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GENERAL INTRODUCTION

In the manufacturing industries, environmental aspects are emphasized in
addition to production costs. Many production processes using bioconversion reactions
occur at ambient temperature and pressure (1-4), and are good for environmental
conservation.

Many Rhodococcus strains contain diverse enzymes that are beneficial for
manufacturing industries. In particular, Rhodococcus erythropolis tolerates organic
solvents (5) and is utilized in the industrial production of chiral building blocks,
pharmaceuticals (6, 7), and chemicals (4). However, genetic tools are needed to further
analyze and utilize Rhodococcus in manufacturing industries.

Plasmids capable of replicating in R. erythropolis, including pRC4 (8), pAL5000
(9), pRE2895 (10), and pRE8424 (11), have been reported by some researchers. In
addition, using plasmids isolated from Actinomycetes, R. erythropolis—Escherichia coli
shuttle vectors have been constructed. However, there have been few studies concerned
with identifying a compatible expression vector other than pRE8424 (11). Therefore, I
constructed a novel Rhodococcus expression system.

Using the novel Rhodococcus expression system and an E. coli expression
system, three types of pharmaceutical intermediates were produced in this study. First,
pyridoxamine (PM) was produced by bioconversion using the Rhodococcus expression
system. PM, a type of vitamin Be, interferes with the formation of advanced lipoxidation
end-products (ALEs) and advanced glycation end-products (AGEs) (12, 13). ALEs and
AGEs are the major pathogenic factors in diabetic complications (14). For this reason,
PM is a promising candidate for a prophylactic and/or remedy for diabetic complications.

PM is chemically synthesized using an oxidative method in manufacturing. The

oxidative method changes pyridoxine (PN) to pyridoxal (PL), and then PL to PM through



pyridoxaloxime, which is reduced with a Pd/C catalyst to PM (15). Bioconversion is
generally preferable in the context of environmental and energetic aspects (16). As far as
I know, no bioconversion of PM production from PN, which is a readily and economically
available starting material, has been reported.

Mesorhizobium loti contains the degradation pathway of vitamin Be (17). In this
study, two enzymes, pyridoxine 4-oxidase (PNO) and pyridoxamine-pyruvate
aminotransferase (PPAT), were derived from M. loti and used for bioconversion. PNO,
which is encoded by the pno gene (also known as mll6785), catalyzes the FAD (flavin
adenine dinucleotide)-dependent oxidation of PN to PL (18). It is expressed in
Escherichia coli and recombinant PNO has been purified and characterized (17).
However, the expression of pno in E. coli (17) has the disadvantage that it needs
coexpression of the chaperonins, GroEL and GroES. Therefore, the present study
investigates the bioconversion of PN to PM through PL, using the Rhodococcus
expression system without chaperonins.

Second, (R)-2-Chloromandelic acid (R-CM), an intermediate used in the
pharmaceutical industry, was produced by bioconversion. R-CM is valuable for the
industrial synthesis of clopidogrel (methyl (S)-2-(2-chlorophenyl)-2-(4,5,6,7-
tetrahydrothieno[3,2-c]-5-pyridyl)acetate) (19-22), which is highly useful as an
antithrombotic agent and is commercialized under the brand name Plavix® (23). Various
methods of producing R-CM have been reported by some researchers and a patent has
been applied for.

As the method for producing R-CM by using a resolving agent for optical
resolution, Balint et al. (24) have described the method of optical resolution of racemic
2-chloromandelic acid by using optically active threo-1-(p-nitrophenyl)-2-amino-1,3-

propanediol or optically active lysine, in which a diastereomeric salt thereof is prepared.



However, this method has the drawback of requiring an expensive reagent as a resolving
agent for the optical resolution.

Nitrilases, which catalyze the hydrolysis of nitriles to carboxylic acids and
ammonia (25), are beneficial for some manufacturing industries. Methods of performing
asymmetric hydrolysis of cyanohydrin (2-chloromandelonitrile) with nitrilase to obtain
optically active 2-chloromandelic acid have been reported by Wang et al. (23). This
method has the drawback that these reactions are dangerous to handle, as hydrogen
cyanide is formed from 2-chloromandelonitrile through a nonenzymatic reaction.

Reductases catalyze reduction reactions, and most of them require coenzymes
(26). Methods for obtaining an optically active mandelic acid derivative using a
microorganism harboring asymmetric reductase that reduces the a-carbonyl group of a
phenylglyoxylic acid derivative have been described by Kimoto and Yamamoto (27).
However, the a-keto acid (phenylglyoxylic acid derivative) used as the starting material
is expensive, and a regeneration system of coenzymes is also required in this method.
Therefore, these methods suffer from the drawback of high production cost. In this study,
I described a novel method of producing R-CM from racemic 2-chloromandelic acid
methyl ester (CMM), which is a readily and economically available starting material, by
a bioconversion using recombinant cells harboring a novel esterase EstE.

Third, ASI-2 [(R)-2-amino-2-ethoxycarbonylsuccinimide], which is a key
intermediate used in the pharmaceutical industry, was produced by a method in which
bioconversion and chemical synthesis are combined. ASI-2 is valuable for the industrial
synthesis of ranirestat ((R)-(—)-2-(4-bromo-2-fluorobenzyl)-1,2,3,4-
tetrahydropyrrolo[ 1,2-a]pyrazine-4-spiro-3'-pyrrolidine-1,2',3,5'-tetrone) (28).
Ranirestat is a potent aldose reductase inhibitor that was initially developed as a

therapeutic agent for diabetic complications (28). Aldose reductase is the rate-limiting



enzyme of the polyol pathway and catalyzes the reduction reaction from glucose to
sorbitol. Increases in aldose reductase activity and accumulation of sorbitol in diabetic
patients have been reported (29). Toyoda et al. (30) have described that ranirestat reduced
the area of stained glial fibrillary acidic protein and retinal thickness in Spontaneously
Diabetic Torii (SDT) rats.

Several methods for synthesizing the key intermediate of ranirestat, ASI-2,
using the optical resolution method have been reported (28,31-34). These methods have
the drawback that recovery and racemization of enantiomer are needed after optical
resolution. Kasai et al. (35) have described a method of synthesizing ASI-2 without
optical resolution. The method includes a hydrolysis step of a prochiral ester derivative
to an optically active carboxylic acid derivative using a porcine liver esterase (PLE).
There is an advantage that optically active carboxylic acid derivatives can be obtained
with a theoretical yield of 100%; however, this method has the drawback of using PLE.

PLE, which is a type of the valuable esterases (36,37-39) used in manufacturing
industries, is one of the most useful esterases for process chemistry and organic synthesis.
Numerous reports (33, 35, 40—44) have highlighted various methods producing a wide
range of optically active molecules using commercial PLE. However, commercial PLE
has the drawback of being derived from porcine liver tissue extracts, which are obtained
from an animal organ. In addition, commercial PLE has the drawback that its activity
differs between various batches, since commercial PLE extracted from porcine liver
tissue has different ratios of esterases (45) and contains a plurality of isoenzymes (a, B,
and y-PLE) (46).

To solve the problems associated with heterogeneous commercial PLE, many
studies involving the production of recombinant y-PLE have been reported. Briisehaber

et al. (47) have described the expression of the y-PLE gene with the Thioredoxin-tag (Trx-



tag) in Escherichia coli. Bottcher et al. (48) have described co-expression with the
molecular chaperones GroEL and GroES in E. coli to produce y-PLE. These methods
have the drawback that the activity in whole cell is low for industrial applications.
Bottcher et al. (48) have also described that the y-PLE gene was expressed with ompA
(outer membrane protein A secretion signal) and relB (pectate lyase B signal sequence for
periplasmic translocation) for periplasmic expression of the y-PLE gene; however, the
majority of y-rPLE (recombinant y-PLE) exists in an insoluble form as inclusion bodies
in the cytoplasm. In the study with yeast as a host, Lange et al. (49) have described that
active y-rPLE was secreted into the culture supernatant using recombinant Pichia pastoris
expressing the y-PLE gene. This method is limited by the fact that the activity of the
culture supernatant is low for industrial applications. In this study, I sought to identify a
novel esterase, EstBT, that substitutes for PLE and constructed a scheme to synthesize the
pharmaceutical intermediate ASI-2 in a process in which chemical synthesis and

bioconversion are combined.
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CHAPTER |

Molecular biological studies on novel expression system

using Rhodococcus sp.

SECTION 1

Isolation of two plasmids, pRET1100 and pRET 1200,
from Rhodococcus erythropolis IAM1400

and construction of a Rhodococcus—Escherichia coli shuttle vector

Compatible expression vectors are advantageous in that they can be used to
produce compounds from bacteria that co-express multiple genes. Therefore, I sought to
discover novel compatible plasmids for co-expressing multiple genes and isolated two
plasmid species, pRET1100 and pRET1200, from R. erythropolis 1AM1400. Here, 1
describe the new cryptic pRET1100 plasmid and a shuttle vector that is compatible with

pRE2895.

Materials and methods

Strains and plasmids  The properties of the strains and plasmids used in this
study are summarized in Tables 1 and 2. Rhodococcus erythropolis strains IAM1400 and
IAM1503 were obtained from the Institute of Applied Microbiology (Tokyo, Japan). R.
erythropolis strains JCM2893, JCM2894, and JCM2895 (1) were obtained from the Japan

Collection of Microorganisms (Ibaraki, Japan). Escherichia coli and R. erythropolis were

13



cultured in Luria-Bertani broth (1% Bacto tryptone, 0.5% Bacto yeast extract, and 1%
NaCl) in the presence or absence of appropriate antibiotics. The antibiotics used to select
transformants in the culture media were 100 pg/ml ampicillin, 100 pg/ml kanamycin, and
30 pg/ml chloramphenicol. The preparation of plasmids from R. erythropolis followed
the method of Denis-Larose et al. (2).

Enzymes and chemicals All  restriction enzymes and DNA
modification enzymes were purchased from TOYOBO Co., Ltd. (Osaka, Japan), New
England Biolabs, Inc. (Ipswich, MA, USA), and Roche Molecular Systems, Inc. (Basel,
Switzerland). All chemicals were purchased from Tokyo Chemical Industry Co., Ltd.
(Tokyo, Japan), Sigma-Aldrich (St. Louis, MO, USA), and Wako Pure Chemical
Industries, Ltd. (Osaka, Japan).

Standard genetic manipulations Cloning was performed by standard
genetic manipulation (3). The transformation of R. erythropolis followed the method of
Hirasawa et al. (4). The transformation of E. coli was performed with the E. coli
Transformation Buffer Set (Zymo Research Corp., Irvine, CA, USA). Genomic DNA was
prepared with a Genomic DNA Buffer set and Genomic-tip 500/G (Qiagen, Hilden,
Germany). PCR fragments were prepared with KOD -plus- (Toyobo Co., Ltd.).

Sequence determination and analysis  pRET1100 and pRET1200 DNAs
were digested with the appropriate restriction enzymes and then inserted into the E. coli
vector pBluescript II KS (-). Determination of the DNA sequences of the plasmid inserts
was accomplished by the primer walking method with an ABI PRISM 310NT DNA
Genetic Analyzer (Applied Biosystems, Carlsbad, CA, USA). Sequence assembly and
analysis were performed with Genetyx (Genetyx Corp., Tokyo, Japan) and DNASIS Pro

(Hitachi Software Corp., Tokyo, Japan)
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Construction of the Rhodococcus—E. coli shuttle vectors The construction
scheme for the shuttle vectors is shown in Fig. 1. To construct the pPRET1102 plasmid,
the DNA of pRET1100 was digested with 4/w44I, blunt-ended, and ligated with
pHSG299 digested with Hincll. To construct the pRET1200 plasmid, the DNA of
pRET1200 was digested with BspLUI11I, blunt-ended, and ligated with pHSG299
digested with Hincll.

Estimation of plasmid copy number Estimation of plasmid copy number
was performed using the methods of Projan et al. (5) and Nakashima and Tamura (6). To
estimate DNA band intensities, ImageJ was used (National Institutes of Health, Bethesda,
MD, USA).

Nucleotide sequence accession numbers The sequence data for the
pRET1100 and pRET1200 plasmids have been submitted to the DDBJ/EMBL/GenBank
databases under accession numbers LC331663 (pRET1100) and LC331662 (pRET1200).

