNA

is usually not necessary but can be achieved by treatment with RNase-free DNase I.

The RNAprobes are highly specific for the complementary DNA strand; therefore, they

are especially useful for differentRNAorDNAblotting techniques [1747], [1748], in situ

hybridization [1749], genomic sequencing [1742], or nuclease S1 studies. This property

also allows the screening of M13 gene banks for clones containing DNAwith a defined

orientation. With unlabeled primary mRNA transcripts, splicing of RNA may be

studied in vivo or in vitro. With the aid of in vitro synthesized anti-sense mRNA,

expression of the corresponding genes can be suppressed after introduction of this

RNA into eukaryotic cells [1750]. The T7 system also allows the synthesis of pure RNA

transcripts for in vitro translation studies.

6.5.4

DNA Nucleases

Table 47 lists important DNA nucleases under C.

6.5.4.1 DNase I

The enzyme DNase I, also called deoxyribonuclease I (E.C. 3.1.21.1), is obtained from

bovine pancreas.

Properties DNase I from bovine pancreas is a glycoprotein with a molecular mass of

31�103 dalton. The pHoptimumof the enzyme is 7.0.One unit ofDNase I is defined as

the enzyme activity that produces after incubation of calf thymus DNA an absorbance

increase of 0.001 in one minute at 25 8C [1751], [1752] .

DNase I is normally isolated as a mixture of four isoenzymes: A, B, C, and D. The

complete amino acid sequence of isoenzyme A, which is themain component, has been

determined [1753]. Isoenzymes A and B differ only in the composition of the carbohy-

drate side chain attached to asparagine 18, but isoenzymes C and D have the histidine at

position 118 replaced by a proline [1754]. All DNase I isoenzymes contain two disulfide

bridges, one of which can be reduced in the presence of Ca2+ without loss of activity

[1755]. DNase I degrades double-stranded DNA in an endonucleolytic way to yield 50-
oligonucleotides [1756], [1757]. DNase I requires divalentmetal ions for DNAhydrolysis,

with maximal enzymatic activity in the presence of Ca2+ and Mg2+ or Ca2+ and Mn2+

[1758]. The mode of action and the specificity of the enzyme depend on the type of

divalent cations present [1759], [1760]. DNase I appears to be primarily a digestive

enzyme. However, DNase I-like activities have also been found in nondigestive tissues,

which suggests that the enzyme might have other functions [1757]. It may play a role in

the regulation of actin polymerization, because it forms a very stable complex with

monomeric actin and causesdepolymerization offilamentous actin [1539], [1761], [1762].
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Uses DNase I is used for labeling dsDNA by nick translation [1476]. RNase-free

DNase I is also applied to template digestion after in vitro synthesis of RNA with

bacteriophage SP6-, T7-, or T3-coded RNA polymerases [1732].

6.5.4.2 Exonuclease III

Exonuclease III, also called exodeoxyribonuclease III (E.C. 3.1.11.2), is obtained from

Escherichia coli.

Properties Exonuclease III is a monomeric protein with a molecular mass of 28�103

dalton [1763].

One unit of exonuclease III is defined as the enzyme activity that releases 1 nmol of

acid-soluble nucleotides from calf thymusDNA treatedwith ultrasonic waves in 30min

at 37 8C [1764].

The enzyme is a multifunctional protein which catalyzes the hydrolysis of several

types of phosphoester bonds in dsDNA. In addition, the following minor activities are

found [1765], [1766], [1767]:

an endonuclease activity, specific for apurinic and apyrimidinic sites,

a 30-phosphatase activity, and

an RNase H activity, which degrades the RNA strand in DNA � RNA hybrids.

The pHoptima for the various endo- and exonucleolytic activities are between 7.6 and

8.5. A lower pH optimum between 6.8 and 7.4 has been reported for phosphatase

activity. For optimal exonucleolytic activity, Mg2+ or Mn2+ is required, whereas Zn2+

inhibits exonuclease III [1685], [1767]. In addition, the activity depends strongly on

temperature, salt concentration, and ratio of DNA to enzyme concentration [1768],

[1769]. Also, the rate at which mononucleotides are released decreases in a base-

dependent mode in the following order C � A � T � G [1770].

Uses Exonuclease III is used mainly for the generation of single-stranded terminal

regions from dsDNA by acting as a 30–50 exonuclease. The DNAmodified in this way is

used as a substrate for labeling DNA with Klenow enzyme or for sequencing studies

[1771], [1768], [1769]. Another application of exonuclease III is to shorten progressively

both strands of dsDNA by additional digestion of exonuclease III-generated single-

stranded tails with nuclease S1 [1772]. Exonuclease is also used to determine stable

lesions in defined sequences of DNA [1773].

6.5.4.3 Nuclease S1

Nuclease S1, also called Aspergillus nuclease S1 (E.C. 3.1.30.1), is obtained from

Aspergillus oryzae.

Properties Nuclease S1 is a monomeric protein with a molecular mass of 38�103

dalton [1774], [1775]. The enzyme is a glycoprotein containing 18 % carbohydrate

residues [1774]. Its isoelectric point is at pH 4.3–4.4 [1776].

One unit of nuclease S1 is defined as the enzyme activity that releases 1 mg of acid-

soluble deoxynucleotides from denatured DNA in 1 min at 37 8C [1775].

374 6 Nonindustrial Enzyme Usage



The pH optimum is 4.0–4.3, with half-maximal rates at pH 3.3 and 4.9. Higher pH

values (4.6–5.0) have been used to avoid possible nicking of DNA substrates by

depurination. The enzyme requires Zn2+ for optimal activity. The ions Co2+ and

Hg2+ can replace Zn2+, but they are less effective [1775]. Nuclease S1 is optimally

active at NaCl concentrations of 0.1mol/L and is relatively unaffected by ionic strengths

between 0.01 and 0.2 mol/L of NaCl [1777]. The enzyme is remarkably stable to such

denaturing agents as urea, sodium dodecyl sulfate, or formamide [1778]. When the

enzyme is used in high concentrations, the salt concentration must be high enough

(>0.2 mol/L) to suppress nonspecific nicking [1779].

Uses Under optimal conditions, the rates of nuclease S1-catalyzed hydrolysis of single-

and double-stranded nucleic acids have been estimated to differ by a factor of 75 000

[1780]. Thus, the main application of nuclease S1 is to trim single-stranded protruding

ends of DNA or RNA without significant nibbling of the duplex ends [1781], [1782].

Mapping of transcripts is performed by analyzing S1-resistant RNA � DNA hybrids in

alkaline agarose or denaturing polyacrylamide gels [1783], [1784]. High-resolution

mapping is obtained after end-labeling the DNA with 32P by analyzing the S1-resistant

DNA fragments on sequencing gels [1786]. Use of thismethod allowsmapping of the 50-
and 30-ends of mRNA [1787]. In contrast to exonuclease VII, single-stranded loops in

dsDNAorRNA �DNAhybrids are digested by nuclease S1 [1788], [1789]. Thus,mapping

of introns in eukaryotic genes is possible by digesting the hybrid of mature mRNA and

the 32P-labeled codogenic DNA strand with nuclease S1 (Fig. 104).

A further application that takes advantage of this property is digestion of hairpin

structures during cDNA synthesis [1719]. An S1 mapping based on analysis by two-

dimensional gel electrophoresis is also described [1790]. The methodology of S1

mapping has been used successfully to study the regulation of cloned genes reintro-

duced into eukaryotic cells [1791].

6.5.4.4 Nuclease Bal 31

Nuclease Bal 31, also called exodeoxyribonuclease (E.C. 3.1.11), is obtained from

Alteromonas espejiani.

Properties Nuclease Bal 31 progressively degrades both strands of dsDNA from the

ends inward. The enzyme also has a ssDNA-specific endonuclease activity which

cleaves supercoiled DNA to yield, for example, the linear form. No dsDNA-specific

endonuclease activity is associated with the enzyme.

One unit of nuclease Bal 31 is defined as the enzyme activity that releases 600 base

pairs in 10 min at 30 8C from 2 mg of linearized pUR222 DNA [1792].

Enzyme activity requires Ca2+ and Mg2+, and is optimal at an NaCl concentration of

0.6mol/L. Nuclease Bal 31 is not inhibited by sodium dodecyl sulfate or urea. Fragments

of DNA shortened with nuclease Bal 31 can be ligated readily with T4 DNA ligase either

directly or after filling in any single-stranded end with Klenow enzyme.

Uses In molecular cloning experiments, various specific manipulations of DNA

sequences must be accomplished: for example, coding sequences must be joined to
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a promoter in the proper reading frame, deletions of predeterminedDNA segments are

required to map functional regions, or transcription units must be localized by

trimming to the minimum essential size. If suitable restriction sites do not exist at

the proper location on the DNA sequence, nuclease Bal 31 can be applied.

Nuclease Bal 31 can also be used for mapping DNA with restriction endonucleases

[1793].TheDNAsegment tobemapped is shortened tovarious lengthswith thenuclease.

Each sample is then digested with the corresponding restriction endonuclease, and the

resulting fragments are analyzed by gel electrophoresis. Along with shortening of the

Fig. 104 Mapping of introns in eukaryotic genes by digesting

a hybrid of mature mRNA and the coding strand of DNA with

nuclease S1
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original DNA segment, restriction fragments disappear from the gel in exactly the same

order in which the restriction sites are arranged along the DNA strand.

Another use of nuclease Bal 31 is to transfer any restriction site located adjacent to a

preselected position [1794]. A linearized plasmid containing a cloned DNA sequence is

digested with nuclease Bal 31 to a predetermined length, cut with a single cutting

restriction enzyme, circularized with T4 DNA ligase, and transformed into Escherichia
coli cells. Clones are selected which are sensitive to digestion with the restriction

enzyme used before.

The ssDNA-specific endonuclease activity of nuclease Bal 31 has also been exploited to

investigate the secondary structure in supercoiledDNAs or an altered helical structure in

nonsupercoiled DNA produced by carcinogenic or mutagenic agents [1538].

6.5.5

RNA Nucleases

Table 47 lists important RNA nucleases under D.

6.5.5.1 RNase H

The enzyme RNase H, also called endoribonuclease (E.C. 3.1.26.4), is obtained from

Escherichia coli.

Properties The enzyme activity found in E. coli which hydrolyzes the RNA of

RNA � DNA hybrids is designated RNase H, whereas the activity against the RNA

in RNA � RNA duplexes is called RNase III [1795].