TABLE 1. Bacterial strains used in this study

Species Strains Source Application
E. coli IN109 Toyobo Co., Ltd. ‘General cloning
DH5alpha Toyobo Co,, Ltd. General cloning
R ervilropalis TAN1400 Institute of Applied Microbiology Source of pRET1100 and pRET1200
TAMI503 Institute of Applied Microbiology Souwrce of pRET1300 and pRET1400
JOM2893 Japan Collection of Microorganisms Source of pRET1500 and pRET 1600
JCM2804 Japan Collection of Microorganisms Source of pRET1700 and pRET1800
JCM2895 Japan Collection of Microorganisms Source of pRET0500
Host strain to transform with the shuttle
vector
Host strain to transform with the shuttle
MAK-34 This study vector
TABLE 2. Plasmids used in this study
Plasmids Characteristics Source/Reference
Cloning vectors
puUC1E Apt Takara Bio Inc,
pHSG299 Km* Takara Bio Inc.
pHSG398 Ccm* Takara Bio Inc.
pBluescript 1T KS(-) Ap Toyobo Co.. Lid.
pPRET vectors
PRETOS00 Same as pRE2S9S 1
pRET1100 5.4 kbp plasmid isolated from R. erythrapolis IAM1L400 This study
PRET1200 5.4 kbp plasmid isolated from R. erytlropolis LAMI1400 This study
pPRET1300 5.4 kbp plasmid isolated from R. ervilwapolis IAM1503 This study
pPRET1400 5.4 kbp plasmid isolated from R. eryvtiropolis IAMI503 This study
PRET1500 5.4 kbp plasmid isolated from R. ervtlropolis JCM2893 This study
pRET1600 5.4 kbp plasmid isolated from R. erytiropolis JICM2E93 This study
PRET1700 5.4 kbp plasmid isolated from R. ervthropolis JOM2894 This study
PRET1800 5.4 kbp plasmid isolated from R. ervilwrapolis JCM2894 This study
pRET1101 Ap': DNA fragment of pRET 1100 digested with A4 /w44 1 and blunt ended in Swra 1 site of pUC1E This study
PRET1102 Km": DNA fragment of pRET 1100 digested with 4/m44 | and blunt ended in Fine 11 site of pHSG299 This study
pRET1103 Cm": DNA fragment of pRET 1100 digested with 444 T and blunt ended in Hirc 11 site of pHSG398 This study
PRET1201 Ap DNA fragment of pRET 1200 digested with BspLU11 1 and blunt ended in Sma | site of pUC1E This study
PRET1202 Km": DNA fragment of pRET 1200 digested with BspLU11 1 and blunt ended in Hirc 11 site of pHSG299 This study
pRETI1203 Cm": DMNA fragment of pRET1200 digested with BspLUL1 1 and blunt ended in Hinc 11 site of pHSG398 This study
pRET1123 Km'": 2.7 kbp DNA fragment of pRET1102 digested with BawH 1 and Hinc Il in BamH | and Hinc 11 sites of pHSG299 This study
pRET1127 K" PCR fragment of pRET 1100 (nucleotides 468 to 2768) in Hinc Il site of pHSG299 This study
pRET1128 Km": PCR fragment of pRET 1100 (nucleotides 468 to 2684) in Hinc 1l site of pHSG299 This study
pRET1129 Km"; PCR fragment of pRET 1100 (nucleotides 628 to 3144) in Hinc I site of pHSG299 This study
pRET1130 Km". PCR fragment of pRET 1100 (nucleotides 877 to 3144) in Hinc 1 site of pHSG299 This study
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FIG. 1. Rhodococcus—E. coli shuttle vectors construction. Cloning sites are displayed.
The orfs are shown as arrows. repT, repA, and repB, are the predicted RepT, RepA, and
RepB proteins involved in plasmid replication, respectively, in Rhodococcus erythropolis.

ori is ColE1 ori. km” is kanamycin resistance gene.

Results

Isolation of plasmids from R. erythropolis I isolated cryptic circular
plasmids from R. erythropolis strains IAM 1400, IAM1503, JCM2893, and JCM2894. R.
erythropolis 1AM1400 harbored two plasmid species, designated as pRET1100 and

pRET1200. These plasmids were the nearly same size (5.4 kb). pRET1100 harbors one
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recognition site for Kpnl and no recognition site for Pstl, while pRET1200 harbors one
recognition site for Ps¢I and no recognition site for Kpnl. After digestion of these plasmids
with Pstl or Kpnl, the resulting fragments were separated by agarose gel electrophoresis
(Fig. 2).

When the pRET1200 DNA was digested with Ps/I, the resulting amount of
pRET1200 linear DNA was the same as that of the remaining pRET1100 closed circular
DNA (Fig. 2, lane 2) and was approximately half the amount of the undigested pRET1100
and pRET1200 closed circular DNA (Fig. 2, lane 1). After Ps¢I treatment, the pRET1200
linear DNA (Fig. 2, lane 2) was able to be digested with ATP-dependent DNase, which
selectively hydrolyzes linear dSDNA to deoxynucleotides, but the remaining pRET1100
DNA was not digested (data not shown). In contrast, the Kpnl-digested pRET1100 linear
DNA (Fig. 2, lane 3) was able to be digested with ATP-dependent DNase, but the
remaining pRET1200 DNA was not (data not shown). These results suggest that both
pRET1100 and pRET1200 are circular closed dsDNAs in R. erythropolis.

R. erythropolis strains IAM1503, JCM2893, and JCM2894 each harbored two
plasmid species, designated as pRET1300 and pRET1400, pRET1500 and pRET 1600,
and pRET1700 and pRET1800, respectively. The size of each plasmid was 5.4 kb (Table
2). I also isolated pRE2895 (1) from R. erythropolis JCM2895, which harbored one
plasmid species.

The pRET1100 and pRET1200 DNAs were digested with a variety of restriction
enzymes (Table 3), as were the pRETO0500 (pRE2895), pRET1300, pRET1400,
pRET1500, pRET1600, pRET1700, and pRET1800 DNAs. The band patterns of
pRET1300, pRET1500, and pRET1700 after digestion with the restriction enzymes were
almost the same as that of pRET1100. Likewise, the patterns of pRET1400, pRET1600,

pRET1800, and pRET0500 were almost the same as that of pRET1200.

17



= = . Kpnl
= 4 = Pstl

M1 2 3

—agg Open circular dsDNA
—mmg Linear dsDNA

== Closed circular dsDNA

FIG. 2. Agarose gel electrophoresis of the plasmid DNAs isolated from R. erythropolis
IAM 1400. The plus signs indicate the plasmid treated with the restriction enzyme. The
minus signs indicate the plasmid not digested with the restriction enzyme. Lane M, size
marker (lambda DNA digested with EcoR I and Hind III); lane 1, the plasmid DNAs
isolated from R. erythropolis 1AM 1400 (control); lane 2, the isolated plasmid DNAs that

were treated with Pst [; lane 3, the isolated plasmid DNAs that were treated with Kpn 1.

TABLE 3. The number of fragments and the fragment sizes digested with the restriction

enzyme
pRET1100 pRET1200
Number of Fragment sizes Number of Fragment sizes
cleavage sites (kbp) cleavage sites (kbp)

BamH 1 2 0.4,5.0 1 54
EcoR 1 2 0.3,5.1 1 5.4
Hind III 0 - 0 -
Kpnl 1 54 0 -
Pru 1l 1 54 2 0.9,45
Sac 1 1 54 1 5.4
Scal 0 - 0 -
Sph1 0 - 0 -
Smal 1 54 2 0.4,5.0
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Genome structures of pPRET1100 and pRET1200 Determination of
the DNA sequences of pRETI1100 and pRET1200 was accomplished by the primer
walking method. As shown in Fig. 3, the pRET1100 plasmid is a closed circular dsDNA
molecule of 5444 bp with a G+C content of 59.4%. The pRET1100 plasmid has two
possible open reading frames (ORFs), designated as repT and div, as well as three minor
ORFs (orf93, orflll, and orf222), whose functions are presently unclear. The pRET1200
DNA molecule consists of 5421 bp with a G+C content of 62.3%. The pRET1200 plasmid
is highly homologous to pN30 (13) from R. erythropolis, with an identity of 98.82%
according to Genetyx analysis. The pRET1200 plasmid contains rep4 and repB, which
encode the replication proteins RepA and RepB, respectively, as well as two minor ORFs
(orf176 and orf193), whose functions are presently unclear. The predicted RepA and
RepB proteins are highly homologous to proteins from pN30 (7), pNit-QC2 (6), and
pREC?2 (8) with identities of 100% according to Genetyx analysis. The pRET1200 RepB
protein has a characteristic helix-turn-helix motif 1 and a characteristic helix-turn-helix

motif 2 (9).

EcoRl 122

Konl 299
EcoRl 439 BamHi 4950 S8 3 Smal 463

FPuull 4648
Psfl 4486

BamH| 458 Sacl 517

EcoR| 882

Puull 1135 repA

J pp PRET1200
5421 bp

pRET1100
5444bp P

Pvull 3772
Sacl 1745

FIG. 3. Structure of pRET1100 and pRET 1200 from Rhodococcus erythropolis IAM1400.
The orfs are shown as arrows. repT, repA, and repB, are the predicted RepT, RepA, and
RepB proteins involved in plasmid replication, respectively. div is a putative cell division

protein.
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Homology between pRET1100 RepT and other plasmid replication proteins

The pRET1100 repT gene encodes a novel replication protein, RepT. The
predicted RepT protein is not highly homologous to proteins from other plasmids that
have been reported. For example, the identity between RepT and the pRE8424 Rep was
only 5% according to a Genetyx analysis. Using the BLAST program (10), I identified
the plasmid proteins that are most homologous to RepT as pDYM4.3k Rep (11) from
Streptomyces sp. X335, pTSC1 Rep (12) from Streptomyces sp. x4, and pCAZ1 Rep (13)
from Couchioplanes caeruleus subsp. azureus, with E-values of 1e-143, 3e-91, and 2e-

84, respectively. As shown in Fig. 4, homology is relatively low among the Rep proteins.
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pRET1100 RepT 1 MHAFHDNAEVGQEGRTAVLSPLRGVARKRDVSDDARKRSROARHAPGLVISATIVRESLPA &0

pDYM4.3k Rep e e 0
pPISC1 Rep I === e e e e e e e e e e e 0
PCRZ1 Rep l mmmmmmmm e ————— MIQFFRRGRVISRPERQORRAGAFTPTPPHGSCPNLCPDR 38

PRET1100 RepT 61 PETAGQGLAESVTADDFWSHSFPRADDVRGAAASFQSVANWDGREGPRERFVVAPGVVRL 120
POYME. 3K BEP 0 — oo mmmm oo
pTSC1 Rep 1 =mmmmmmm e m— e ——m————— MSAAVGLEDRRPSSASARGLADGRGRDA
pCAZ1  Rep 40 KONPMPVLRLADACSRSHVSPTVDTADSVISLOWWTPRFPSPAGLDLAARMFNPREGWGG

o b3 O
o

PRET1100 RepT 121 EVCDLARRERTAERAYLARRARVDMARRRHNSPEDFDVDDEELAELASLOGEEDDDIGGW 180
pD¥M4.3k Eep ] e —————— HAHRERALERAQHBRROVDAEILGAWLHATGSEFADR 36
pISCl Rep 29 VAAVDRATIGAEGPRELLTIAPGVVSLSWEDAARKERAARFROOEAARKSASAT.GRYWAEY 88
PRIl Rep 100 APGLRRDRDAEEGPRWREVLSAGAFAIGAPDL ERRYERAMOQRRQKTADALAAHLATH 159

pRET1100 RepT 181 SAEREIVGWSARSRSEMILAMAFLDWAPMMDLEPGIPAMVILIYPGDE
pDYM4.3k Rep 37 EPSREITGWSRRSRSRMIRRLAELDWIPILSARCLPCMITLIYPGDY
PISCL Rep g% VeD-———----———- PEAEPEPTRIVIEWSRESRSEMIRRLAELDYTE
pCRZ1 Rep 160 PIDAREGRMAARRCDDCPTIDPEPCREITSWSRESEANMVRALCELDYRE

VAFTGAEVEEH 240
VAPDGETSKEH 96
LEMGLRLE-MIT 133
LNDETRVPAMVT 218

pRET1100 RepT 241 LOTFEXRFORENGIAWMGAWEMEEQS
pDiM4.3k Rep 97 INAFYERYEREWGVDEVGEWKFEEQ

PHFHLYMVPPHGKAGD L AELLEWEI 300
PHYHLYCVPPOGIAGELEE IRVNDWHN 136

pPTSC1 Rep 136 LTYPGDWLIVRIFTGHAVEEHLKINWE ERAWGFPPIGIWELEFQEINGA HEWGPEFE 155
pCRE] Rep 220 LTYPGDWLTS DGEAAKRHLOD VEAWGHDVT GVWHLEFQERNA HLLMVPFH 279

pRET1100 RepTl 301 ARREGEDPGRRFYFREAFS 360
pDYM4.3k Rep 157 MEARGIDPGFEFRFRFAIG 216
pISC1 Rep 196 GLAGELRKLIQRRYREAVE 255
pCAZ1 Rep 2BO GLS—R:PG—KKRELGSH? 337
pRET1100 RepT 361 E 420
pDYM4.3k Rep 217 E 276
FISCL Rep 256 315
pCRI1 Rep 338 387

"RHEAEhﬁERTUTRHR—lDLUIGE:LGT 478
RWVEAMRT IEVPRRPFLDOQDTGEVGHLQ 335
VPIPFTDRVMGLA----GAQLVIGFERVE 370
IRSELAEVEGLA----GAOTIAARTTRR 452

pRET1100 RepT 421 YLLLSSTIERLS-ARTKIWDPALRGGH
pDIM4.3k Rep 277 YQLMSE LA-ARTRVWDSSLNAGE
pTSC1 Rep 316 YARSOGVTQQRTVRRVE
pCAZ1 Rep 388 -

pRET1100 RepT 479
pDYM<.3k Rep 336
pTscL Rep 371
pCAZ1 Rep 453

RTSCLS-—mmmmccccccccccccccaaa 515
RESOLT o o 372
LDPDRAAVAPADRAWGAIGITPPRETEIE 430
LOVVARDVHEPGSPQMRLERLRAQRANQE 512

pRET1100 BepT 515 515
pD¥M4.3k Rep 372 372
pT5C1 Rep 431 442
DCAZ1 Rep 513 516

FIG. 4. Alignment of amino acid sequences of RepT of pRET1100 with plasmid
replication proteins. Black highlighting denotes amino acids that are conserved in four
sequences. Gray highlighting denotes amino acids that highly conserved in many
sequences. The arrows indicate high conserved regions. The accession numbers for each
Rep protein are as follows: pDYM4.3K, JQ621947 (DDBJ), I3RM63 (UniProt); pTSC1,
GU271942 (DDBJ), D3JSUO (UniProt); pCAZ1, AB981620 (DDBJ), AOAOK2RW21

(UniProt).
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Construction of the Rhodococcus-E. coli shuttle vectors 1 constructed the
pRET1101 (Ap"), pRET1102 (Km"), pRET1103 (Cm"), pRET1201 (Ap"), pRET1202
(Km"), and pRET1203 (Cm") plasmids (Table 2). The construction scheme for the
pRET1102 and pRET1202 plasmids is shown in Fig. 1. pRET1102 and pRET1202 were
successfully transformed into R. erythropolis MAK-34, but the other plasmids,
pRET1101, pRET1103, pRET1201, and pRET1203, could not be transformed into R.
erythropolis MAK-34 with high efficiency. The pRET1102 plasmid was also successfully
transformed into R. erythropolis JCM2895. The obtained recombinant R. erythropolis
JCM2895 harbored the pRE2895 and pRET1102 plasmids. In contrast, while the
pRET1202 plasmid was successfully transformed into R. erythropolis JCM2895 with low
efficiency, the obtained recombinant R. erythropolis JCM2895 harbored only the
pRET1202 plasmid.

To examine the minimal region necessary for replication, I reduced the size of
the pRET1102 plasmid (Table 2 and Fig. 5). R. erythropolis MAK-32 was transformed
successfully with the pRET1123 plasmid encoding the pRET1100 repT gene. R.
erythropolis MAK-32 was also transformed successfully with the pRET1127 and
pRET1129 plasmids, but no with the pRET1128 and pRET1130 plasmids. These results
suggest that the pPRET1100 DNA region from nucleotides 628 to 2768 is required for

replication in R. erythropolis.
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FIG. 5. Determination of the minimum region required for autonomous replication of
pRET1100 (A), and agarose gel electrophoresis of the plasmid DNA isolated from
recombinant R. erythropolis MAK-34 (B). (A) The reduced plasmids derived from
pRET1100. The circles indicate the plasmid replicates in R. erythropolis MAK-34. The
crosses indicate the plasmid do not replicate in R. erythropolis MAK-34. (B) agarose gel
electrophoresis of the plasmid DNA isolated from recombinant R. erythropolis MAK-34
harboring the pRET1123 plasmid or the pRET1129 plasmid. Lane M, size marker
(lambda DNA digested with EcoRI and HindlIIl); lane 1, the pRET1123 plasmid isolated
from recombinant R. erythropolis MAK-34; lane 2, pRET1129 plasmid isolated from

recombinant R. erythropolis MAK-34.
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Estimation of plasmid copy number Estimation of plasmid copy number
was performed using the methods of Projan et al. (5) and Nakashima and Tamura (6). The
estimated copy number of pRET1202 in R. erythropolis was 50 £ 5/cell, which is almost
the same as that of pNit-QC2 (6), derived from pRE2895 from R. erythropolis JCM2895;
this is reasonable, as pRET1202 contains the same replication region. The estimated copy
number of pPRET1102 was 40 =+ 4/cell, which is 1.25 times lower than that of pRET1202.
The estimated copy number of the reduced shuttle vectors pRET1123 and pRET1127 was
50 £ 5/cell for both plasmids. The estimated copy number of the reduced shuttle vector
pRET1129 in R. erythropolis was 138 + 6/cell, which is 3.46 times higher than those of

pRET1123 and pRET1127.

Stabilities of constructed vectors in Rhodococcus cells  The obtained
colony of the recombinant R. erythropolis JCM2895 that harbored the pRE2895 and
pRET1102 plasmids was inoculated into 10 mL Luria-Bertani broth in the absence of
antibiotics and was cultured to an ODe10 of 3.5 for four days. After three passages, more
than 95% of the obtained cells in stationary phase harbored the pRE2895 and pRET1102
plasmids. In contrast, I was unable to obtain a recombinant R. erythropolis that harbored
the pRET1100 and pRET1202 plasmids, as a competent R. erythropolis that harbored

only the pRET1100 plasmid could not be obtained.

Discussion

Plasmids have important uses in bioscience, biotechnology, and biochemistry. In
this study, I successfully isolated two plasmid species of approximately the same size

from the R. erythropolis strains IAM1400, TAM1503, TIAM1503, JCM2893, and
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JCM2894. Nakashima and Tamura (6) reported the isolation of pRE2893 and pRE2894
from R. erythropolis JCM2893 and R. erythropolis JCM2894, respectively, but other
plasmids have not been described. It is assumed that pRE2893 and pRE2894 are similar
to the plasmids pRET1600 and pRET1800, respectively, which are described here.
Likewise, it is assumed that pRET1200 is similar to pRE2895, isolated from R.
erythropolis JCM2895 (1), as these plasmids exhibit almost the same band patterns when
digested with restriction enzymes.

R. erythropolis JICM2895 was transformed with pRET1102, a newly developed
Rhodococcus—E. coli shuttle vector, resulting in a strain harboring the pRE2895 and
pRET1102 plasmids. These results suggest that the plasmids pRET1100 and pRE2895
are compatible in R. erythropolis. The pPRE2895 plasmid is similar to the ColiE2 plasmids
and is predicted to replicate by a 6-type mechanism (6); however, the replication
mechanism of pRET1100 remains unclear. In addition, pRET1102 stably replicates in R.
erythropolis, as demonstrated by the fact that when he recombinant R. erythropolis cells
were cultivated in Luria-Bertani broth without antibiotics, more than 95% harbored the
pRET1102 plasmid.

The pRET1200 plasmid is also similar to the ColiE2 plasmids, as the pRET1200
RepA and RepB proteins are identical to the pRET2895 RepA and RepB proteins.
However, pRET1200 differs from other ColiE2 plasmids from Actinomycetes in that
pRET1200 has the replication origin (5'-CATCTGA-3") of the ColiE2 plasmid (9) within
the repA gene, rather than upstream of the repA4 gene. The minimum sequence region
required for the autonomous replication of pRE2895 has been previously reported (6).

pRET1103, carrying the chloramphenicol resistance gene from pHSG398, was
not successfully transformed into R. erythropolis MAK-34 at high efficiency. Nakashima

and Tamura (6) have reported that this recombinant R. erythropolis harbors the pNit-RC2
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plasmid carrying the chloramphenicol resistance gene from pHN346, which functions as
a selective marker in R. erythropolis. It is presumed that the chloramphenicol resistance
gene within pHSG398, which is derived from E. coli, does not function in R. erythropolis.
I was unable to identify a selective marker that functions both in R. erythropolis and E.
coli, except for the kanamycin resistance gene.

In this study, I also described the high-copy plasmid pRET1129, derived from pRET1100.
As this result is a new finding, however, the mechanism underlying its high copy number
is unclear. Additionally, I found that R. erythropolis strains IAM1400, IAM1503,
IAM1503, JCM2893, and JCM2894 harbored similar plasmids. These strains were
isolated from different soils in petroleum zones in Japan (14).

In conclusion, I successfully isolated the compatible and stable plasmids pRET1100 (a
cryptic plasmid) and pRET1200 from R. erythropolis IAM1400. In the future, these

plasmids should be useful for the co-expression of multiple genes.
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SUMMARY

With the aim of being able to co-express multiple genes, I searched for novel
compatible plasmids and isolated two plasmid species, pRET1100 and pRET1200, from
Rhodococcus erythropolis IAM1400. Sequencing analysis revealed that the pRET1100
plasmid is a double-stranded DNA molecule of 5444 bp with two possible open reading
frames (ORFs), repT and div, and three minor ORFs. The cryptic replication protein, RepT,
is not highly homologous to those from other plasmids that have been reported. The
Rhodococcus—Escherichia coli shuttle vector pRET1102 was transformed into R.
erythropolis JCM2895 harboring the pRE2895 plasmid. The recombinant R. erythropolis
JCM2895 harbored two plasmid species. These results suggest that plasmid derivatives
of pRET1100 and pRE2895 are fully compatible in R. erythropolis. 1 determined the
minimum region of pRET 1100 required for autonomous replication in R. erythropolis and

constructed a high-copy plasmid, pRET1129, in R. erythropolis.
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SECTION 2

Construction of Rhodococcus expression vectors and expression of the

aminoalcohol dehydrogenase gene in Rhodococcus erythropolis

In SECTION 1 of CHAPTER 1, I described that the pRET1123 plasmid carrying
the minimum region required for autonomous replication in Rhodococcus erythropolis
was constructed. In this study, I constructed a Rhodococcus expression vector using the
pRET1123 plasmid and a strong constitutive promoter. This Rhodococcus expression

vector enables the overexpression of a desired gene and has a broad host range

Materials and methods

Strains and plasmids The characteristics of the plasmids used in
this study are summarized in Table 1. Actinomycete strains were obtained from the
Institute of Applied Microbiology (Tokyo, Japan), the Japan Collection of
Microorganisms (Ibaraki, Japan), the National Institute of Technology and Evaluation
(Tokyo, Japan), and the National Institute of Advanced Industrial Science and Technology
(Tokyo, Japan). These strains were cultured in Luria-Bertani (LB) broth (1% Bacto
tryptone, 0.5% Bacto yeast extract, and 1% NaCl) in the presence or absence of the
appropriate antibiotics. Kanamycin (100 pg/mL) was used to select transformants in the

culture media.
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TABLE 1. Plasmids used in this study

Plasmid Characteristics Sowrce/Reference
E. coli vector
PQE-T0 Apr Qiagen
Ap': PCR fragment (aadh gene) amplified with MAKPstF and MAKHisBgllIR primers from R. envtiropolis .
PMAKS417-2 . . . . This study
MAKI154 and digested with Bg/ll in Bglll and blunt-ended Sp/il site of pQE-T70
Ap: PCR fragment (isd promoter) amplified with PhrdB1F and PhrdB 1F-R primers and digested with EcoRI and .
PMAKS417-13 . i ~ This study
Psil in EcoRI and Psil sites of pMAKS8417-2
pRET vector
pRET1102 Km' ; Rhodococcus—E. coli shuttle vector derived from pRET 1100 [§)]
pRET 1202 K, Rhodococcus—E. coli shuttle vector derived from pRET1200 (n
Km®; PCR fragment of aadlt gene (nucleotides 8170 to 9526 amplified with MAKF1-Pst and MAKR2-del primers .
pRET1104 This study
from R. ervtliropolis MAK154) digested with Psrl in Pstl and Hincll sites of pRET 1102
pRET1123 Km': Rhodococcus—E. coli reduced shuttle vector (n
pRET1132 Km'"; APsil site; pRET 1123 digested with Psfl, blunt—ended. and self-ligated This study
Ky PCR. fragment (isd promoter and aadh gene) amplified with pQE70F1 and pQET0R 1 135Bm primers from
pRET1135 . . . . This study
PMAKSE417-13 and digested with EcoRI and BamHI in EcoRI and BamHI sites of pRET 1132
Km'; PCR fragment (/ 200rep promoter) amplified with P1200rep-Pst5195 and P1204rep-Ec2958 primers from .
pRET1138 . . . . This study
pRET 1202 and digested with EcoRI and Psl n EcoRI and Psil sites of pRET 1135
Km'; PCR fragment (TRR promoter) amplified with PTRRPst-F2 and PTRREco-R primers fiom synthetic .
pRET1172 . ) . . . . This study
oligonucleotides PTRR and digested with EcoRI and Psil in EcoRI and Psil sites of pRET 1135
Km': PCR fragment (a@adh gene) amplified with MAKPstF and MAKstBgllIR primers from R. ervifiropolis .
PRET1172-st . . ) This study
MAK154 and digested with Psd in PsAd and blunt—ended Kpnl site of pRET11100
Enzymes and chemicals All  restriction enzymes and DNA

modification enzymes were purchased from Toyobo Co., Ltd. (Osaka, Japan) and New

England Biolabs, Inc. (Ipswich, MA, USA). All chemicals were purchased from Sigma-

Aldrich (St. Louis, MO, USA) and Wako Pure Chemical Industries, Ltd. (Osaka, Japan).