One unit of RNase H is the enzyme activity that produces 1 nmol of acid-soluble

ribonucleotides from 3H-poly(A) � poly(dT) in 20 min at 37 8C [1796].

RNase H acts as an endoribonuclease and degrades the RNA strand of RNA � DNA
hybrids of natural origin, and of synthetic complexes like poly(A) � poly(dT). RNase H
produces ribonucleotideswith 50-phosphate and 30-hydroxyl termini. Almost no activity

is detected with polyribonucleotides alone or polymers annealed to their complemen-

tary ribopolymer. For optimal activity, RNase H requires Mg2+ which can be replaced

only partially by Mn2+. The enzyme has its maximum activity in the presence of

compounds containingmercapto groups and is inhibited byN-ethylmaleimide. ThepH

optimumis between 7.5 and 9.1. RNaseHactivity is relatively insensitive to salt; 50 %of

its activity is retained in the presence of NaCl at 0.3 mol/L [1797].

Uses In addition to the use of E. coliRNaseH for the study of in vivo functions such as

RNA-primed initiation of DNA synthesis [1796], RNase H is applied in the synthesis of

cDNA by combination of the classical first-strand synthesis with the novel second-

strand synthesismediated byE. coliDNApolymerase I,E. coliRNaseH, and E. coliDNA
ligase [1798], [1724]. Furthermore, RNase H is used to detect RNA � DNA regions in

dsDNA of natural origin [1799], [1707]. A further application of the enzyme is the

removal of poly(A) sequences of mRNA, which leads to increased electrophoretic

homogeneity of mRNA in gel electrophoresis [1800]. RNase Hmay also be used for the

site-specific enzymatic cleavage of RNA. With this method, a synthetic DNA oligomer
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will hybridize only to complementary single-stranded regions of an RNA molecule,

which are therefore digested by RNase H in a site-specific manner [1801].

6.5.5.2 Site-Specific RNases

6.5.5.2.1 RNase A

The enzyme RNase A, also called pancreatic ribonuclease, (E.C. 3.1.27.5), is obtained

from bovine pancreas.

Properties RNase A is an endonuclease that cleaves RNA but not DNA. The enzyme

specifically attacks pyrimidine nucleotides by cleaving the 30-adjacent phosphodiester
bond Py/pN. The molecular mass is 13.7�103 dalton and the pH optimum is 7.0–7.5

[1867], [1802]. Cyclic 20,30-pyrimidine nucleotides are obtained as intermediates.

Pyrimidine 30-phosphates and oligonucleotides with terminal pyrimidine 30-phosphate
groups are the final products.

One unit of RNase A is defined as the enzyme activity that produces total conversion

of RNA as substrate in 1min at 25 8C. The decrease in absorbanceA0 toA1 corresponds

to total conversion, A1 being the final absorbance [1803]. RNase A is used as A- and

G-specific RNase in RNA sequencing [1804], [1806].

6.5.5.2.2 RNase CL3

The enzyme RNase CL3, also called endoribonuclease (E.C. 3.1.27.1), is obtained from

chicken liver.

RNase CL3 cleaves RNApredominantly at Cp/N bonds and produces fragments with

30-terminal cytidine phosphate. Bonds of the type Ap/N and Gp/N are cleaved less

frequently, and Up/N bonds are cleaved to a very small extent [1804]. The molecular

mass is 16.85�103 dalton; the pH optimum is at 6.5–7.5 [1805].

One unit of RNase CL3 is defined as the enzyme activity that releases a sufficient

quantity of acid-soluble oligonucleotides to produce an absorbance increase of 1.0 at

260 nm in 15 min at 37 8C [1805]. One unit corresponds to the decomposition of ca.

40 mg of poly(C).

RNaseCL3 is used asminus-U-specificRNase inRNAsequencing [1804], [1806]. The

Cp/N cleavage is more efficient in the presence of urea and at 50 8C, i.e., under
conditions in which the secondary structure of RNA is destroyed [1806], [1807]. Under

these denaturing conditions, approximately five to ten times as much enzymemust be

used, but predominantly C-specific cleavage is obtained.

6.5.5.2.3 RNase T1
Ribonuclease T1 (E.C. 3.1.27.3), also called endoribonuclease, is obtained from

Aspergillus oryzae.
RNase T1 is an endonuclease that cleaves RNAbut not DNA. The enzyme specifically

attacks the 30-adjacent phosphodiester bond Gp/N. RNase T1 is therefore used as

G-specific RNase in RNA sequencing [1804], [1806]. The molecular mass is 11.1�103

dalton, the pH optimum is at 7.4 [1808], [1809]. Cyclic 20,30-guanosine nucleotides are
obtained as intermediates, and guanosine 30-phosphates and oligonucleotides with

guanosine 30-phosphate terminal groups are the final products.
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One unit of RNase T1 is defined as the enzyme activity that releases a sufficient

quantity of acid-soluble oligonucleotides to produce an absorbance increase of 1.0 at

260 nm with denatured DNA in 15 min at 37 8C [1808]. RNase T1 is used especially for

RNA sequencing and RNA fingerprinting.

6.5.5.2.4 RNase U2

RibonucleaseU2 (E.C. 3.1.27.4), also called endoribunuclease, is obtained fromUstilago
sphaerogena.
RNaseU2 is an endonuclease that cleaves RNAbut notDNA. The enzyme specifically

attacks purine nucleotides by cleaving the 30-adjacent phosphodiester bond Pu/pN

[1829]. The molecular mass is 10�103 dalton, and the pH optimum is 3.5. Cyclic 20,30-
purine nucleotides are obtained as intermediates. Purine 30-phosphates and oligonu-

cleotides with purine 30-phosphate terminal groups are the final products. Reversal of

the final step can be used for the synthesis of ApN or GpN [1810].

One unit of RNase U2 is defined as the enzyme activity that releases a sufficient

quantity of oligonucleotides to produce an absorbance increase of 1.0 at 260 nm with

denaturedDNA in 15min at 37 8C [1810]. RNaseU2 is used as A- andG-specific RNAse

in RNA sequencing [1804], [1806].

6.5.5.2.5 Nuclease S7

Nuclease S7, also called endonuclease (E.C. 3.1.31.1), is obtained from Staphylococcus
aureus.
Nuclease S7 is an endonuclease that cleaves both DNA and RNA. The products

obtained after cleavage ofRNAorDNAwith nuclease S7 are oligo- andmononucleotides

with terminal 30-phosphate groups. The enzyme manifests A or U specificity in RNA

digestion at pH 7.5 [1811].

One unit of nuclease S7 is defined as the enzyme activity that releases a sufficient

amount of acid-soluble oligonucleotides to produce an absorbance increase of 1.0 at

260 nm with denatured DNA in 30 min at 37 8C [1811].

The enzyme is used widely to optimize the standard rabbit reticulocyte lysate. The

mRNA-dependent protein synthesis system with only low amounts of endogenous

RNA is obtained by incubation of the lysate with the enzyme in the presence of

CaCl2[1812]. Because of the strict dependence of the nuclease on Ca2+ ions, it can

easily be inactivated by a specific chelating agent such as ethylenediaminetetraacetic

acid. During incubation at 50 8C and pH 7.5 in the presence of CaCl2 and urea, NpA

and NpU bonds are cleaved. Nuclease S7 is therefore also used as A- and U-specific

RNase in RNA sequencing [1806]. This reaction generates RNA fragments with

30-phosphate termini. Thus, in sequencing gels, the generated RNA fragments are

shifted downstream by one nucleotide compared with RNase T1 or RNase U2

fragments of identical length.

6.5.5.2.6 Site-Specific RNases in RNA Sequence Analysis

Base-specific RNases and nucleases with RNA and DNA specificity can be used for

enzymatic sequencing of RNA molecules [1829], [1830], [1831], [1832] (Fig. 107).
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Fig. 6 Use of nucleases with RNA and RNA–DNA specility in sequencing RNA

Hþ¼acid hydrolysis
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Because the sequence of RNAmolecules larger than some hundred nucleotides cannot

be determined directly, two alternative approaches are possible:

1. Fingerprint analysis, for example, of RNase T1-resistant fragments [1813],

[1814].

2. SequencingRNAafter partial digestion of largeRNAchains (e.g., withRNase T1)

to produce a set of fragments covering the whole molecule [1815].

In both approaches, the RNA fragments must be terminally labeled with 32P in vitro

prior to separation. End-labeling of RNA can be achieved in two ways:

1. Labeling the 50-terminus by using T4 polynucleotide kinase and g-32P-ATP as

substrate (left branch, Fig. 105); [1817], [1818], [1819].

2. Labeling the 30-terminus by using T4 RNA ligase and 50-32P-Cp as substrate

(right branch, Fig. 105) [1820].

In addition, 30-end-labeling of tRNA may be obtained with tRNA nucleotidyltrans-

ferase. Any RNA molecules that fail to be polyadenylated can be labeled at the

30-terminus with E. coli poly(A) polymerase [1821], [1822], [1823]. After isolation of

the various RNase T1 subfragments, RNA sequencing consists of three analytical steps,

as shown in Figure 105, bottom part.

Determination of 50- and 30-Terminal Nucleotides Information about the nature of the

50-terminally labeled nucleotide is obtained by complete digestion of the fragment with

nuclease P1, resulting in 50-32P-nucleotides [1756], [1824], [1832]. Excessive digestion
of 30-terminally labeled fragments with RNase T2 permits the identification of the

30-termini by analysis of the liberated 30-32P-nucleotides.

SequenceDetermination of the Terminal Nucleotides byMobility-Shift Analysis Sequence

information concerning limited regions of the 50- and 30-termini is obtained by partial

enzymatic digestion of alternatively 50- or 30-labeled oligonucleotides with randomly

acting endonuclease P1 or snake venom phosphodiesterase, acting as 30-exonucleases;
by randomly acting endonuclease S1 or calf spleen phosphodiesterase, acting as 50-
exonucleases; [1756], [1825], [1826], [1827], or by chemical treatment with NaHCO3 or

ethylenediaminetetraacetic acid [1823].

Complete Sequence Analysis by Partial Digestion with Base-Specific Nucleases In

addition to chemical RNA sequencing [1828], RNA sequencing by reverse transcription

in cDNA [1723], enzymatic RNA sequencing by partial digestion with the base-specific

RNases mentioned in the previous sections (RNase T1, RNase U2, nuclease S7, and

RNase CL3) is a well-established procedure [1804], [1806], [1829], [1832]. Reaction

details are given in Table 46.