The synthetic oligonucleotides used in this study were purchased from Hokkaido System

Science Co., Ltd. (Hokkaido, Japan) and are summarized in Table 2.
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TABLE 2. Synthetic oligonucleotides used in this study

Primer designation Nucleotide sequence (5'—37) Application
MAKF1-Pst ATGCCTGCAGGTCGACTCTAGAGGATCCCCGAATCTTCTOGTTGATGCAGATCAGGTC Construction of the pRET1104 plasmid
MAKR2-del GGGAGGCAATGCTCCGGAATIGATCTCGG Construction of the pRET1104 plasmid
Construction of the pMAKS417-2 and pRET1172-st
MAKPstF GACCACTGCAGATCAATCAACTCTGATGAGGTCC
plasmids
MAKHisBgllIR COGCTTAGATCTCAGTTCGOCGAGCGCCATCGCCG Construction of the pMAKS417-2 plasmid
MAKSBgIIIR CGCTTAGATCTTTACAGTTCGCCGAGCGCCATCGCCG Construction of the pRET1172-st plasmid
PhrdB1F GACCGOAATTCGTCTGTTGACTCOGGCGTCGGOGTCATGCATTCTTGAGTCTGCAGCTGGG Amplification of the promoter hsp (Pug)
PhrdB1F-R COCAGCTGCAGACTCAAGAATAC Amplification of the promoter Jsp (Pig)
P1200rep-Pi5195 AGCCGCTGCAGAAGCAACACCGCATCCGCCCATTG Amplification of the promoter 1200vep (Priooe)
P1204rep-Ec2958 CGCGGAATTCGACCACCACGCACGCACACCGCAC Amplification of the promoter 1200vep (Priooe)
PTRR TTAATGGATATTATATGTATCAGTATAGATACATIGTGTATCGGTITCAATCAATGATACAAA Amplification of the promoter TRR (Przz)
AAGTTTCTAAAAACACTTGACCGATACTTAAAGTATCGTTITATTATAATAATTGTTGATACGAT
ATGTATCGGAATTGGAGGTGCAAAAATGAAGCGTGAGCGACTTATTG
PTRRP&-F2 GITACTGCAGACAATAAGTCCCTCACGCTTICATTIT Amplification of the promoter TRR (Prex)
PTRREco-R TGGAGAATTICTTAATGGATATTATATGTATCAGTA Amplification of the promoter TRR (Przz)
PQETOF] GGCGTATCACGAGGCCCTTTCGTCTTICACT Construction of the pRET1135 plasmid
PQETOR1135Bm GGTTGGATCCGTCATCACCGAAACGCGCGAGGCAG Construction of the pRET1135 plasmid

Construction of the pRET1199 and pRET11100
PRETI44RS60EvKp TCAATGGTACCGAAGATATCGACCTCATCAGAGTTGATTGATCTGCAG

plasmids

Construction of the pRET1199 and pRET11100
PRET1144F1405Kp GAACTGGGTACCCATCACCATCACCATCACTAAGCTTAATTAGC
plasmids

Note: Nucleotide sequences with underlines show that restriction sites (CTGCAG, Pst I;

AGATCT, Bg! II; GAATTC, EcoR I; GGATCC, BamH 1, GGTACC, Kpn 1).

Standard genetic manipulations and sequence analysis  Cloning was
performed by standard genetic manipulation techniques (2). Actinomycete strains were
transformed using the method described by Hirasawa et al. (3). Actinomycete cells were
grown in 100 mL of LB at 25-30°C with shaking and harvested at mid-log phase. The
cells were washed twice with ice-cold water and suspended with 2.4 mL of ice-cold 10%
glycerol. These cells were stored in small portions at —80°C. Portions of 90 pL of cells
were mixed with plasmid DNA in 1-mm gap cuvettes and pulsed at 20 kV/cm (400Q2
external resistance, 25 uF capacitor) with a Gene Pulser II system (Bio-Rad Laboratories,
Inc., Hercules, CA, USA). Pulsed cells were diluted with 0.3 mL of LB and incubated for

3 h at 25°C and spread on LB plates with 100 pg/mL kanamycin. E. coli transformation
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was performed using the E. coli Transformation Buffer Set (Zymo Research Corp., Irvine,
CA, USA). Genomic DNA was isolated using a Genomic DNA Buffer set and Genomic-
tip 500/G (Qiagen, Hilden, Germany). PCR fragments were prepared with KOD-plus-
(Toyobo Co., Ltd.). Sequence assembly and analysis were performed using GENETYX
Ver.12 (GENETYX Corp., Tokyo, Japan) and DNASIS Pro Ver.2.0 (Hitachi Software
Corp., Tokyo, Japan).

AADH activity analysis The substrates of AADH are (S)-1-phenyl-1-
keto-2-methylaminopropane and 3-pyrrolidinone (3-PLD). In this study, AADH activity
was measured in terms of the bioconversion rate of 3-PLD to (S)-3-hydroxypyrrolidine
(HPD) because 3-PLD detects the activity of AADH six times more sensitively than (S)-
1-phenyl-1-keto-2-methylaminopropane. Actinomycete strains were cultured in 5 mL of
Luria-Bertani broth at 25°C for 4 days. Cells were then harvested and suspended in 1 mL
of 200 mM phosphate buffer (pH 6.0) containing 2% glucose and 3% 3-PLD and
incubated at 30°C with shaking for 2 h. The cell suspension was then centrifuged at
12,000 xg (MX-307; TOMY SEIKO CO., LTD., Tokyo, Japan) for 5 min at 4°C, and the
resulting supernatant was analyzed by HPLC (4).

Construction of the Rhodococcus expression vectors To remove the
aadh gene from the pRET1138 and pRET1172 plasmids, PCR fragments were generated
using inverse PCR with the primers, pRET1144R560EvKp and pRET1144F1405Kp.
Each of the PCR fragments amplified from pRET1138 and pRET1172 plasmids was
digested with Kpnl and ligated. The obtained plasmids were designated as pRET1199 and

pRET11100, respectively.
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Results

Transformation efficiency of the pRET1102 plasmid for actinomycete strains

The pRET1102 plasmid is the Rhodococcus—E. coli shuttle vector carrying the
repT gene (1), which codes for a cryptic replication protein and is required for the
autonomous replication of the plasmid in R. erythropolis. To survey the transformation
efficiency of the pRET1102 plasmid, it was transformed into actinomycete strains,
including R. erythropolis (Table 3). R. erythropolis MAK 154 was transformed with high
efficiency (4.0 x 10° CFU/ug of DNA). The transformation efficiency of R. opacus
JCM9703, a closely related species of R. erythropolis, was almost the same as that of R.
erythropolis MAK 154 (2.2 x 10° CFU/ug of DNA). In contrast, R. rhodnii JICM3203, R.
ruber NBRC15591, and R. zopfii ICM9919 were transformed with low efficiency (3.7 x

107, 2.3 x 10%, and 5.2 x 10?> CFU/ug of DNA, respectively; Fig. 1).

_@ Rhodococcus imlechensis (NR_D428486)
BTNy Rhodococcus koreensis (NR_118614)

L__feme Rhodococcus apacus (NR_118608)
002800 ———— Rhodococcus parcolatus (NR_118616)

0. D055T0)

e ) Rhodococcus tukisamuensis (NR_028629)
poewrst e Rhodococcus maanshanensis (NR_118601)
'_@ Rhodococcus envthropalis (AB429538)
OOTEA ey Rhodococcus globerufus (NR_026184)
0000850 “

2 i Rhodococcus yunnanensis (NR_D43009)
— Rhodococcus corynebactanoides (NR_041873)

— Rhodococcus kroppensiedti (NR_118599)
50 Rhodococcus natormae (NR_118623)
T BT Rhodococcus modnii (NR_118610)

smens Rihodococcus pyndinivorans (NR_118620)
0003220 ’_W% Rhodococcus modochrous (JNGB0104)
S e e Rhodococcus ruber (NR_026185)

T003I0 Rhodococcus zopht (NR_041775)
Distzia maris (NR_116685)

Gordoma bronchialis (NR_074529)
Gordoma rubnpertincta (NR_043330)
Mycobacternum diemnhbofan  (NR_041903)
1030570 Amycolatopsis methanohica (NR_041992)

QOASTE0

FIG. 1. Phylogenetic tree showing the related species of Rhodococcus erythropolis based
on 16S rRNA gene sequences. The tree was constructed from an evolutionary distance
matrix using GENETYX Ver.12 software. The DDBJ/EMBL/GenBank database

accession numbers of the 16S rRNA genes are shown in parentheses.
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TABLE 3. Transformation efficiency of pRET1102 for actinomycete strains

Strain Transformation efficiency
(CFU/ug DNA)
Rhodococcus imtechensis JICM13270 3.1 %10°
Rhodococcus koreensis  JCM10743 34 %108
Rhodococcus opacus JICM9703 22 = 10°
Rhodococcus percolatus JCM10087 38 x10°
Rhodococcus tukisamuensis JCM 11308 3.6 +10°
Rhodococcus maanshanensis JICM 11374 19 =10°
Rhodococcus ervthropolis MAK 154 40 x10°
Rhodococcus globerulus NBRC14531 39 x10°
Rhodococcus yunnanensis ICM13366 10 =10°
Rhodococcus corvnebacterioides JICM3376 9.7 =10
Rhodococcus kroppenstedtii JCM13011 12 %107
Rhodococcus triatomae JCM 13396 3.1 %108
Rhodococcus rhodnii JCM3203 3.7 <107
Rhodococcus pyridinivorans JCM 10940 66 x10°
Rhodococcus rhodochrous NBRC15564 48 =104
Rhodococcus ruber NBRC15591 23 +10?
Rhodococcus zopfii ICM9919 52 %10
Gordonia bronchialis JICM3231 6.1 = 10°*
Gordonia rubripertincta JICM3199 39 <10*
Amycolatopsis methanolica NBRC15065 57 x10°
Mycobacterium diernhoferi NBRC3707 1.5 = 10%
Dietzia maris NBRC15801 84 x10°

Note: R. ruber JCM3205 and R. jostii JCM11615 were unable to be transformed with

pRET1102.
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Expression of the aadh gene in R. erythropolis MAK154 The
genome of R. erythropolis MAK154 has a single copy of the aadh gene. To increase the
copy number of the aadh gene, R. erythropolis MAK154 was transformed with the
pRET1104 plasmid (Fig. 2), which carries the aadh gene with the 405-bp upstream region,
including the putative ribosomal binding site. The activity of recombinant R. erythropolis
MAK154 harboring the pRET1104 plasmid was almost the same as that of the wild-type
strain.

Therefore, to increase the expression level of the aadh gene, I constructed aadh
expression vectors containing the ribosomal binding site of aadh and a promoter (Fig. 3).
The promoters from Gram-positive bacteria used in this study are listed in Table 4. These
promoters have been reported to function in each bacteria. The aadh gene expression
vectors pRET1135, pRET1138, and pRET1172 have the promoters Asp (5), 1200rep (1),
and TRR (6), respectively. The HPD concentration of recombinant R. erythropolis
MAKI154 harboring the pRET1135 plasmid was 0.38 mg/mL, which was approximately
three times higher than that of the recombinant R. erythropolis MAK154 harboring the
pRET1104 plasmid (0.13 mg/mL). The HPD concentrations of recombinant R.
erythropolis MAK154 harboring the pPRET1138 and pRET1172 plasmids were 1.76 and
2.50 mg/mL, respectively. The promoter activity of the TRR was stronger than that of Asp

and /200rep.
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TABLE 4. Promoters that express aadh gene in R. erythroplis

Promoter  Origin GEIIB:I.IIJ\' Position Length Templete of PCR Primer of PCR Ref.
accession no.

1200rep Rhodococcus ervihiropolis LC331662 204-5073 553 bp PRET1202 plasmid P1204rep-Ec2958" (1)
(Complement) P1200rep-Pst5195

hsp Strepromyces griseus D14499 49-87 39 bp PlrdB 1F@® PhrdB 1F-R® (5)

(PhrdB1F )

TRR Lactobacillus plantarim X98106 730-557 174 bp PTRR" PTRREPst-F2° (6)

(Complement) PTRREco-R®

@ Synthetic oligonucleotide, ® Concentration of templete is equal to that of primer in

PCR

1-kb

13847 bp

Mucleobdes 8170 9526

FIG. 2. Structure of pRET1104. (A) ORF map around aadh isolated from Rhodococcus
erythropolis MAK154. The DDBJ/EMBL/GenBank database accession number is
AB573180. The aadh and orfE are shown in solid gray. A closed circle with a bold line
indicates the putative OrfE binding site. An open square indicates the putative ribosomal
binding site (rbs) of aadh. (B) ORF map of pRET1104. The pRET1104 plasmid carries
the aadh gene with a 405-bp upstream region, including the putative ribosomal binding
site (nucleotides 8170 to 9526). repT, ori, div, and km" are the gene involved in plasmid
replication in R. erythropolis, ColE1 ori, the gene involved in cell division, and the

kanamycin resistance gene, respectively.
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FIG. 3. Construction of aadh gene expression vectors. DNA insert containing aadh with

the putative ribosomal binding site. Cloning sites are displayed. repT, ori, div, and km" are

the gene involved in plasmid replication in Rhodococcus erythropolis, ColE1 ori, the gene

involved in cell division, and the kanamycin resistance gene, respectively. Prs, Phsp,

Pi200rep, and Prrr are the promoters 75, hsp, 1200rep, and TRR, respectively.
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Host range of TRR promoter  The plasmid pRET1172 containing the TRR
promoter was transformed into the actinomycete strains listed in Table 3. The AADH
activities of all the strains transformed with the plasmid pRET 1172 were higher than those
of strains transformed with the pRET1102 plasmid (Fig. 4). Of all the recombinant strains
studied, recombinant R. koreensis JCM10743 harboring pRET1172 showed the highest
HPD concentration (6.2 mg/mL), whereas recombinant R. maanshanensis JCM 11374
harboring pRET1172 showed the lowest (0.3 mg/mL; Fig. 4).

The AADHs shown in Fig. 3 are the enzymes with C-terminal 6xHis tags. I
constructed AADH without the C-terminal 6xHis tags (pRET1172-st). The activity of the
recombinant R. erythropolis MAK154 harboring the pRET1172 plasmid was 2.3 = 0.21
mg/mL. The activity of the AADH without the C-terminal 6xHis tag was almost the
same as that of the AADH with C-terminal 6xHis tag. The estimated copy number of
pRET1172 in R. erythropolis MAK154 is 35 + 6/cell, which is almost the same as that of

pRET1102.

Rhodococcus imtechensis JCM13270 —_‘

Rhodococcus koreensis JCMIOT43

Rhodocaccus apacus JCM9703 _—*

Rhodococcus percolatus JCMIO087
Rhodococcus tkisamuensis JCM 11308
R SJOM 11374
Rhodococcus ervihiropolis MAKIS5S
Rhodococcus globerulus NBRCI4531
Rhodococcus yunnanensis JCM13366
RI S Cor) ivides JCM3376
Rhodococcus kry drii JCM13011
Rhodococcus triatomae JCMI3396
Rhodococcus rhodnii JCM3203
Rhodococcns pyridinivorans JCMIT0940
Rhedococcus rhodochrons NBRCI15564
Rhodococcus raber NBRC15591
Rheodococcus zopfTi JCM9919

Gordonia bronchialis JCM3231 BpRET1172
Gordonia rubripertincia JCM3199 O P RET1102
Amycolatopsis methanolica NBRCIS065
Mycebacterinm diernhoferi NBRC3707
Dietzia maris NBRCI 5801 ,
0 2 4 6 8 10

HPD concentration (mg/mlL)

FIG. 4. (S)-3-hydroxypyrrolidine (HPD) concentrations of recombinant actinomycete
strains. HPD concentrations were analyzed by the bioconversion rate of 3-pyrrolidinone

(3-PLD) to HPD. Vertical bars indicate SD from three independent experiments.
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Discussion

Although Rhodococcus sp. are known to produce many industrially important
enzymes, genetic manipulation of Rhodococcus strains using Rhodococcus expression
vectors is not well studied. Therefore, I constructed Rhodococcus expression vectors
derived from the Rhodococcus—Escherichia coli shuttle vector pPRET1102 and different
promoters to increase the expression of aadh. The pRET1102 plasmid carries the repT
gene that codes for a cryptic replication protein and is required for the autonomous
replication in R. erythropolis (1). The pRET1102 plasmid was successfully transformed
into many actinomycete strains, including R. erythropolis. The species closely related to
R. erythropolis [e.g., R. opacus (7)]were transformed with high efficiency. In addition,
the pRET1102 transformation efficiency for R. erythropolis was almost the same as that
for the Rhodococcus—E. coli shuttle vector pNit-QC2(8) carrying the repA and repB genes,
which encode the replication protein for R. erythropolis. These results suggest that the
pRET1102 plasmid has a broad host range.

The HPD concentration of recombinant R. erythropolis MAK154 harboring the
pRET1104 plasmid was almost the same as that of the wild-type strain. In contrast, the
HPD concentration of recombinant R. erythropolis MAK154 harboring the pRET1135
plasmid was approximately three times higher than that of recombinant R. erythropolis
MAKI154 harboring the pRET1104 plasmid. These results suggest that the 405-bp
upstream region of the aadh gene has no promoter.

The promoter activity of the promoter 7RR, which is derived from Lactobacillus
plantarum, was stronger than that of the promoters Asp and /200rep. Many actinomycete
strains transformed with pRET1172 having the TRR promoter showed increased AADH

activities. These results suggest the broad host range of the TRR promoter. These
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promoters are constitutive promoters of varying strengths and are useful for developing
whole cell biocatalysts in manufacturing industries. Therefore, to express genes other
than aadh, 1 constructed the Rhodococcus expression vectors pRET1199 and pRET11100
without aadh, derived from the plasmids pRET1138 and pRET1172, respectively. The
differences in recombinant AADH expression in different host strains might be due to
differences in copy number, promoter activity, and membrane permeability. I have not yet
collected sufficient data to explain this phenomenon.

Activity of AADH was found in actinomycete strains harboring pRET1102,
which has no aadh gene, except for R. erythropolis MAK154. This result suggests that
the actinomycete strains shown in Fig. 4, except for R. erythropolis MAK154, are unable
to produce HPD. Actinomycete strains except for R. erythropolis MAK154 might have
no aadh (4). The recombinant R. erythropolis MAKI154 harboring pRET1172 was
cultivated with aminopropanol, as AADH expression in R. erythropolis MAK154 1is
known to be induced by aminopropanol (4). The activity of AADH increased slightly (3.1
+ 0.29 mg/mL), suggesting that intrinsic AADH is induced by aminopropanol. The
enantiopurity of the product was > 98% enantiomeric excess (ee) of (S)-enantiomer.

The AADH of R. erythropolis MAK154 is a valuable enzyme that produces
double chiral compounds (4,9), which are used as pharmaceuticals. Many actinomycete
strains transformed with pRET1172 having the TRR promoter showed high AADH
activities. In this study, I successfully constructed Rhodococcus expression vectors and

expressed the aadh gene in many actinomycete strains.
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SUMMARY

NADP"-dependent aminoalcohol dehydrogenase (AADH) of Rhodococcus
erythropolis MAK154 produces double chiral aminoalcohols, which are used as
pharmaceuticals. However, the genetic manipulation of Rhodococcus strains to increase
their production of such industrially important enzymes is not well studied. Therefore, I
aimed to construct Rhodococcus expression vectors, derived from the Rhodococcus—
Escherichia coli shuttle vector pPRET1102, to express aadh. The plasmid pRET1102 could
be transformed into many actinomycete strains, including R. erythropolis. The
transformation efficiency for a species closely related to R. erythropolis was higher than
that for other actinomycete strains. Promoters of various strengths, Asp, 1200rep, and TRR,
were obtained from Gram-positive bacteria. The activity of 7TRR was stronger than that of
hsp and 1200rep. The aadh-expressing plasmid pRET1172 with 7RR could be
transformed into many actinomycete strains to increase their AADH production. The
Rhodococcus expression vector, pRET11100, constructed by removing aadh from the

pRET1172 plasmid may be useful for bioconversion.
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CHAPTER Il

Biochemical and molecular biological studies on enzymatic synthesis

of vitamin Bs derivatives and optically active carboxylic acids

SECTION 1

Bioconversion of pyridoxine to pyridoxamine through pyridoxal

using a Rhodococcus expression system

In this study, with the aim of producing pyridoxamine (PM), two enzymes,
pyridoxine 4-oxidase (PNO) and pyridoxamine-pyruvate aminotransferase (PPAT), were
derived from Mesorhizobium loti and used for bioconversion. PNO is expressed in
Escherichia coli and recombinant PNO has been purified and characterized. However,
the expression of pno in E. coli has the disadvantage that it needs coexpression of the
chaperonins, GroEL and GroES. In the SECTION I, I described that the novel
Rhodococcus expression system was constructed. The present study investigates the
bioconversion of pyridoxine (PN) to PM through pyridoxal (PL), using the Rhodococcus

expression system without chaperonins.
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Materials and methods

Strains and plasmids Actinomycete strains were obtained from the
Institute of Applied Microbiology (Tokyo, Japan), the National Institute of Technology
and Evaluation (Tokyo, Japan), and the Japan Collection of Microorganisms (Ibaraki,
Japan). E. coli BL21 (DE3) was obtained from Nippon Gene Co., Ltd. (Tokyo, Japan).
These strains were cultured in Luria-Bertani (LB) medium (0.5% Bacto yeast extract, 1%
Bacto tryptone, and 1% NaCl) in the presence or absence of the appropriate antibiotics.
Ampicillin (100 pg/mL) and kanamycin (50 pg/mL) were used to select transformants in
the culture media. The plasmids, pET-mll6785 (pno expression vector for E. coli),
pET6806 (ppat expression vector for E. coli), and pRET11100 (Rhodococcus expression
vector), were constructed as previously described (1-3).

Enzymes and chemicals All  restriction enzymes and DNA
modification enzymes were purchased from Toyobo Co., Ltd. (Osaka, Japan) and New
England Biolabs, Inc. (Ipswich, MA, USA). All chemicals were purchased from Sigma-
Aldrich (St. Louis, MO, USA), Wako Pure Chemical Industries, Ltd. (Osaka, Japan), and
Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). The synthetic oligonucleotides used
in this study were purchased from Hokkaido System Science Co., Ltd. (Hokkaido, Japan).

Standard genetic manipulations and sequence analysis  Cloning was
performed by standard genetic manipulation techniques (4). Actinomycete strains were
transformed using the method described by Yamamura (3). E. coli transformation was
performed using the E. coli Transformation Buffer Set (Zymo Research Corp., Irvine, CA,
USA). PCR fragments were prepared with KOD -Plus- (Toyobo Co., Ltd.), according to
the manufacturer’s instructions. Sequence analysis and assembly were performed using

GENETYX Ver.12 (GENETYX Corp., Tokyo, Japan).
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Molecular mass measurement Crude extracts from recombinant R.
erythropolis were analyzed on SDS-PAGE (12% gel) by the method of Laemmli (5) and
were visualized by staining with Coomassie Brilliant Blue R-250. Crude extracts were
prepared by the method described by Yuan et al. (1). Size marker was used the SDS-
PAGE Molecular Weight Standards (Broad Range) purchased from Bio-Rad Laboratories,
Inc. (Hercules, CA, USA).