Identification of purine bases within the RNA chain is achieved by digestion of RNA

with RNase T1 and RNase U2[1829], [1830], [1831], [1832]. Digestion with RNase T1
(G-specific) results in fragments with 30-terminal Gp residues. Digestion with RNase

U2 (A- and G-specific) under appropriate conditions results in fragments with mainly
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30-terminal Ap residues (A-specific). Pyrimidine residues are localized by digestion of

RNA with nuclease S7 at pH 7.5 and RNase CL3 at pH 8.0. Digestion with RNase CL3

results mainly in fragments with 30-terminal Cp residues, less frequently in fragments

with 30-terminal Ap and Gp residues (minus-U-specific ¼ C-, A-, and G-specific).

Digestion with nuclease S7 at pH 7.5 results in fragments with 50-terminal A and U

residues (A- and U-specific) [1806].

Care must be taken in reading the sequence ladder, because— compared with T1 or

U2 fragments of corresponding length— the electrophoretic mobility of 50-endlabeled
S7 fragments is shifted downward by exactly one nucleotide; 30-endlabeled S7 frag-

ments are shifted upward by one nucleotide. This difference in eletrophoretic mobility

compared with T1 and U2 fragments is caused by the cleavage site of the enzyme

upstream fromA orU residues. Normal electrophoreticmobility is observed with RNA

fragments obtained with RNase CL3 [1804], [1805]. Digestion with RNase CL3 results

mainly in fragments with 30-terminal Cp residues. The formation of fragments with 30-
terminal Ap and 30-terminal Gp residues is much less frequent. 30-Terminal Up

residues are generated to only a very small extent. Thus the information obtained

by digestion of RNA with nuclease S7 and RNase CL3 is useful for unambiguous

discrimination between both pyrimidine residues.

6.5.6

Modifying Enzymes

Table 47 lists important DNA-modifying enzymes under E.

6.5.6.1 Alkaline Phosphatase

Alkaline phosphatase, also called orthophosphoric monoester phosphohydrolase (alka-

line optimum) (E.C. 3.1.3.1) [9001-78-9], is obtained from calf intestine.

Properties Themolecularmass of alkaline phosphatase from calf intestine is 140�103

dalton. The enzyme is a dimeric glycoprotein composed of two identical or similar

subunits with a molecular mass of 69�103 dalton each. Alkaline phosphatase contains

four Zn2+ ions per molecule [1817].

One unit of alkaline phosphatase is defined as the enzyme activity that hydrolyzes

1 mmol of 4-nitrophenyl phosphate in 1min at 37 8C in a diethanolamine buffer (1mol/

L); 4-nitrophenyl phosphate concentration: 10 mmol/L; MgCl2 concentration:

0.25 mmol/L; pH 9.8 [1833].

Table 46. Partial digestion of RNA with base-specific RNases

Enzyme Conditions Specificity

RNase T1 urea, 8 mol/L, pH 3.5; 50 8C 50Gp/N30

RNase U2 urea, 8 mol/L, pH 3.5; 50 8C 50Ap/N30 and (5
0
Gp/N30)

RNase S7 urea, 8 mol/L, pH 7.5; 50 8C 50Np/A30 and 50Np/U30

RNase CL3 urea, 8 mol/L, pH 8.0; 50 8C 50Cp/N30 and (5
0
Ap/N30 + 50Gp/N30)
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The purified enzyme ismost stable in the pH range 7.5–9.5 and is inactivated rapidly

at lower pH. Protection against acidic denaturation is observed in the presence of

inorganic phosphate [1834]. Alkaline phosphatase can also be inactivated either by

treatmentwithNaOHor by heating for 45min at 65 8C in the presence of nitrilotriacetic

acid or ethylenediaminetetraacetic acid to chelate the essential Zn2+ ions [1835].

Alternatively, alkaline phosphatase can be inhibited by inorganic phosphate. In the

first two methods, RNA or DNA may be damaged. However, treatment with

the chelating agents completely inactivates alkaline phosphatase without damage to

the polynucleotide.

Uses Alkaline phosphatase catalyzes the hydrolysis of numerous phosphate esters,

such as esters of primary and secondary alcohols, sugar alcohols, cyclic alcohols,

phenols, and aminoalcohols. Phosphodiesters do not react. The enzyme is used

preferentially to selectively cleave terminal phosphate groups from oligonucleotides

and monophosphate esters. In molecular biology, alkaline phosphatase is used

primarily for dephosphorylation of 50-phosphorylated DNA or RNA ends. These 50-
hydroxylated substrates can be effectively 50-endlabeled with T4 polynucleotide

kinase and g-32P-ATP as substrate [1817], [1719], [1836], [1837], [1818], [1838], [1839].

30-Phosphorylated ends of RNA are also dephosphorylated with alkaline phosphatase

[1838], [1831]. Either DNA or RNA that is 32P-labeled at the 50-terminus is most

frequently used in chemical DNA sequencing [1837], [1818] or in RNA sequencing

by degradation of end-labeled RNA with base-specific RNases [1838], [1831]. However,

alkalinephosphatase is also involved in the labeling ofDNAandRNA fragmentsused for

mapping and fingerprinting studies [1840], [1841]. The enzyme is further used in the

construction of recombinant DNAmolecules. Self-annealing of the vector DNA can be

suppressed considerably by dephosphorylation of the linearized vectormolecule prior to

insertion of the DNA fragment to be cloned [1842], [1843], [1844].

6.5.6.2 T4 DNA Ligase

The enzyme T4 DNA ligase, also called poly(deoxyribonucleotide) : poly(deoxyribo-

nucleo-tide) ligase (AMP-forming) (E.C. 6.5.1.1) [9015-85-4], is obtained from bacter-

iophage T4-infected Escherichia coli.

Properties The molecular mass of T4 DNA ligase is 65�103 dalton [1845], [1846]. The

enzyme is composed of a single subunit [1847]. The T4DNA ligase depends on ATP as a

cofactor in the joining reaction [1848]. The energy of ATP hydrolysis to yield AMP and

pyrophosphate is used to form a phosphodiester linkage between polynucleotide chains.

The enzyme also catalyzes an exchange reaction between pyrophosphate andATP [1849].

One unit of T4 DNA ligase is defined as the enzyme activity that converts 1 nmol of
32P from pyrophosphate into material that can be absorbed by Norit in 20 min at 37 8C
[1849]. The optimal pH range for T4 DNA ligase is 7.2–7.8; at pH 6.9 and 8.0, the

enzyme has 46 and 56 %, respectively, of its activity at pH 7.6 [1850]. The enzyme

requiresMg2+ for activity;Mn2+ is only 25 %as effective asMg2+. Low concentrations of

NHþ
4 ions have no effect on the T4 DNA ligase reaction. Higher levels of monovalent

cations inhibit the enzyme completely [1851].
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Uses The T4 DNA ligase is used to ligate DNA fragments with either 50- or

30-protruding or blunt ends. This enzyme is the only DNA ligase known that can

catalyze blunt-end joining [1852]. An important use of T4DNA ligase is the preparation

of recombinant DNA molecules for cloning experiments. Hydrogen-bonded recombi-

nant DNA molecules can be generated by annealing two DNA fragments containing

cohesive ends; T4 DNA ligase is the enzyme of choice for joining such cohesive ends

since it requires a smaller overlapping sequence than E. coli DNA ligase.

Cohesive ends can be generated by cleavage of DNA with class II restriction endo-

nucleases. An alternative approach is the addition of complementary homopolymer tails

to the appropriate fragmentswith terminal transferase (G—Ctailing). Cohesive ends can

also be generated by blunt-end ligation with a synthetic DNA linker that contains the

recognition sequence for a restriction endonuclease producing cohesive termini.

After labeling internal 50-ends with T4 polynucleotide kinase, T4DNA ligase can also

be used to identify 30- and 50-end groups at single-stranded interruptions by nearest

neighbor analysis [1850]. Further, T4DNA ligase can be applied to determine the ability

of other enzymes to act at nicks and gaps in duplex DNA molecules. In addition, T4

DNA ligase canbeused to study the primary and secondary structure ofDNAmolecules

[1853] and may be applied to the chemical synthesis of double-stranded DNAs with

specific nucleotide sequences [1854].

6.5.6.3 Escherichia coli DNA Ligase

The enzyme E. coli DNA ligase, also called poly(deoxyribonucleotide) : poly(deoxyr-

ibonucleotide) ligase (AMP-forming, NMN-forming) (E.C. 6.5.1.2) [37259-52-2], is

obtained from Escherichia coli.

Properties Escherichia coli DNA ligase consists of a single polypeptide chain with a

molecular mass of 74�103 dalton [1855], [1856]. The bacterial enzyme catalyzes phos-

phodiester-bond synthesis coupled to cleavage of the pyrophosphate group in NAD.

Oneunit ofE. coliDNA ligase is defined as the enzyme activity that converts 100nmol

poly[d(AT) ] to an exonuclease III-resistant form in 30 min at 30 8C [1857].

The NAD-dependent E. coli DNA ligase is much more specific than the ATP-

dependent T4 DNA ligase. A number of ligations catalyzed by T4 DNA ligase are

not catalyzed by E. coli DNA ligase, e.g., blunt-end ligation [1858], [1859]. The E. coli
DNA ligase also does not act as an RNA ligase joining RNA molecules or DNA

molecules containing RNA primer sequences.

Uses The E. coli DNA ligase is used in full-length cDNA synthesis [1724]. This

method complements the present technique that employs nuclease S1 digestion of

the hairpin loop prior to the second-strand synthesis. With this new technique,

second-strand synthesis is mediated by the synchronous action of the enzymes E. coli
DNApolymerase I, E. coli RNase H, and E. coliDNA ligase after first-strand synthesis

with reverse transcriptase. The procedure uses a plasmid DNA vector which itself

serves as a primer for the first- and, ultimately, the second-strand cDNA synthesis.

Both steps are designed to enrich for recombinants containing full-length cDNAs

over those with truncated cDNAs.
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6.5.6.4 T4 Polynucleotide Kinase

The enzyme T4 polynucleotide kinase, also called ATP : 50-dephosphopolynucleotide-
50-phosphotransferase (E.C. 2.7.1.78) [37211-65-7], is obtained from phage T4-infected

Escherichia coli.

Properties The T4 polynucleotide kinase catalyzes the transfer for the terminal

g-phosphate group of ATP to the 50-hydroxylated termini of polynucleotides like

DNA or RNA. It also catalyzes the exchange of 50-terminal phosphate groups [1860],

[1839].