Construction of pno and ppat expression vectors for R. erythropolis

The present study investigates the bioconversion of PN to PM through PL (Fig.
1), using a Rhodococcus expression system. To construct pno and ppat expression vectors
for R. erythropolis, the plasmid pRET11100 was used because it has a strong constitutive
promoter and broad actinomycetes host range (3). The pno gene, which was derived from
M. loti, was amplified with the primers: PNO3F50Pt: 5'-GATGGCTGCAGGATGACCA
GGGCCAAGGTTGAGCACGCACCGAATTG-3' (Pst 1 site is underlined) and
mlIR(st)Kp:  5'-GGCCGGTACCTTGTCGACTTAGTACTGTCGGGCGAAAGTCTC
GG-3' (Kpn 1 site is underlined), from the plasmid pET-mll6785 using a Mastercycler
gradient thermal cycler (Eppendorf, Hamburg, Germany). The PCR fragment containing
pno was digested with Pst I and Kpn I and then ligated into the Pst I and Kpn I sites of
pRET11100 to prepare the plasmid pRET-PNQO9Y, which is the pno expression vector for
R. erythropolis. To prepare the ppat expression vector for R. erythropolis, the M. loti-
derived ppat gene was amplified with the primers: mlr6806PtF1: 5'-
GGAGACTGCAGGATGCGCTATCCCGAACATGCCGATCCGGTCATC-3' (Pst I site
is underlined) and mlr6806KpR1200St: 5-TCAGGGGTACCTTAATTAAGCTGAG
GGAAAGTTCAGGCGTC-3' (Kpn I site is underlined), from the plasmid pET6806 and
digested with Pst I and Kpn 1. The DNA fragment containing ppat was ligated into the

Pst 1 and Kpn 1 sites of pRET11100, and designated pRET-PPAT.
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FIG. 1 Scheme for the bioconversion of PN to PM through PL. PL is produced from PN

by PNO, while PM is produced from PL by PPAT. FAD is flavin adenine dinucleotide.

Construction of the pno and ppat coexpression vector for R. erythropolis

The ppat gene was amplified with the primers: mlr6806PtF1: 5'-
GGAGACTGCAGGATGCGCTATCCCGAACATGCCGATCCGGTCATC-3' (Pst I site
is underlined) and mIr6806KpR1200His: 5-GAAAGTGGTACCGTCGGCGTC
GATTACGGCCAGCGCCGCCTC-3" (Kpn 1 site is underlined), from the plasmid
pET6806 and was digested with Ps¢ I and Kpn 1. The DNA fragment containing ppat was
ligated into the Pst¢ I and Kpn 1 sites of pRET11100, which was designated pRET-PPAT2.
The pno gene was amplified with the primers: PNO9-FKp: 5'-
CCGAGGAGGTATACATATGACCAGGGCCAAGGTTGAGCACGCACC-3' (Kpn 1
site is underlined) and R1135Bm: 5-GGTTGGATCCGTCATCACCGAAACGCG
CGAGGCAG-3"), from the plasmid pET-PNO9. The pno-containing PCR fragment was
digested with Kpn I and Xba I and was ligated into the Kpn I and Xba I sites of pRET-
PPAT2 to prepare the plasmid pRET-PPPN1 which is the pno and ppat coexpression

vector for R. erythropolis (Fig. 2).
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FIG. 2 Structure of pRET-PPPN1 co-expressing pno and ppat. km" is the kanamycin
resistance gene. Prrr is the promoter TRR. ppat and pno are the gene encoding
pyridoxamine-pyruvate aminotransferase (PPAT) and the gene encoding pyridoxine 4-
oxidase (PNO), respectively. repT is the gene involved in plasmid replication in R.

erythropolis. ori is ColE1 ori.

Screening of R. erythropolis strains as a host cell Recombinant R
erythropolis cells were inoculated into 5 mL of LB medium with kanamycin (50 pg/mL)
and incubated at 25°C with shaking for 3 days. The cells were harvested and suspended
in 1 mL of 300 mM phosphate buffer (pH 7.0) containing 2% glucose and 100 mM PN
and incubated at 30°C with shaking for 10 h. Cell suspensions were then centrifuged at
12,000 x g for 5 min at 4°C, and the resulting supernatants were analyzed by high-
performance liquid chromatography (HPLC) as described below. Recombinant E. coli
cells used in control experiments were incubated as previously described (1) and treated
as described above.

Analysis of PN, PL, and PM by HPLC PN, PL, and PM were
determined by HPLC on an Inertsil ODS-3 column (¢ 4.6 x 75 mm; GL Sciences Inc.,
Tokyo, Japan). The mobile phase was 0.1% trifluoroacetic acid-acetonitrile, the gradient

of acetonitrile concentration was from 1 to 80% for 8 min, the flow rate was 1.0 mL/min,
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and the detection wavelength was at 294 nm.

Cultivation of recombinant R. erythropolis by a jar fermenter

Recombinant R. erythropolis cells were propagated in LB medium as described
by Kozono et al. (6). Recombinant R. erythropolis cells were inoculated into 5 mL of LB
medium with kanamycin and incubated at 25°C with shaking for 3 days. Five milliliters
of seed medium were transferred into 3.6 L of LB medium in a 5 L jar fermenter (LS-5,
Sakura Seiki Co., Ltd., Tokyo, Japan) and incubated at 30°C with 500-rpm agitation, 1-
vvm aeration, and a pH maintained at 7.0 = 0.5 for 3 days.

Reactor bioconversion using the Rhodococcus expression system

Bioconversion of PN and PL was performed in three ways. First, for the
bioconversion of PN to PL, 3.5 L of the culture medium of recombinant R. erythropolis
was harvested and suspended in 700 mL of tap water containing 500 mM (approximately
10%) PN and 0-2% glucose (standard reaction condition was 2% glucose). The cell
suspension was transferred into a 1.8 L reactor (TBR-2-3, Sakura Seiki Co., Ltd.) and
incubated at 27.5-40.0°C with 500-rpm agitation, 0.1-1.5-vvm aeration, and a pH
maintained at 5.5-7.5 for 2—6 days (standard reaction condition: 30°C, 1 vvm, and pH 6.5
for 2 days). Second, for bioconversion of PL to PM, 12 L of the culture medium of
recombinant R. erythropolis was harvested and suspended in 700 mL of tap water
containing 100 mM PL and 400 mM L-glutamate. The cell suspension was transferred
into a 1.8 L reactor and incubated at 30°C with 500-rpm agitation, 1-vvm aeration, and a
pH maintained at 6.5 for 2 days. Third, for the bioconversion of PN to PM through PL,
33 L of the culture medium of recombinant R. erythropolis was harvested and suspended
in 700 mL of tap water containing 200 mM (approximately 4%) PN, 2% glucose, and 800
mM L-glutamate. The cell suspension was transferred into a 1.8 L reactor and incubated

at 30°C with 500-rpm agitation, 1-vvm aeration, and a pH maintained at 6.5 for 2 days.
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Nucleotide sequence accession number The nucleotide sequences
reported in this paper appear in the DDBJ/GenBank/EMBL nucleotide sequence

databases under accession number NC 002678.

Results

Construction of a pno expression vector for R. erythropolis and screening of
R. erythropolis strains as a host cell PNO catalyzes the oxidation of PN to PL.
The PNO enzyme from M. loti is monomeric and has a molecular mass of 56 kDa. It
shows a high specificity for PN and no activity toward PM (1). For overexpression of pno
in R. erythropolis cells, pno was inserted downstream of the 7RR promoter of pRET11100.
The plasmid pPRET-PNO9 was transformed into many R. erythropolis strains for screening
and identification of a host cell (Fig. 3A).

The strain with the lowest PL production was recombinant R. erythropolis
JCM6827 (1.1 + 0.1 mM), while the strain with the highest PL production was
recombinant R. erythropolis JICM3191 (45.9 £ 4.6 mM). In control experiments using the
recombinant E.coli BL21 (DE3) harboring pET-mll6785, the production of PL was 0.05
+ 0.01 mM. The activity of recombinant R. erythropolis JICM3191 was 918 times higher
than that of recombinant E.coli BL21 (DE3). The PL production of recombinant R.
erythropolis JCM3191 with 5 uM FAD was 45.2 £ 3.9 mM and almost the same as that
without FAD. All recombinant R. erythropolis strains harboring pRET11100 did not
produce PL. Regarding PNO, it was overexpressed in R. erythropolis JCM3191. The
protein had a molecular weight of 56 kDa, which is in agreement with the predicted
molecular weight. The overexpressed PNO was detected as a soluble form on SDS-PAGE

(Fig. 3B).
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FIG. 3 Screening of R. erythropolis strains as a host cell. (A) PL concentrations of
recombinant R. erythropolis strains harboring the pRET-PNO9 plasmid. Vertical bars
indicate SD from three independent experiments. (B) SDS-PAGE of crude extracts from
recombinant R. erythropolis cells. Lane 1, standard proteins; lane 2, the crude extract from
recombinant R. erythropolis JCM3191 harboring the pRET-PNO9 plasmid; lane 3, the
crude extract from recombinant R. erythropolis JCM3191 harboring the pRET11100

plasmid.
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Optimization of reaction conditions for bioconversion of PN to PL

The bioconversion of PN to PL using recombinant R. erythropolis JCM3191
harboring the plasmid pRET-PNO9 is an oxidation reaction requiring oxygen. PL
production increased with increasing aeration; an optimal reaction aeration was
determined to be >1 vvm (Fig. 4A). The effects of pH were also examined, and it was
determined that a pH of 6.5 was optimal (Fig. 4B). Similarly, an optimal reaction
temperature of 30.0-32.5°C was determined based on evaluation of a range of
temperatures from 27.5-40.0°C (Fig. 4C). Further, the production of PL increased with
increasing glucose as an energy source. The optimal reaction concentration of glucose
was found to be >1.0% glucose. PL concentration increased over time by the addition of

>1.0% glucose, and was approximately 450 mM in 84 h (Fig. 4D).
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FIG. 4 Effects of aeration, pH, temperature, and glucose concentrations on the
bioconversion of PN to PL by recombinant R. erythropolis JCM3191 harboring the pRET-
PNO9 plasmid. (A) Effect of aeration. Activity was assayed under standard reaction
conditions, except for the aeration. (B) Effect of pH. Activity was assayed under standard
reaction conditions, except for pH. pH was adjusted with 28% sodium hydroxide (NaOH).
(C) Effect of temperature. Activity was assayed under standard reaction conditions,
except for the temperature. (D) Effect of glucose addition. Activity was assayed under
standard reaction conditions, except for reaction time and glucose concentration. Vertical
bars indicate SD from three independent experiments. Closed circle, closed triangle,
closed square, open circle, and open triangle indicates no glucose, 0.5% glucose, 1.0%

glucose, 1.5% glucose, and 2.0% glucose, respectively.
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Construction of a ppat expression vector for R. erythropolis and conditional
production of PM dependent on PL production PPAT is a pyridoxal 5'-
phosphate-independent aminotransferase that catalyzes the transfer of an amino group
between PL and L-glutamate to PM and 2-oxoglutarate. For overexpression of ppat in R.
erythropolis cells, ppat was inserted downstream of the TRR promoter of pRET11100.
The plasmid pRET-PPAT1 was transformed into R. erythropolis JCM3191. The
recombinant R. erythropolis JCM3191 strain harboring the pRET-PPAT1 plasmid
overexpressed ppat. The bioconversion rate of PL to PM using recombinant R.
erythropolis JCM3191 was approximately 80% (Fig. 5A) using the same conditions as
those of PL production (1 vvm, pH 6.5, and 30°C). Overexpression of PPAT was detected
as a soluble form on SDS-PAGE, with a molecular weight of 42 kDa, which is in

agreement with the predicted molecular weight (Fig. 5B).
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FIG. 5 Bioconversion of PL to PM using recombinant R. erythropolis ICM3191 harboring
the pRET-PPAT1 plasmid. (A) Bioconversion rate of PL to PM of recombinant R.
erythropolis JCM3191 harboring the plasmid pRET-PPAT1. Vertical bars indicate SD
from three independent experiments. (B) SDS-PAGE of crude extracts from recombinant
R. erythropolis cells. Lane 1, standard proteins; lane 2, the crude extract from recombinant
R. erythropolis JCM3191 harboring the pRET-PPAT1 plasmid; lane 3, the crude extract

from recombinant R. erythropolis JCM3191 harboring the pRET11100 plasmid.