One unit of T4 polynucleotide kinase is defined as the enzyme activity required for

the formation of 1 nmol of acid-precipitable 32P in 30 min at 37 8C [1839].

The enzyme T4 polynucleotide kinase migrates as a single species in sodium dodecyl

sulfate–polyacrylamide gel electrophoresis. The single band with a molecular mass of

33�103 dalton represents one of the four identical subunits of the active enzyme complex

with a total molecular mass of 140�103 dalton [1861], [1847]. Maximum activity is

obtained at pH 7.6 at 37 8Cand requiresMg2+ ions and such reagents as dithiothreitol or

2-mercaptoethanol [1847]. The reported stimulating effect of higher ionic strength or

polyamides like spermine or spermidine [1836], [1847] results from stabilization of the

active oligomeric tertiary structure of the enzyme [1861]. ConcentrationsofATPof at least

1 mmol/L and a ratio of 5 : 1 between ATP and protruding 50-hydroxyl ends are required
for optimal phosphorylation [1862]. The T4 polynucleotide kinase is inhibited to 50 % by

7 mmol/L of sodium or potassium phosphate and to 75 % by 7 mmol/L of ammonium

sulfate [1847]. In addition to its kinase activity, T4 polynucleotide kinase also exhibits 30-
phosphatase activity [1863], [1864].ThepHoptimumof this activity is between5.0 and6.0

and, thus, different from that of the kinase activity at pH 7.6.

Uses The enzyme T4 polynucleotide kinase is used to label DNA and RNA at its

50-termini with 32P residues by using g-32P-ATP as substrate [1865], [1862], [1839]. The

50-terminus of DNA can be labeled with T4 polynucleotide kinase either by direct

phosphorylation of 50-hydroxyl groups or by exchange of DNA-bound, nonradioactively
labeled 50-phosphoryl groups and 32P molecules [1866], [1868], [1818]. Alternative

conditions for both reactions are also described for 50-endlabeling ofRNA [1829], [1831].

The T4 polynucleotide kinase is most commonly used in chemical sequence determi-

nation of DNA [1837], [1818] and RNA [1829], [1869], [1831], [1832]. Chemical DNA

sequencing can determine the sequence of both the coding and the noncoding strands.

Sequencing of the coding strand in the 50–30 direction is possible after labeling the

50-end of DNA with T4 polynucleotide kinase and g-32P-ATP (Fig. 106). Sequencing of

the complementary noncoding strand in the 30-50 direction is possible if a recessed

30-end of dsDNA is elongated with Klenow enzyme and suitable a-32P-dNTPs as

substrates. 50-Endlabeling is also used for mapping restriction sites by partial digestion

[1870], [1871]; DNA [1831] or RNA fingerprinting [1872], [1873]; DNA footprinting via

DNase protection [1874] ormethylation protection [1875] ; hybridization studies [1876];

synthesis of substrates for DNA or RNA ligase [1877], [1878]; and sequence analysis of

DNA [1879], [2015]. In addition, the 30-phosphatase activity of T4 polynucleotide kinase
may be used as a specific 30-phosphatase [1863].
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6.5.6.5 T4 Polynucleotide Kinase, 30-Phosphatase-Free
30-Phosphatase-free T4 polynucleotide kinase, also called ATP : 50-dephosphopolynu-
cleotide 50-phosphotransferase (E.C. 2.7.1.78) [37211-65-7], is obtained from phage T4

pseT1- infected Escherichia coli.

Properties 30-Phosphatase-free T4 polynucleotide kinase is an altered T4 pse T1 gene

product in which only the 30-phosphatase activity but not the 50-kinase activity has been
affected [1863], [1864], [1880], [1881].

One unit of 30-phosphatase-free T4 polynucleotide kinase is defined as the enzyme

activity required for the formation of 1 nmol of acid-precipitable 32P in 30 min at 37 8C
[1839].
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Maximum activity of the 50-kinase reaction is obtained under the same conditions as

those for wild-type T4 polynucleotide kinase. However, even under optimal conditions

of the wild-type 30-phosphatase activity, no removal of 30-phosphatase groups of 30-AMP

is observed with the mutant T4 polynucleotide kinase at pH 5.5–6.0.

Uses 30-Phosphatase-free T4 polynucleotide kinase is of special interest in RNA

analysis. The absence of the 30-phosphatase makes this enzyme extremely useful

for the preparation of unique species of RNAphosphorylated at both the 50- and the 30-
termini. Oligoribonucleotides with both 30- and 50-terminal phosphates are used as

donors in the T4 RNA ligase reaction [1882], [1883]. Although the 30-phosphatase is not
required for activity with T4 RNA ligase, it is a convenient blocking group to prevent

cyclization or self-addition of the donor. Thus, a unique intermolecular product is

ensured.

Another use of 30-phosphatase-free T4 polynucleotide kinase is the labeling of CMP

to give 50-32P-Cp, which is commonly used for 30-endlabeling of RNA with T4 RNA

ligase [1884]. The 30-terminally labeled RNA is very useful for fingerprinting and

sequencing studies [1829], [1817], [1831].

6.5.6.6 Methylase HpaII

Methylase HpaII, also called S-adenosyl-L-methionine:DNA (cytosine-5)-methyltrans-

ferase (E.C. 2.1.1.37) [9037-42-7], is obtained from Haemophilus parainfluenzae.

Properties Methylase HpaII is isolated fromH. parainfluenzae containing methylase

HpaI as well [1885], [1886]. MethylaseHpaI acts on double-stranded DNA by transfer-

ring methyl groups from S-adenosylmethionine to the palindromic recognition site

50

CCGG
30

30GGCC
5

0

which results in 5-methylation of both internal cytosines [1885], [1887].

One unit of methylase HpaII is defined as the enzyme activity required to protect

1 mg of lDNA to> 95 % against cleavage by the restriction endonucleaseHpaII in 1 h

at 37 8C [1885]. Single-stranded DNA is methylated bymethylaseHpaII with very low

efficiency. However, methylase HpaII is capable of methylating hemimethylated

recognition sequences [2011]. Since divalent cations such as Mg2+ are not essential

for its activity, methylation of DNA with methylase HpaII may be carried out in the

presence of ethylenediaminetetraacetic acid. Site-specific methylation of DNA by

methylaseHpaII protects the DNA against digestion by the restriction endonuclease

HpaII which recognizes and digests the identical tetrameric sequence CCGG [1888].

However, the activity of restriction endonucleaseMspI, an isoschizomer ofHpaII, is
not affected by methylation of CCGG residues with methylaseHpaII becauseMspI is
only sensitive to methylation of the external cytosine residues [1889], [1890]. In

addition, the action of the restriction endonuclease SmaI whose recognition site

CCCGGG is a subset of the HpaII sites, is also inhibited by methylation of the

internal cytosine residue with methylase HpaII. In contrast, the activity of XmaI
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(similar toMspI) is not inhibited by methylation ofHpaII sites with methylaseHpaII
[1891].

Uses Methylase HpaII is a useful tool for studying the in vivo effect of distinctly

methylated 50mCpG30 residues toward gene expression in eukaryotic cells. These

5-methylcytosine residues are located predominantly in CpG sequences [1892],

[1893], [1894] at a level of about 1 % of the total nucleotides [1895]. An inverse

correlation between the amount of CpG residues and gene activity was postulated

[1896], [1897]. These results were confirmed by the gene-stimulating effect of azacy-

tidine in vivo, because incorporation of this analogue into DNA mimics an under-

methylated state of DNA [1898]. To study the in vivo effects of distinct methylation

patterns, methylaseHpaII is used to introduce in vitro methylated CpG residues at the

specific CCGG sites of isolated DNA [1899]. The DNA, which was previously methy-

lated with methylase HpaII to different degrees, is microinjected into frog oocytes

[1900], or eukaryotic cells are transformed with the modified DNA by DNA-mediated

gene transfer [1901]. The in vivo effects of the distinct HpaII methylation patterns on

gene activity can be studied by analysis of gene-specific transcripts inNorthern blots. To

correlate the level of transcriptional activity with changes in the degree of methylation,

the level ofHpaII-specificmethylation sites within the transformed eukaryotic cells can

be demonstrated directly by comparison of the restriction activities of isoschizomeric

nucleases HpaII and MspI on extracted DNA in Southern blots [1902], [1900], [1903].
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7

Enzyme Safety and Regulatory Considerations

This chapter reviews the safe handling of enzymes in the workplace and the regulation

of enzyme-containing products. There are other aspects of both categories, including

safety for the consumer of enzyme-containing products, labeling for safety and use,

regulations pertaining to manufacturing, and some product regulatory categories that

are not addressed. For information on these topics, the reader is referred to the trade

association and other web sites listed.

7.1

Safe Handling of Enzymes

Much of our knowledge on the safe handling of enzymes has been developed and

communicated by thedetergent industry. In the late 1960s, proteaseswere first used on a

large scale in detergent manufacturing. In the late 1960s and early 1970s there were

reportsofskin irritationandoccupationalasthmaindetergent industryemployees.These

adverse health effects were attributed to enzyme exposure. In response to these health

effects, theUKSoapandDetergent IndustryAssociation(SDIA) formedacommittee that

developed industrial hygiene and employee health monitoring recommendations to

reduce employee exposure to enzymes. The detergent industry and enzyme manufac-

turers worked together to reduce employee exposures to enzyme aerosols (dusts and

mists) by the development of liquid and encapsulated enzymes [2154]. This has allowed

the safe introduction and use of enzymes in many products and production processes,

including detergents, processed foods, and textiles.

This chapter describes the elements of an enzyme safety program that are important

for limiting exposure to enzymes and maintaining employee health and safety in the

workplace. These include employee education, control measures, monitoring methods

and medical surveillance. Many articles have been published on the various aspects of

enzyme safety [2154–2157] and should be consulted for more detailed information.

7.1.1

Possible Health Effects

Data on the health hazards associated with enzymes substantiate a low degree of toxicity.

The adverse effects induced by enzymes can be divided into twomain types: (1) localized
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irritation and (2) respiratory allergy. There is no scientific evidence to suggest that

exposure to enzymes can result in othermanifestations of toxicity, including reproductive

toxicity, developmental toxicity, genotoxicity, systemic toxicity, and carcinogenicity.

Respiratory Allergies As with any protein that is foreign to the respiratory tract,

repeated inhalation of enzyme-containing dust or mists can lead to the development

of respiratory allergy or allergic asthma. There are two main stages in the development

of respiratory allergy, which is also called Type 1 hypersensitivity. The first stage is called

induction. This occurs when the individual is first exposed by inhalation to an allergen

such as an enzyme, household dust, or pollen. If enough enzyme is inhaled the body

will begin to recognize it as a foreign material and will produce allergen-specific IgE

antibodies. At the induction stage, there are no clinical symptoms.

The second stage, is called elicitation in some individuals, subsequent exposure to an

antigen, such as an enzyme, can lead to clinical allergic symptoms. Typical clinical

allergic symptoms include watery eyes, runny nose, and coughing, as well as tightness

of chest and shortness of breath, or occupational asthma. Not all sensitized individuals

will develop allergic symptoms when re-exposed to the enzyme. The development of

allergies depends on the susceptibility of the individual, and the magnitude and length

of exposure. Symptoms will only occur if the susceptible individual inhales enzyme

aerosols, and the symptoms will disappear within hours or a few days.

Skin and Eye Contact Enzymes are not skin sensitizers. However, proteolytic enzymes

may cause skin irritation after prolonged and repeated exposure. This adverse man-

ifestation is due to the irritant characteristics of proteases and is not an allergic

response. Skin irritation is heightened by the presence of moisture and is most likely

to appear on areas of the body where perspiration occurs: hands, armpits, and feet.

Gloves and protective clothing should bewornwhen there is a potential for skin contact.

Good personal hygiene is also essential for preventing skin irritation.

Proteolytic enzymesmay also cause eye irritation on direct exposure. Appropriate eye

protection should be worn to prevent contact whenworking with enzyme preparations.

7.1.2

Control Technology

Theprimary goal in an enzyme safety program is tomaintain exposure belowa level that

would cause adverse health effects. This can be accomplished by paying attention to the

product’s physical form and the implementation of engineering controls, work prac-

tices, and personal protective equipment. The detergent industry has established the

following key strategies to prevent employee exposure [2157]. These can be applied to

other industries as well.

� Containment at source of any dust or liquid aerosol formation.

� The avoidance of recurring routine or uncontrolled spillages.

� The avoidance of personal contamination.

� The handling of empty containers with appropriate controls.

410 7 Enzyme Safety and Regulatory Considerations



Product Form The form of the product greatly influences the potential for aerosol

formation. Because of this, product form often dictates the selection of engineering

controls, handling procedures, and the type of protective equipment needed to provide

adequate protection to the employee. Enzyme preparations are supplied in three main

forms: liquids, granules, and powders. By their nature powdered enzyme preparations

present the greatest chance for inhalation exposure because the fine dust can easily

become airborne.Whenusing powdered enzymesmore stringent handling procedures

and local exhaust ventilation are critical for ensuring safety in the workplace. Granular

preparations are often providedwith a protective coatingwhich reduces the potential for

formation of enzyme dust, but care must be given to avoid damaging and crushing the

granules.When the granules have been crushed or damaged, the potential for exposure

to enzyme-containing dust is increased. Enzymes in liquid form are nonvolatile; but

there is still the chance of aerosol formation during material transfer, spills, mixing

operations, and cleaning of equipment.

Engineering Controls Engineering controls are the preferred method of preventing

the release of enzyme aerosols from manufacturing equipment. Because the form of

the product determines what kind of engineering controls to use in the production

facility, engineering controls should be designed for the specific product form and

production process. Engineering controls in the form of enclosures and local exhaust

ventilation are very effective and are the most suitable methods to control enzyme

exposure. The process should be enclosed as much as possible to contain enzyme

aerosols that are generated during production operations. Local exhaust ventilation

should be used to supplement the enclosures. Using enclosures and local exhaust

ventilation in conjunction with each other assists in the isolation of the enzyme

preparation from the employee. For this reason, they should be used in the following

areas:

� Locations where enzyme preparations are added into the process.

� Material transfer points.

� Where the enzyme containing product is packaged into containers.

Design specification, performance verification, system maintenance, and process

change management are key factors in designing and implementing engineering

controls.

Work-Practice Controls Work-practice controls include safe work practices, education,

and good-housekeeping practices. Safe work practices should be instituted to

prevent the generation of enzyme aerosols and prevent skin contact. Aerosols can

form during equipment cleaning and spill-cleanup operations, such as sweeping and

washing with high-pressure water. Vacuuming with a vacuum cleaner equipped with a

high-efficiency particulate air (HEPA) filter is the preferred method of cleaning.

Washing with high-pressure water and steam cleaning should be avoided. Workers

need to be aware of any work practices that may create aerosols and how to minimize

aerosol formation.
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Employee and contractor education is paramount to a safe working environment. To

achieve good compliance with work practices and the use of control technology,

employees need to know the reasons for these control measures. Employees need

to be informed of the potential health hazards, how and when to use control measures,

emergency procedures and reasons for a medical surveillance program.

Personal Protective Equipment Personal protective equipment is utilized to supple-

ment other control measures or as a primary control method in special situations such

as spillage clean-up or equipment maintenance. Types of personal protective equip-

ment include respiratory protection, protective clothes, and eye protection. A risk

assessment should be conducted to determine when personal protective equipment

should be worn and what type is necessary.

There are instances when engineering and work-practice controls need to be

supplemented with respiratory protection. Cleaning operations and spillage clean-

up may require respiratory protection, since it is difficult to control enzyme levels

during these procedures. Important components of a respiratory protection program

include selection of the appropriate respirator, training, fit testing, and medical

surveillance.

Protective clothing and eye wear may be required in some operations such as

maintenance operations, spillage clean-up, and cleaning operations. This skin and

eye protection should be worn when there is a potential for skin and eye contact. This is

especially true for proteolytic enzymes because of the irritation potential. Examples of

eye and skin protection are safety glasses, goggles, face shields, gloves, and coveralls.

Air Monitoring Air monitoring is often performed in work environments to evaluate

airborne levels of a particular substance. This is important for assessing the efficiency of

engineering controls, whether respiratory protection is required, and whether the

airborne levels meet occupational exposure limits. Components of an air-monitoring

program include an air-sampling plan, measurement methods, air-sampling equip-

ment, and methods to evaluate the results.

Exposure Limits The ACGIH has established a TLV for subtilisin of 60 ng/m3. This is

based on high-volume air monitoring for at least 60 min. Several countries have also

established regulatory limits for subtilisin. Argentina, Canada, Denmark, Portugal,

Spain, Switzerland, and the Netherlands, have adopted either a short-term exposure

limit or ceiling of 60 ng/m3 for subtilisins. The UK has established a TWA of 40 ng/m3

for subtilisin.

Medical Surveillance Medical surveillance programs are implemented to monitor the

health of employees for early detection of any potential health effects. Elements of a

medical surveillance program include a baseline exam, routine medical monitoring,

and evaluation of employees with symptoms. Components of the medical exams could

include medical history, respiratory questionnaire, medical examination, pulmonary

function test, and immunological testing for detection of allergen-specific IgE

antibodies.
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Immunological Tests Inhalation of enzymes can cause the production of allergen-

specific IgE antibodies in susceptible individuals. The development of IgE antibody is

not an adverse health effect but it is an indication that there was sufficient exposure to

produce allergic antibodies. This individual is also at greater risk for developing a

respiratory allergy. Further inhalation exposure to the same enzyme typemay lead to the

development of allergic symptoms. Allergen-specific IgE antibodies can be detected

either by a laboratory test or by a skin prick test. An individual with a positive

immunological test but no symptoms may continue to work with enzymes. An

assessment of the workplace should be conducted to determine if appropriate engi-

neering controls and work practices are in place to limit exposure. The immunological

tests are also used or to aid in confirmation of an allergy to a particular enzyme.

Additional information can be obtained from enzyme suppliers and trade associa-

tions such as the Association of Manufacturers of Fermentation Enzyme Products

(AMFEP) http://www.amfep.org/amfep.html, Association Internationale de la Savonn-

erie et de la Detergence (AISE) http://www.aise-net.org/, US Soap and Detergent

Association (SDA) http://www.sdahq.org/, and the Enzyme Technical Association

(ETA) http://enzymetechnicalassoc.org/.

7.2

Product Regulatory Considerations

Enzyme products are regulated according to their application, i.e., whether they are

used in food manufacture, as digestive aids, in animal feed, in detergents, for textile

processing, etc. Regulations also differ country by country. This section gives an

overview ofmany of the regulations and gives references formore detailed information;

it specifically covers enzymes used as food ingredients and processing aids, in feed, and

for industrial or chemical use. The information contained herein is not meant to give

the reader a step-by-step guide onhow to register an enzymeproduct for a particular use

in a particular country. In addition to the information here, both the Association of

Manufacturers of Fermentation Enzyme Products (AMFEP) and the Enzyme Technical

Association (ETA) maintain web sites with regulatory and safety information and links

which may be of interest to the reader: http://www.amfep.org/amfep.html and

http://enzymetechnicalassoc.org/. As with all of regulatory affairs, before seeking

approval for a particular product in a country, it is important to contact the relevant

authorities and discuss procedures and dossier content.

Enzymeproductsorpreparationsaregenerallycharacterized,andreferredtoaccording

to theirmain enzymatic activity, i.e., as an a-amylase, subtilisin, glucoamylase, cellulase,

etc. The IUB officially assigns E.C. numbers to enzymes (see http://www.chem.qmw.

ac.uk/iubmb/enzyme/) as does the Chemical Abstracts Service (CAS, see http://www.

cas.org/). Both the E.C. and CAS numbers are often referenced in specific regulations.

Whether there is specific legislation or not, it is prudent for the manufacturer of an

enzyme preparation to assure that the potential product is safe for its intended use prior

to introduction. For enzyme products intended for use in food, one needs to address the

safety of the production organism (microorganism, plant, or animal), production
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process, and product. There are several publications that discuss these issues and

provide a framework for this assessment, including [2158–2162]. In addition, the Food

Chemicals Codex [2163] and WHO/JECFA [2164] (see http://www.fao.org/es/ESN/

Jecfa) have specifications for food-grade enzymes that should be regarded as the

minimum specifications required for the regions they cover; several countries impose

stricter specifications. For enzyme products intended for use in feed, similar safety

requirements apply; in addition, the safety issues discussed by the Scientific

Committee for Animal Nutrition (SCAN) and the Association of American Feed

Control Officials (AAFCO) (see Section 7.2.2) need to be addressed. For enzymes

used in industrial processes, such as textile processing, leather tanning, paper produc-

tion, and consumer products, such as detergents and automatic dishwashing products,

the principal safety issues are discussed in the Section 7.2.3.