55



Bioconversion of PN to PM through PL To coexpress ppat and pno in R.
erythropolis cells, ppat was inserted downstream of the TRR promoter of pRET11100,
while pno was inserted downstream of ppat. The obtained plasmid was designated as
pRET-PPPNI (Fig. 2), which was then transformed into R. erythropolis JCM3191. The
recombinant R. erythropolis JCM3191 strain harboring pRET-PPPN1 had bioconversion
activity producing PM from PN. The PN concentration decreased over 5 h, while the PL
concentration increased and PM production started. After 20 h from the start of the
reaction, PN and PL concentrations decreased and PM concentration increased. After 48
h from the start of the reaction, the PM concentration was 145 mM (bioconversion rate
of 75%), while PN and PL concentrations were <1 mM. The production of PM from 400
mM PN was approximately 150 mM, which is almost the same as that from 200 mM PN.

PM was efficiently produced by bioconversion of PN (Fig.6).
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FIG. 6 Bioconversion of PN to PM through PL using the recombinant R. erythropolis
JCM3191 strain harboring the pRET-PPPNI1 plasmid. Vertical bars indicate SD from
three independent experiments. Closed circle, closed triangle, and closed square indicates

PN, PL, and PM concentrations, respectively.
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Discussion

R. erythropolis strains have broad metabolic diversity and an array of unique
enzymatic capabilities that are beneficial for several manufacturing industries (7, 8).
Several scientists developed many genetic tools to analyze Rhodococcus (9) including
gene disruption systems (10, 11, 12); however, little study has been done to actually
screen R. erythropolis strains as a host cell. Screening R. erythropolis strains, I
demonstrated that R. erythropolis JCM3191 was a good host for PL production (Fig. 3A),
and that the activities of PL production were significantly different between R.
erythropolis strains. In fact, the activity of recombinant R. erythropolis JICM3191 was 41
times higher than that of recombinant R. erythropolis JCM6827. Moreover, the activity
of recombinant R. erythropolis JCM3191 was 918 times higher than that of recombinant
E.coli BL21 (DE3). The PL production of recombinant R. erythropolis JCM3191 was
almost the same as that without FAD. R. erythropolis JCM3191 may have sufficient
amounts of FAD for PNO. Although these differences of activities may be attributed to
the broad metabolic diversities of R. erythropolis strains, I was not able to obtain data on
differences of intrinsic enzyme activities (e.g. catalase activity). Further, R. erythropolis
may lack vitamin Bs metabolic enzymes, such as PNO and PPAT, as all recombinant R.
erythropolis strains harboring pRET11100 did not produce PL.

The characterization of purified PNO has been described by Yuan et al. (1), in
which the optimal reaction pH and temperature of purified PNO were found to be between
8.0-8.5 and 40°C, respectively. However, little study has been done to examine the
optimal reaction pH and temperature of the whole-cell reaction. I determined that the
optimal reaction pH and temperature of the whole-cell reaction were 6.5 and 30.0-32.5°C

respectively, which differ from those of purified PNO. These differences in optimal
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reaction pH and temperature may be due to differences in membrane permeability of the
substrate and enzyme stability. Further, the production of PL increased with increasing
aeration requiring >1 vvm, suggesting bioconversion of PN to PL is an oxidation reaction
needing active aeration.

Previously, I described the possibility that R. erythropolis has high intrinsic
enzymatic activities (e.g., cofactor-regenerating enzymatic activity) that increased by the
addition of glucose (3). For this reason, glucose was added in the bioconversion of PN to
PL in the Rhodococcus expression system. The production of PL increased by the addition
of glucose and the bioconversion rate was approximately 90% from 500 mM PN
(approximately 10% PN). Although I have not yet collected sufficient data to explain this
phenomenon, intrinsic enzymatic activities such as catalase activity in R. erythropolis
may account for the production increase by glucose addition.

The expression level of ppat in recombinant R. erythropolis ICM3191was almost
the same as that in E. coli described by Yoshikane et al. (13). With the aim of PN
bioconversion to PM through PL using R. erythropolis JCM3191 coexpressing ppat and
pno, PM was produced from PL using this recombinant strain expressing ppat using the
same conditions for PL production (1 vvm, pH 6.5, and 30°C). The bioconversion rate of
PL to PM was approximately 80%.

Using recombinant R. erythropolis JCM3191 harboring pRET-PPPN1, thereby
possessing the bioconversion activity to produce PM from PN, the production of PM in
this strain was 145 mM from 200 mM PN. PM production from 400 mM PN was
comparable to that found from 200 mM PN, suggesting there is little substrate inhibition
below 400 mM PN. After reaction completion, the total concentration of vitamin B¢ (PN,
PL, and PM) from 200 mM PN was approximately 145 mM (PN, <1 mM; PL, <1 mM,;

PM, 145 mM). This observed decrease in the total amount may be due to PL forming a
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Schiff base with primary amines such as proteins, L-glutamate, and PM (13, 14).

If PL does not accumulate during the bioconversion reaction of PN to PM
through PL, there is a possibility that the amount of PM production will increase. Further
study to investigate increasing PM production will be conducted by making ppat activity
higher than pno activity so that PL is not accumulated during the reaction. Recently, I
reported the weak constitutive promoters, isp and 1200rep (3), the compatible and stable
plasmid pRET1202, and the high copy plasmid pRET1129 derived from pRET1102 (15).
Furthermore, we previously reported many mutated PPATs with high activity toward -
glutamate (2). Thus, the coexpression vector pRET-PPPN1 expressing ppat and pno can
be reconstructed using these promoters, plasmids, and mutated PPATs.

In conclusion, using a Rhodococcus expression system, approximately 145 mM
PM was produced from 200 mM PN through PL demonstrating a bioconversion rate of
75%. Moreover, recombinant R. erythropolis overexpressing pno produced
approximately 450 mM PL from 500 mM PN (approximately 10% PN). Based on these
findings, pyridoxamine production by bioconversion using a Rhodococcus expression

system may be of interest for future industrial applications.
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SUMMARY

Pyridoxamine, which is a form of vitamin Be, is a promising candidate for a
prophylactic and/or remedy for diabetic complications. Pyridoxamine is chemically
synthesized by an oxidative method in manufacturing. However, pyridoxamine
production by bioconversion, which is generally preferable for environmental and
energetic aspects, has been little investigated. Therefore, I aimed to produce
pyridoxamine from pyridoxine, which is a readily and economically available starting
material, by bioconversion using a Rhodococcus expression system. I found in the
bioconversion of pyridoxine to pyridoxal, approximately 450 mM pyridoxal was
produced from 500 mM pyridoxine using recombinant Rhodococcus erythropolis
expressing the pyridoxine 4-oxidase gene derived from Mesorhizobium loti. Next, in the
bioconversion of pyridoxal to pyridoxamine using recombinant R. erythropolis
expressing the pyridoxamine-pyruvate aminotransferase gene derived from M. loti, the
bioconversion rate was approximately 80% under the same conditions as pyridoxal
production. Finally, in the bioconversion of pyridoxine to pyridoxamine through
pyridoxal using recombinant R. erythropolis coexpressing the genes for pyridoxine 4-
oxidase and pyridoxamine-pyruvate aminotransferase, the bioconversion rate was
approximately 75%. Based on these findings, pyridoxamine production by bioconversion
using a Rhodococcus expression system may be of interest for future industrial

applications.
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SECTION 2

A novel method of producing the pharmaceutical intermediate

(R)-2-chloromandelic acid by bioconversion

Many esterases are valuable to manufacturing industries, and they are effective
for use in bioconversion. Therefore, in this study, with the aim of producing (R)-2-
chloromandelic acid (R-CM), I sought to identify an esterase that hydrolyzes racemic 2-
chloromandelic acid methyl ester (CMM), which is a readily and economically available
starting material, to R-CM, and purified a novel esterase EstE from Exophiala
dermatitidis NBRC6857 (former name: Exophiala jeanselmei until August 2009). In
addition, I described a novel method of producing R-CM from CMM by a bioconversion

using recombinant cells harboring the esterase EstE.

Materials and methods

Strains and plasmids Exophiala dermatitidis NBRC6857 (former
name: E. jeanselmei until August 2009) was obtained from the National Institute of
Technology and Evaluation (Tokyo, Japan). E. dermatitidis NBRC6857 was cultured in
GPY broth (1% glucose, 0.5% Bacto peptone, and 0.3% Bacto yeast extract).
Rhodococcus erythropolis JCM3191 was obtained from the Japan Collection of
Microorganisms (Ibaraki, Japan). Escherichia coli IM109 was obtained from Toyobo Co.,
Ltd. (Osaka, Japan). These strains were cultured in Luria-Bertani broth (1% Bacto
tryptone, 0.5% Bacto yeast extract, and 1% NaCl) in the presence or absence of the

appropriate antibiotics. Kanamycin (100 ug/mL) and ampicillin (100 pg/mL) were used
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to select transformants in the culture media. The E. coli expression vector pQE-70 was
obtained from Qiagen (Hilden, Germany). The Rhodococcus expression vector
pRET11100 was constructed as previously described (1,2).

Enzymes and chemicals All  restriction enzymes and DNA
modification enzymes were purchased from Toyobo Co., Ltd. (Osaka, Japan) and New
England Biolabs, Inc. (Ipswich, MA, USA). All chemicals were purchased from Sigma-
Aldrich (St. Louis, MO, USA) and FUJIFILM Wako Pure Chemical Corp. (Osaka, Japan).
The synthetic oligonucleotides used in this study were purchased from Hokkaido System
Science Co., Ltd. (Hokkaido, Japan).

Standard genetic manipulations and sequence analysis Cloning
was performed by standard genetic manipulation techniques (3). Actinomycete strains
were transformed using the method described by Yamamura (2). E. coli transformation
was performed using the E. coli Transformation Buftfer Set (Zymo Research Corp., Irvine,
CA, USA). Genomic DNA was isolated using a Genomic DNA Buffer set and Genomic-
tip 500/G (Qiagen, Hilden, Germany). RNA was isolated using an RNeasy Mini Kit
(Qiagen, Hilden, Germany). cDNA was prepared with ReverTra -Plus- (Toyobo Co., Ltd.).
PCR fragments were prepared with KOD -plus- (Toyobo Co., Ltd.). DNA sequences of
the plasmid inserts were determined by the primer walking method described by
Yamamura (2). Sequence assembly and analysis were performed using GENETY X Ver.12
(GENETYX Corp., Tokyo, Japan) and DNASIS Pro Ver.2.0 (Hitachi Software Corp.,
Tokyo, Japan).

Screening of a bacterial library for CMM-asymmetric hydrolyzing activity

The microorganisms were inoculated into 5 mL of GPY broth and incubated at
25°C with shaking for 3—6 days. The cells were harvested and suspended in 1 mL of 50

mM MES (2-morpholinoethanesulfonic acid) buffer (pH 6.5) containing 1% CMM, then
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incubated at 30°C with shaking for 20 h. The reactions were stopped by the addition of
perchloric acid to acidify. Cell suspensions were centrifuged at 12,000 x g for 5 min at
4°C, and the resulting supernatants were analyzed by high-performance liquid
chromatography (HPLC) as described below.

Analysis of CMM, R-CM, and (S)-2-chloromandelic acid by HPLC

The hydrolysis rate of CMM and optical purity of the product were determined
by HPLC on a MCI GEL packed column CRS10W (¢ 4.6 x 50 mm; Mitsubishi Chemical
Corp., Tokyo, Japan). The mobile phase was 0.2 mM copper (II) sulfate
solution/acetonitrile (85/15, v/v), the flow rate was 2.0 mL/min, column temperature was
25°C, and the detection wavelength was at 254 nm. Calibration curves were prepared
using CMM, R-CM, and (S)-2-chloromandelic acid.