7.2.1

Food-Use Enzymes

Table 40 lists approvals needed by application and country for enzymes used in food

processing.

The regulation of enzymes used in food processing is perhaps the most complex.

Along with how enzymes are regulated in general country-by-country, one needs to be

aware that enzymes produced usingmodern biotechnology techniques often have extra

regulations, including the currently evolving ones for genetically modified organisms

Table 40. Approvals needed by application and country for enzymes used in food processing

Country/region Traditional production GM production organism

EU additive Approval, acc. 89/107 Directive Approval, acc. 89/107 Directive

EU processing aid Not harmonized Not harmonized

France Article 8 (1989) Notification or

full submission

Article 8 (1989) Notification or

full submission

Denmark Approval needed Approval needed

UK Voluntary Voluntary

Poland Approval needed Approval needed

Switzerland No approval needed Approval needed

China Approval needed if new Approval needed if new

Thailand Registration Registration

Korea Registration Approval needed

Taiwan Registration Registration

Japan Approval needed if new Approval needed

Australia/New Zealand Approval needed Approval needed

Canada Approval needed if new Approval needed

USA Company GRAS assessment,

GRAS Notice, or Food Additive

Company GRAS assessment,

GRAS Notice, or Food Additive

Brazil Approval needed if new Approval needed (if allowed)

Mexico Approval needed if new Approval needed if new
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(GMO) food labeling. Because they are currently being developed and interpretation

is key, GMO labeling regulations are not discussed in detail here. At present, the

EU, Japan, and Australia/New Zealand, among others, have developed or are devel-

oping such regulations. The use of enzymes as digestive aids is also regulated

specifically in some countries, e.g., the USA and the EU; these regulations are not

discussed here.

In the EU, food enzymes are classified either as food additives or processing aids. If

an enzyme has its technological function in the final food, it is considered a food

additive and therefore regulated under the Food Additives Directive (95/2); there are

only two enzymes currently regulated as such, invertase (E 1103) in confectionery and

lysozyme (E 1105) in cheese. Certain other enzymes can be considered as food or food

ingredients and therefore, if produced with novel methods, could fall under the Novel

Foods Regulation 97/258. Most of the enzyme preparations used in food processing in

the EU are considered processing aids, meaning that they have their technological

function in the food-processing stage and not in the final food. They are excluded from

the Food Additives Framework Directive according to its Article 1.3. Therefore, the use

of most enzymes in food is not covered by a community regulation, but by widely

divergent national provisions. In this context, it is important to mention that the

European Commission, under pressure from some members who are not happy with

the unharmonized situation, initiated a working group in 2000, the SCOOP Task Force

7.4. This Task Force 7.4 made an inventory of the enzymes available on the EUmarket,

how they are regulated, how they are evaluated for safety, and how they should be

classified. The final report of this Task Force was not published at the time when this

paper was finalized.

To gain approval of an enzyme regulated as a food additive in the EU, a dossier needs

to be submitted to the Scientific Committee for Food (SCF), which evaluates the safety

of all food additives. The SCF issued Guidelines for the presentation of data on food

enzymes on 11 April 1992 (see http://europa.eu.int/comm/food/fs/sc/scf/reports_

en.html).

There are also twoVertical Directives in the EU thatmention enzymes: the Fruit Juice

and Wine Directives. In the Council Directive 93/77/EEC relating to fruit juices and

certain similar products, pectolytic, proteolytic, and amylolytic enzymes are allowed. In

the Council Regulations 822/87/EEC on the common organization of the market in

wine, pectolytic enzymes are on the allowed ingredients list. If these Vertical Directives

do not allow an enzyme, then the enzyme cannot be used in fruit juice or wine

production.

Enzymes used as processing aids (not present with a technical effect in the final food)

are regulated by national legislation in the EU. France, Denmark and the UK have

legislation covering all food-use enzymes; France and Denmark require approval prior

to use; in the UK, the approval is voluntary, but recommended.

The French Food Enzyme Law, Arrete du Septembre 1989 (J.O. du 01-10-89),

stipulates that for a food enzyme to be used in France, either a Declaration de Vente

(marketing notification) or a full dossier has to be submitted and approved. The

responsibility of the review of the dossier lies with Agence Franc̨aise de Sécurité

Sanitaire des Aliments (AFSSA), the new Food Safety Agency in France established
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in 2000 (see: http: www.afssa.fr). The regulations list enzymes by principal activity and

use, and the authorities also track them by trade name. So, if a manufacturer wishes to

change the name or add a use for an already listed enzyme, aDeclaration de Ventemust

be filed and approved prior to sale. One important nuance is that after a dossier is

approved, a Declaration de Vente must also be filed to list the enzyme product as an

approved food additive on the positive list.

For approval of GMO-derived enzymes, the gene construction description has to be

given; the production organism must be absent in the product and there should be no

detectable (transformable) DNA in the product.

The French Enzyme law also sets purity requirements for food enzymes, as follows:

Cadmium <0.5 mg/kg

Mercury <0.5 mg/kg

Arsenic <3 mg/kg

Lead <10 mg/kg

Total microorganism count <50.000/g

Salmonella not present in 25 g

Coliforms <30/g

Anaerobic SO2 reducing <30/g

Staphylococcus aureus not present in 1 g

Antibiotic activity not present

Aflatoxins <0.005 mg/kg

In the UK, the regulation of enzymes is under the Department of Health (http://

www.doh.gov.uk/), which is part of the Department for Environment, Food and

Rural Affairs (DEFRA) (http://www.defra.gov.uk/). The Department of Health

bases its approval of a ‘‘new’’ enzyme on the basis of its need and safety. The

decision of ‘‘need’’ for a new enzyme is made by the Food Advisory Commit-

tee (FAC) (http://www.foodstandards.gov.uk/), and the safety is evaluated by the

Committee on the Toxicity of Chemicals in Foods, Consumer Products and the

Environment (COT) (http://www.foodstandards.gov.uk/committees/cot/summary.

htm). COT published guidelines for the safety assessment of microbial enzyme

preparations in 1993.

In Denmark, food enzymes are regulated in ‘‘Bekendtg�relse om tils ætnings-

stoffer til levnedsmidler’’ (Order on Additives for Foodstuffs) No. 942, issued

December 11, 1997 by the Danish Ministry of Food, Agriculture and Fisheries (with

amendments). The user or importer of an enzyme preparation is responsible for a

notification under this scheme. The information to be contained in the notification

should follow the guidelines laid down by the SCF in 1992. Notification is valid only

for a specific brand or trade name and must be approved by the authorities prior

to sale.
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In Japan, the Ministry of Health, Labour and Welfare (MHLW) (http://

www.mhlw.go.jp/english/) regulates the use of food enzymes. There is a positive list

of approved enzymes (for English version, see Food Sanitation Law, Japan Food

Additives Association, 1999) and all recombinantly derived enzymesmust be approved,

except for those derived from self-cloned microorganisms. (The MHLW will need to

confirm the self-cloned status and should be contacted to determine information

requirements.) The list of currently approved recombinant foods and food additives,

including enzymes can be found at http://www.mhlw.go.jp/english/topics/food/

index.html. The requirements for the approval of recombinantly derived enzymes

can also be found at this site.

A system similar to that in Japan is currently under development in Korea.

Several countries, including Hungary, Taiwan, and Thailand have registration

processes for food enzymes. These processes differ widely in what information is

required to be provided prior to importation or sale of the enzyme product. It is

important to note that Poland has a lengthy list of specifications that the products must

meet, and Korea is developing regulations that will require approval of recombinantly

derived food enzyme products.

In the USA, food ingredients, including food enzymes, are either regulated as food

additives by the FDA or are Generally Recognized As Safe (GRAS). To be GRAS, an

ingredient either needs to have been in commerce prior to 1958 or to have been

determined to be safe for its intended use based upon scientific principles, and

scientists knowledge about food safety need to acknowledge that it is safe. If an

ingredient is not GRAS, it is regulated as a food additive. GRAS ingredients can be

introduced into commerce without FDA approval, through what is commonly called a

self-affirmation. FDA can also be notified of the GRAS determination through the

voluntary GRAS Notification process (see: http://www.cfsan.fda.gov/�dms/opa-

noti.html). FDA proposed the GRAS Notification process on April 17, 1997, and

although the regulation has not been finalized, the GRAS Notice process is in use.

When a GRAS Notice is filed, the FDA evaluates whether each submitted notice

provides a sufficient basis for a GRAS determination and whether information in the

notice or otherwise available to FDA raises issues that lead the agency to question

whether use of the substance is GRAS. Following this evaluation, FDA responds to the

notifier by letter, and posts the letter on the web site.

In general, FDA’s response has been in one of three categories:

1. The agency does not question the basis for the notifier’s GRAS determination.

2. The agency concludes that the notice does not provide a sufficient basis for a

GRAS determination (e.g., because the notice does not include appropriate data

and information or because the available data and information raise questions

about the safety of the notified substance).

3. The response letter states that the agency has, at the notifier’s request, ceased to

evaluate the GRAS notice.

For a list of GRAS Notices and issued letters, see: http://www.cfsan.fda.gov/�rdb/

opa-gras.html.
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Food additives require prior approval by the FDA through a food additive petition

(see: http://www.cfsan.fda.gov/�lrd/foodadd.html). The food additive petition process

can take several years to result in a regulation indicating approval; food additives must

be approved prior to introduction in commerce in the USA.

GMO-derived products are regulated by the same regulatory scheme as non-GMO-

derived products. GMO-derived food enzymes can be introduced into commerce

through self-affirmations, GRAS Notifications and/or food additive petitions, just as

for non-GMO derived food enzymes.

Prior to the implementation of the GRAS Notice process, there was a petition

process for GRAS substances in which the petitioner would ask FDA to affirm

the product as GRAS. Several enzyme preparations have been affirmed as GRAS

and most are listed in the Partial List of Enzymes that are Used in Foods, http://

www.cfsan.fda.gov/�dms/opa-enzy.html, which also lists those regulated as food

additives.

Products which are regulated by the Bureau of Alcohol, Tobacco, and Firearms

(BATF; i.e., beer, wine, and distilled alcohol) and the U.S. Department of Agriculture

(USDA; i.e., meat and poultry) require FDA sanction prior to the BATF or USDA

approval. Historically, the only way to do this is through the petitioning process and

having a regulation finalized on the product. Once the product is regulated by FDA,

BATFwill allow its use in wine (27 CFR x24.246) and distilled alcohol (27 CFR x24.247)
without any further action, but it may need to be added to the Brewer’s AdjunctManual

for use in beer. USDAwill allow the use through a letter request. Both BATFandUSDA

have agreed to honor the GRASNotification process, and that is currently the process a

manufacturer would follow to gain the approval of a newGRAS food enzyme that is also

regulated by BATF or USDA.

In Canada, Health Canada regulates food-use enzymes under the Food and

Drugs Act. Each enzyme for sale in Canada must be listed in the regulation by

enzyme activity, the specific source from which it is derived, and the allowed applica-

tion(s) (see Part B, Div. 16, Table V, Food Additives that May be Used as Food Enzymes;

http://www.hc-sc.gc.ca/food-aliment/english/publications/acts_and_regulations/food_

and_ drugs_acts/c-tables.pdf). Listing is achieved via a food additive petition. Once

HealthCanada’s staff has completed their safety review and are satisfied, it is possible to

obtain provisional authorization to sell the food enzyme through an InterimMarketing

Authorization. The full regulation of an approved food additive takes several years, with

listing of the proposed regulation in Gazette I for comment and publication of the

regulation in Gazette II after approval by Parliament. Submission requirements are

similar to those in the USA. GMO regulations are currently being developed under

Novel Food Legislation.

Australia and New Zealand regulate food enzymes through the Australia

New Zealand Food Authority (ANZFA). Enzymes need to be approved prior to

sale; for more information and how to seek approval of an enzyme, label it, etc.,

see: http://www.anzfa.gov.au/foodstandards/. Approved enzymes are listed in

Standard 1.3.3, clauses 15–17 and are listed by enzyme activity and source

(see: http://www.anzfa.gov.au/foodstandards/foodstandardscodecontents/standard13/

standard133.cfm).
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New food enzyme regulations are also being developed in Brazil; it is still unclear

whether or not enzymes derived from recombinant production organisms will be

allowed. In Mexico, enzyme preparations are approved by the Ministry of Health.

7.2.2

Feed-Use Enzymes

Table 41 lists approvals needed by application and country for enzymes used in animal

feed and feed processing.

In the EU, enzymes used as feed additives are regulated under the Feed Additive

Directive 70/524/EEC. Details on the criteria and the contents of dossiers to be

submitted to achieve approvals for these enzymes are given in Directive 87/153/

EEC, as amended by 94/40/EC and 95/11/EC (the so called guidelines directive).

In addition to these criteria, a description of the production organism and process

needs to be included and the production organism needs to be ‘‘on deposit’’ (i.e., the

production organism needs to be deposited with a recognized culture collection); this

requirement, along with others, then limits the amount of process improvement the

manufacturer can implement without reverting to the authorities for approval. The

Scientific Committee for Animal Nutrition (SCAN; see http://europa.eu.int/comm/

food/fs/sc/scan/index_en.html) determines the requirements for approval and

reviews dossiers for feed enzymes. Approved enzymes are added to Annex I of the

directive, along with all feed additives; approval is considered production-strain-

specific.

In a publication in August 1998, SCAN took the position that in the GMOs used for

future feed enzyme products, antibiotic resistance markers (ARMs) should be avoided

or removed. Therefore, it is prudent for industry developing microbial sources for the

production of feed enzymes to avoid the use of ARMs. SCANhas also published several

other opinions on enzymes used in feed that can be viewed at their web site.

In the USA, ingredients used in feed must be either GRAS and/or listed in the

Official Publication of American Feed Control Officials [AAFCO Manual (see also

http://www.aafco.org/)] in Table 30. Labels are approved state by state. Under the

Enzyme Coordination Policy proposed in 1997 and adopted in 1998, FDA will review

new enzyme products for use in feed and recommend listing in the AAFCO Manual

Table 41. Approvals needed by application and country for enzymes used in animal feed and feed

processing

Country/area

EU Full dossiers required for new enzymes/products

Notifications of changes for approved products

USA GRAS or Feed Additive, AAFCO listing

Canada Approval required
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via a Letter of No Objection. Requirements for listing are spelled out in the Coordina-

tionPolicy in theAAFCOManual. Other relatedmaterials thatmay consist of or contain

enzymes are also listed in the AAFCO Manual, xx 36.11 and 36.12.

In Canada, feed use enzymes are regulated by the Feed Section, Animal Health and

Production Division, Canadian Food Inspection Agency. Addition of a new enzyme

requires safety and efficacy data, intended labeling, product formulation, and analytical

data andmethods. Enzymesmust be approved prior to use in feed. Instructions for how

to apply for feed enzyme approval, which enzymes are approved, and activity-testing

criteria can be found in several of the trade memoranda at http://inspection.gc.ca/

english/anima/feebet/trademem/trindxe.shtml.

7.2.3

Industrial-Use Enzymes

Table 42 lists approvals needed by application and country for enzymes used in

industrial applications.

Enzymes used in industrial processes such at textile processing and paper manu-

facture and as ingredients in laundry and dishwashing detergents are generally

regulated as other chemicals are in the countries that have such regulations. They

are usually included in an inventory listing, as discussed below. In addition, the

ingredients used in such enzyme products also need to be listed on the respective

inventories.

In the EU, this regulation is harmonized, and the enzyme activity in question needs

to be listed in the European Inventory of Existing Chemical Substances (EINECS) or

approved as new through the European List of New Chemical Substances (ELINCS).

(See also: http://ecb.ei.jrc.it.) The regulation of these enzymes is coveredunderCouncil

Directive 67/548/ EEC as amended (for the 7th time by 92/32/EEC), hereafter referred

to as ELINCS directive, and implementing national regulations. There are more than

300 enzyme entries in EINECS. Enzymes for all uses, whether used as an ingredient or

processing aid, if used in the EU are regulated through this regulatory scheme.

Table 42. Approvals needed by application and country for enzymes used in industrial

applications

Country/region

Australia, Canada, EU*, Japan, Korea,

China, Philippines, USA

Listed on Inventories**

Germany, Austria Dossier for detergent use to obtain

registration number

* Enzymes for all uses (food, feed, chemical, etc.) are regulated through this system; some
uses, as noted above under food and feed enzymes, also require specific approvals through
other regulatory systems.

** For example, European Inventory of New and Existing Chemical Substances (EINECS)
and the U.S. Toxic Substances Control Act (TSCA) Inventory, enzymes listed by activity
(CAS or IUB No.).
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All the enzymes listed in EINECS are currently characterized solely on the basis of

their catalytic activity and listed by CAS number; the source is not critical for

determination of the EINECS status of any enzyme. This means that enzymes derived

from GMmicroorganisms, including protein-engineered enzymes, are covered by the

EINECS listing. TheEUCommission is currently examininghowenzymes are listed on

EINECS, and this regulatory scheme may change in the future.

In the USA, enzymes and the intergeneric microorganisms (i.e., recombinant

microorganisms created by combining DNA from more than one taxonomic genus)

used to produce them are regulated under the EPA Toxic Substances Control Act

(TSCA). EPA TSCA regulations are in 40 CFR parts 700–789 (see: http://www.

access.gpo.gov/nara/cfr/waisidx_00/40cfrv23_00.html).

While there are over 100 enzymes explicitly listed on the TSCA Inventory by CAS

number, current EPA policy (unwritten) is that enzymes are naturally occurring

substances and are implicitly on the Inventory. If a manufacturer has intent to

manufacture or import an enzyme product and wants to confirm with the Agency

that the enzyme is on the Inventory, the manufacturer or importer can file a Bona Fide

Intent to Manufacture, per 40 CFR x720.25. The EPA will assess the information

provided andmake a determination of whether or not the entity that is the subject of the

Bona Fide is on the Inventory. This is also the procedure that is used to determine if an

entity is in the confidential section of the Inventory.

Intergeneric microorganisms are regulated under the Microbial Products of Bio-

technology; Final Regulation Under the Toxic Substances Control Act; Final Rule,

published in 1997. For the text of the rule, guidance on how to use it, and a list of

microorganisms cleared for use, see: http://www.epa.gov/biotech_rule/index.html.

Research and development of enzymes conducted in the USA is exempt from TSCA

under 40 CFR x720.36 for chemicals and 40 CFR x720.234 for contained use inter-

genericmicroorganisms. The intergenericmicroorganism is only subject to regulation

if its manufacture or R&D is conducted in the United States. If the enzyme product is

manufactured outside the USA, and the product does not contain the microorganism

when imported, only the enzyme product and formulation ingredients are subject to

TSCA.

In Canada, enzymes for these uses need to be listed on the Domestic Substances List

(DSL), and microorganisms, whether recombinant or not, used to produce them in

Canada also need to be on theDSL. Notification requirements, procedures and theDSL

can be found at http://www.ec.gc.ca/cceb1/nsd/eng/index_e.htm.

Japan, Australia, Korea, and the Philippines also have chemical inventories that

include enzymes and their ingredients. In Japan, enzymes are considered natural and

are not explicitly listed on the Inventory. Before import or manufacture of an enzyme

product in any of these countries, the competent environmental regulatory authorities

should be consulted.
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Dehydrogenase, Glycerophosphat-

Dehydrogenase und Pyruvat-Kinase aus

Kaninchenmuskulatur in einem

Arbeitsgang,’’ Z. Naturforsch. B Anorg.
Chem. Org. Chem. 8 B (1953) 555–

577.

98 O. H. Lowry, N. J. Rosebrough, A. L.

Farr, R. J. Randall: ‘‘Protein

Measurement with the Folin Phenol

Reagent,’’ J. Biol. Chem. 193 (1951) 265–

275.

99 M. M. Bradford: ‘‘A Rapid and Sensitive

Method for the Quantitation of

Microgram Quantities of Protein

Utilizing the Principle of Protein-Dye

Binding,’’ Anal. Biochem. 72 (1976) 248–

254.

100 H. R. Maurer: Disk-Elektrophorese, 2nd
ed., De Gruyter, Berlin 1971.

101 U. K. Laemmli: ‘‘Cleavage of Structural

Proteins during the Assembly of the

Head of Bacteriophage T 4, ’’Nature
(London) 227(1970) 680–685.

102 M.-E. Mirault, K. Scherrer, L. Hansen:

‘‘Isolation of Preribosomes from Hela

Cells and Their Characterization by

Electrophoresis on Uniform and

Exponential-Gradient-Polyacrylamide

References 425



Gels, ’’Eur. J. Biochem. 23 (1971) 372–

386.

103 C. R. Merril, D. Goldmann, M. L. van

Keuren: ‘‘Silver Staining Methods for

Polyacrylamide Gel Electrophoresis,’’ in

Methods in Enzymology, vol. 96,
Academic Press, New York 1983,

p. 17.

104 G. E. Briggs, J. B. S. Haldane: Biochem
J. 19 (1925) 338–339.

105 H. Lineweaver, D. Burk: J. Am. Chem.
Soc. 56 (1934) 658–666.

106 Z. H. Beg, J. A. Stonik, H. B. Brewer,

Proc Nat. Acad. Sci. (USA) 75 (1978)

3678–3682.

107 G. Gil, F. G. Hegardt, Arch. Biochem.
Biophys. 214 (1982) 192

108 H. U. Bergmeyer: Methods in Enzymatic
Analysis, 3rd ed., vol. 2, VCH

Verlagsgesellschaft, Weinheim, Germany

1983, 166–167.

109 H. U. Bergmeyer: Methods in Enzymatic
Analysis, 3rd ed., vol. 4, VCH

Verlagsgesellschaft, Weinheim, Germany

1983, 189–195.

110 M. Smith et al., Anal. Biochem. 150
(1985) 76–85.
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Fibrinol. Proteol. 11 (1997) Suppl. 2,

29–33.

1375 J. R. Hampton, Fibrinol. Proteol. 11
(1997) Suppl. 2, 35–38.

1376 T. Inoue, R. Nishiki, M. Kageyama, K.

Node, Cardiovasc. Drug Rev. 22 (2004)

320–333.

1377 F. Vermeer, J. Pohl, K. Oldroyd, S.

Giannelli, B. Charbonnier, J. Am. Coll.
Cardiol. 37 (2001) Suppl. A, 322.

1378 P. Sinnaeve, F. Van de Werf, Thrombos.
Res. 103 (2001) S71–S79.

1379 K. Stocker, Schweiz. Med. Wochenschr.
129 (1999) 205–216.

1380 C. F. Toombs, Haemostasis 31 (2001)

141–147.

1381 J. Leipner, F. Iten, R. Saller, BioDrugs 15
(2001) 779–789.

1382 A. Johansson, C. Moller, J. Fogh, P.

Harper, Mol. Med. 9 (2003)

193–199.

1383 H. Ishikawa, Y. Nohara, S. Miyauti,

Spine 24 (1999) 1071–1076

1384 H. U. Bergmeyer (ed.): Methods of
Enzymatic Analysis, 3rd ed., vol. 1,

Verlag Chemie, Weinheim 1983.

1385 S. R. Mikkelsen, E. Corton: Bioanalytical
Chemistry, Wiley-Interscience, Hoboken,

New Jersey 2004.

1386 H. Netheler in Methods of Enzymatic
Analysis, Vol. 1, Wiley-VCH, Weineim

1983.

1387 H. U. Bergmeyer, in [1384] pp.

163–181.

1388 J. Siedel, R. Deeg, J. Ziegenhorn in pp.

182–197.

1389 M. J. O’Sullivan, J. W. Bridges, V.

Marks, Ann. Clin. Biochem. 16 (1979)

221–239.

1390 H. U. Bergmeyer, in [1384] pp.

233–260.

1391 R. A. Goldsby, T. J. Kindt, B. A.

Osborne, J. Kuby: ‘‘Enzyme-Linked

Immunosorbent Assay’’, in Immunology,
5th ed. Freeman, New York 2003, pp.

148–150.

1392 M. Oellerich, in [1384] pp. 233–260.

1393 E. Ishikawa, M. Iamagawa, S. Hasida, S.

Yoshitake, Y. Hamagushi, T. Ueno, J.
Immunoassay 4 (1983) 209–327.

1394 P. D. Weston, J. A. Devries, R.

Wrigglesworth, Biochim. Biophys. Acta
612 (1980) pp. 40–49.

1395 L. Hurn, S. M. Chantler, in S. P.

Colowick, N .O. Kaplan, (eds.): Methods

References 463



in Enzymology, vol. 70, Academic Press,

New York 1980, pp. 104–142.

1396 J. Stanley, A. Johannsson, C. H. Self,

J. Immunol. Methods 83 (1985)

89–95.

1397 T. O. Baldwin: ‘‘Firefly Luciferase: The

Structure is Known, but the Mystery

Remains’’, Structure 4 (1996) no. 3,

223–228.

1398 L. F. Greer III, A. A. Szalay: ‘‘Imaging

of Light Emission from the Expression

of Luciferases in Living Cells and

Organisms’’, Luminescence 17 (2002) no.

1, 43–74

1399 Weeks, J. Beheshti, F. McCapra, A. K.

Campbell, J. S. Woodhead, Clin. Chem.
(Winston Salem N.C.) 29 (1983) pp.

1474–1479.

1400 Weeks. A. K. Campbell, J. S. Woodhead,

Clin. Chem. (Winston Salem N.C.) 29
(1983) 1480–1483.

1401 S. Naderi, D. L. Melchior, Anal. Biochem.
190 (1990) 304–308.

1402 J. Wannlund, M. DeLuca, in M. A.

DeLuca, W. D. McElroy, (eds.):

Bioluminescence and Chemiluminescence,
Academic Press, New York 1981, pp.

693–696.

1403 H. Fricke, C. J. Strasburger, W. G.

Wood, J. Clin. Chem. Clin. Biochem. 20
(1982) 91–94.

1404 B. B. Kim, V. V. Pisarev, and A. M.

Egorov, Anal. Biochem. 199 (1991) 1–6.

1405 Th. P. Whitehead, G. H. G. Thorpe, T. J.

N. Carter, C. Croucutt, J. L. Kricka,

Nature (London) 305 (1983) 158–

159.

1406 G. H. Thorpe, L. J. Kricka, E. Gillespie,

S. Moseley, R. Amess, N. Baggett, Th. P.

Whitehead, Anal. Biochem. 145 (1985)

96–100.

1407 G. H. G. Thorpe, L. J. Kricka, S.

Moseley, Th. P. Whitehead,

Clin. Chem. (N.Y.) 31 (1985)

1335–1341.

1408 Enzyme Technology Company, EP-A 0

103 784, 1983 (R. C. Stout).

1409 O Sonntag: Trockenchemie, Thieme,

Stuttgart 1988.

1410 A. P. F. Turner, I. Karube, G. S. Wilson

(eds.): Biosensors: Fundamentals and
Applications, Oxford University Press,

New York 1987.

1411 F. W. Scheller: Biosensors, Elsevier
Science, 1991.

1412 L. C. Clark, C. Lyons, Ann. N.Y. Acad.
Sci. 102 (1962) 29–45.

1413 H. U. Bergmeyer, J. Bergmeyer, M.

Graßl (eds.): Methods of Enzymatic
Analysis, 3rd ed.,vols. I–XII, VCH

Verlagsgesellschaft, Weinheim, Germany

1983–1986.

1414 H. U. Bergmeyer (ed.): Methods of
Enzymatic Analysis, 2nd. ed.,
vols. 1–4, Verlag Chemie, Weinheim,

and Academic Press, New York

1974.

1415 Boehringer Mannheim GmbH: Methods
of Biochemical Analysis and Food Analysis,
Mannheim 1986.

1416 Boehringer Mannheim GmbH: Die
enzymatische Lebensmittelanalytik
(series).

1417 G. Henniger: ‘‘Enzymatische

Lebensmittelanalytik–Enzymatic Food

Analysis,’’ Z. Lebensm.-Technol.
Verfahrenstechn. 30 (1979), 137–144 and

182–185.

1418 D. M. Glover: Gene Cloning, The
Mechanisms of DNA Manipulation,
Chapman and Hall, London

1984.

1419 D. M. Glover: DNA Cloning, A Practical
Approach, vol. I, IRL Press Limited,

Oxford 1985.

1420 D. M. Glover: DNA Cloning, A Practical
Approach, vol. II, IRL Press Limited,

Oxford 1985.

1421 L. Grossmann, K. Moldave: ‘‘Nucleic

Acids,’’ in S. P. Colowick, N. O. Kaplan

(eds.): Methods of Enzymology, vol. 65,
Part I, Academic Press, New York

1980.

1422 P. B. Hackett, J. A. Fuchs, J. W.

Messing: An Introduction to Recombinant
DNA Techniques, The Benjamin

Cummings Publishing Company, Inc.,

Menlo Park, CA, 1984.

1423 B. D. Hames, S. J. Higgins:

Transcription and Translation. A Practical
Approach. IRL Press Limited, Oxford

1984.

1424 I. J. Higgins, D. J. Best, J. Jones:

Biotechnology, Principles and Applications,
Blackwell Scientific Publishers, Oxford

1985.

464 References



1425 A. D. B. Malcolm: ‘‘The use of

restriction enzymes in genetic

engineering,’’ in R. Williamson (ed.):

Genetic Engineering, vol. 2, Academic

Press, New York 1981, p. 129.

1426 T. Maniatis, E. F. Fritsch, J. Sambrook:

Molecular Cloning. A Laboratory Manual,
Cold Spring Harbor Laboratory, Cold

Spring Harbor, New York, 1982.

1427 J. H. Miller: Experiments in Molecular
Genetics, Cold Spring Harbor Laboratory,

Cold Spring Harbor, New York 1972.

1428 S. J. O’Brien: Genetic Maps 1984, Cold
Spring Harbor Laboratory, Cold Spring

Harbor, New York 1984.

1429 R. W. Old, S. B. Primrose in N. G. Carr,

J. L. Ingraham, S. C. Rittenberg (eds.):

Principles of Gene Manipulation Studies

in Microbiology, vol. 2., Blackwell

Scientific Publishers, Oxford 1985.

1430 R. H. Pritchard, I. B. Holland: Basic
Cloning Techniques, Blackwell Scientific
Publishers, Oxford 1985.

1431 A. Pühler, K. N. Timmis: Advanced
Molecular Genetics, Springer Verlag,
Berlin 1984.

1432 R. L. Rodriguez, R. C. Tait: Recombinant
DNA Techniques. An Introduction,

Addison-Wesley, Publishing Company,

London 1983.

1433 S. M. Weissmann: Methods of DNA and
RNA Sequencing, Praeger Publishers,
New York 1983.

1434 E.-L. Winnacker: Gene und Klone. Eine
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