Purification of an esterase EStE E. dermatitidis NBRC6857 cells
were propagated in GPY broth as described by Kozono et al. (4). E. dermatitidis
NBRC6857 cells were inoculated into 100 mL of GPY broth and were incubated at 30°C
with shaking for 4 days. Seed medium (100 mL) was transferred into 3 L of GPY broth
in a 5-L jar fermenter (LS-5, Sakura Seiki Co., Ltd., Tokyo, Japan) and incubated at 30°C
with 400-rpm agitation and 1-vvm aeration for 2 days. Twelve liters of the culture broth
of E. dermatitidis NBRC6857 was harvested and suspended in 50 mM MES buffer (pH
6.5). 30 wt% cell suspension was disrupted by ultrasonication for 3 h with an ultrasonic
homogenizer US-300 (Nihonseiki Kaisha Ltd., Tokyo, Japan). The disrupted cell
suspension was centrifuged at 14,000 x g for 20 min and the resulting supernatant was
used as the crude extracts. Solid ammonium sulfate (24.3 g) was added to 100 mL of
crude extracts containing 0.1% polyethylene glycol mono-4-octylphenyl ether (n =
approximately 10, Triton X-100) and cOmplete (protease inhibitor, F. Hoffmann-La

Roche, Ltd.). After stirring at 4°C for 1 h, the crude extracts were centrifuged at 14,000
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x g for 30 min and the resulting supernatant was combined with 13.2 g of solid ammonium
sulfate. After stirring at 4°C for 1 h, the precipitate with 60% saturation of solid
ammonium sulfate was collected by centrifugation and was dissolved in 18 mL of 50 mM
MES-OS buffer (MES buffer (pH 6.5) containing 0.1% Triton X-100 and cOmplete). The
enzyme solution was dialyzed against 2 L of 50 mM MES-OS buffer and was applied to
40 mL of DEAE Sepharose Fast Flow (GE Healthcare UK Ltd., Buckinghamshire,
England) equilibrated with 25 mM MES-OS buffer. The enzyme was eluted with a linear
gradient of 0-0.2 M NaCl in 25 mM MES-OS buffer. The active fractions containing the
enzyme were collected and combined with an equal volume of 25 mM MES-OS buffer
containing 2 M NaCl. The enzyme solution containing approximately 1 M NaCl was
applied to 30 mL of Phenyl Sepharose 6 Fast Flow (GE Healthcare UK Ltd.,
Buckinghamshire, England) equilibrated with 25 mM MES-OS buffer containing 1 M
NaCl. The enzyme was eluted with a linear gradient of 0.1-0 M NaCl in 25 mM MES-OS
buffer. The active fractions containing the enzyme were collected, concentrated by
ultrafiltration using Vivaspin 6 (MWCO 10000, Sartorius, Gottingen, Germany), and
were dialyzed against 2 L of 20 mM acetate buffer (pH 5.0). The concentrated sample
was applied to SOURCE 158 4.6/100 PE (GE Healthcare UK Ltd., Buckinghamshire,
England) equilibrated with 20 mM acetate buffer (pH 5.0) and was eluted with 5 mL of
20 mM acetate buffer (pH 5.0). After being concentrated by ultrafiltration using Vivaspin
6 (MWCO 10000), the sample was applied to HiLoad 16/60 Superdex 200 Prep Grade
(GE Healthcare UK Ltd., Buckinghamshire, England) equilibrated with 20 mM
phosphate buffer (pH 7.0) and was eluted with 20 mM phosphate buffer (pH 7.0). When
measuring molecular mass by gel filtration, 20 mM phosphate buffer (pH 7.0) containing
0.85% NaCl was used instead of 20 mM phosphate buffer (pH 7.0). Protein purity was

analyzed on SDS-PAGE (10% gel) by the method described by Laemmli (5) and was
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visualized by staining with Coomassie Brilliant Blue R-250. The SDS-PAGE Molecular
Weight Standards (Broad Range) purchased from Bio-Rad Laboratories, Inc. (Hercules,
CA, USA) was used as a size marker.

Enzyme and protein assays The reaction mixture consisting of 0.05%
substrates (standard substrate was CMM), 100 mM buffer (standard buffer was phosphate
buffer (pH 7.0)), and enzyme was incubated at 10—50°C (standard reaction condition was
30°C) for 30 min. The reactions were stopped by addition of perchloric acid to acidify
and were centrifuged at 12,000 x g for 5 min at 4°C. The resulting supernatants were
analyzed by high-performance liquid chromatography (HPLC) as described above.
Proteins were measured using a Bio-Rad Protein Assay (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA) with bovine serum albumin as a standard.

Synthesis of substrates for investigating substrate specificity Racemic
3-chloromandelic acid methyl ester, racemic 4-chloromandelic acid methyl ester, racemic
4-methoxymandelic acid methyl ester, racemic atrolactic acid methyl ester, and racemic
phenyllactic acid methyl ester were synthesized by esterification with methanol from
racemic 3-chloromandelic acid, racemic 4-chloromandelic acid, racemic 4-
methoxymandelic acid, racemic atrolactic acid, and racemic phenyllactic acid,
respectively. Racemic 2-chloromandelic acid ethyl ester was synthesized by esterification
with ethanol from racemic 2-chloromandelic acid. Racemic 2-chloromandelic acid
isopropyl ester was synthesized by esterification with isopropanol from racemic 2-
chloromandelic acid. Racemic 2-chloromandelic acid benzyl ester was synthesized by
esterification with benzyl alcohol from racemic 2-chloromandelic acid.

Amino acid sequencing The purified enzyme that was eluted from the
gel filtration was digested with Lysyl Endopeptidase (FUJIFILM Wako Pure Chemical

Corp., Osaka, Japan) at 37°C for 6 h. The digested enzyme was applied to a Sephasil
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Peptide C18 5 um ST 4.6/100 column (GE Healthcare UK Ltd., Buckinghamshire,
England) equilibrated with 0.1% trifluoroacetic acid and was eluted with a linear gradient
of 0-80% acetonitrile in 0.1% trifluoroacetic acid. The amino acid sequence of the
internal peptide (the digested enzyme) that was eluted from the column was determined
by automated Edman degradation with a PPSQ-21A Protein Sequencer (Shimadzu Corp.,
Kyoto, Japan).

Sequence determination and analysis of the estE gene The
oligonucleotide primer pools were designed based on the amino acid sequences of the
internal peptides (6). The degenerate primers were 5'-
AC(G/A/T/C)GT(G/A/T/C)GT(G/A/T/C)GA(T/C)AT(A/T/C)TGGGG(G/A/T/C)GG(G/
A/T/IC)TGGGC(G/A/T/C)GA(T/C)GA(G/A)GA(G/A)CA(T/C)AC(G/A/T/C)CA(G/A)
CC(G/A/T/IC)TGGAC-3" (sense strand) and 5'-GTCCA(G/A/T/C)GG(T/C)TG
(G/A/T/C)GT(G/A)TG(T/C)TC(T/C)TC(G/A)TC(G/A/T/C)GCCCA(G/A/T/C)CC(G/A
/T/C)CCCCA(G/A/T)AT(G/A)TC(G/A/T/C)AC(G/A/T/C)AC(G/A/T/C)GT-3’
(antisense strand). The estE gene was obtained using the degenerate primers and the
TaKaRa LA PCR in vitro Cloning Kit (Takara Bio Inc., Shiga, Japan). DNA sequences of
the estE gene were determined by the primer walking method with an ABI PRISM 310NT
DNA Genetic Analyzer (Applied Biosystems, Carlsbad, CA, USA). Sequence assembly
and analysis were performed with Genetyx Ver.12 (Genetyx Corp., Tokyo, Japan) and
DNASIS Pro Ver. 2.9 (Hitachi Software Corp., Tokyo, Japan).

Construction of estE expression vectors The estE gene was
amplified with the following primers: CMMFI1Sp: 5'-ATCATCAGCATGCCAGCC
GAAGTCCAAGGACACACCGAAG-3" (Sph 1 site  is  underlined) and
CMMR1170Bgl(st): 5'-CGTCCAAGATCTCCTTCACTGTCCTTTCAGTATCCTTC-3’

(Bg! 11 site is underlined), from the genomic DNA of E. dermatitidis NBRC6857 using a
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Mastercycler gradient thermal cycler (Eppendorf, Hamburg, Germany). The PCR
fragment containing estE was digested with Sph I and Bg/ 11 and then ligated into the Sph
I and Bg/ II sites of pQE-70 to prepare the plasmid pECM-G65, which is the estE
expression vector for E. coli. To express the estE gene in R. erythropolis, the plasmid
pRETI11100 was used because it has a strong constitutive promoter and broad
actinomycetes host range (2). The estE gene was amplified with the primers:
CMMF1Pt(1138): 5'-ACTCCCTGCAGCTCAGGATCATTATCGATCATCATCATGG
CAGC-3' (Pst I site is underlined) and CMMR1170Kp(st): 5'-TTTCACGGGTACCGT
CTCCTTCACTGTCCTTTCAGTATCCTTC-3" (Kpn 1 site is underlined), from the
genomic DNA of E. dermatitidis NBRC6857 using a Mastercycler gradient thermal cycler.
The PCR fragment containing estE was digested with Pst I and Kpn I and then ligated
into the Pst I and Kpn I sites of pRET11100 to prepare the plasmid pRET-CMM3.

Activity measurements of recombinant cells Recombinant  E.
coli IM109 cells harboring the plasmid pPECM-G65 were inoculated into 5 mL of Luria-
Bertani broth with ampicillin (100 pg/ml) and isopropyl-p-D-thiogalactopyranoside (1
mM) and was incubated at 37°C with shaking for 16 h, while recombinant R. erythropolis
JCM3191 harboring the plasmid pPRET-CMM3 was inoculated into 5 mL of Luria-Bertani
broth with kanamycin and was incubated at 25°C with shaking for 7 days. The reaction
mixture consisting of 1% CMM, 100 mM phosphate buffer (pH 7.0), and a portion of the
cultured cells was incubated at 30°C with shaking for 30 min. The reaction was stopped
by adding perchloric acid to acidify. The production of R-CM was analyzed as described
above.

Producing R-CM by bioconversion Recombinant E. coli JM109 cells
harboring the plasmid pECM-G65 were inoculated into 5 mL of Luria-Bertani broth with

ampicillin (100 pg/mL) and isopropyl-B-D-thiogalactopyranoside (1 mM) and was
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incubated at 37°C with shaking for 16 h. The cultured cells were harvested and suspended
in 100 mL of 0.85% saline solution containing 10 g CMM. The reaction mixture
containing approximately 4.5 mg-dry-cell of Recombinant E. coli IM109 was stirred and
incubated at 30°C for 24 h. The pH of the reaction mixture was maintained at 7.0 with
14% NaOH. Production of R-CM was analyzed as described above.

Nucleotide sequence accession number The sequence of the estE
gene has been submitted to the DDBJ/EMBL/GenBank databases under accession
number LC387563. The nucleotide sequences reported in this paper appear in the
DDBJ/GenBank/EMBL nucleotide sequence databases under accession number

LC331663 (pRET1100).

Results

Screening for CMM-asymmetric hydrolyzing microorganisms  To screen
for CMM-asymmetric hydrolyzing microorganisms, a total of 910 strains from our
bacterial library were used, consisting of 262 strains of yeasts, 132 strains of
actinomycetes, 212 strains of fungi, and 304 strains of bacteria. Among the microbial
strains, 21 strains exhibited CMM-hydrolyzing activity, while 5 strains exhibited an
optical purity of 90% ee or more of the (R)-enantiomer (Table 1). E. dermatitidis
NBRC6857 had the highest stereoselectivity. The enantiopurity of the product was 99.9%
enantiomeric excess (ee) of the (R)-enantiomer. For this reason, E. dermatitidis

NBRC6857 was used for further study.
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TABLE 1. Strains exhibited an optical purity of

90% ee or more of the (R)-enantiomer

. Optical purity (R)
Strain % ce)
Exophiala dermatitidis NBRC6857 99.9
Cylindrocarpon sp. NBRC31855 96.7
Mycobacterium smegmatis NBRC3154 95.6
Mycobacterium phlei NBRC3158 95.2
Leifsonia aquatica NBRC15710 90.4

Identification of a CMM-asymmetric hydrolyzing enzyme from E.
dermatitidis NBRC6857 To identify the enzyme that hydrolyzes CMM to
R-CM asymmetrically, the crude extracts of E. dermatitidis NBRC6857 were subjected
to five purification steps (Table 2). In Superdex steps, which was the final purification
step, the specific activity and the purification fold were 795.8 mU/mg and 79.7,
respectively, in reaction mixtures without Triton X-100, which is a surfactant. Here, 0.1%
Triton X-100 was added to a reaction mixture, since from the ammonium sulfate
precipitation step to Phenyl Sepharose step, each buffer contained 0.1% Triton X-100.
The specific activity measured by adding Triton X-100 was almost the same as that
measured without adding it (776.8 mU/mg). The purified EstE hydrolyzed CMM to
R-CM at optical purity of 99.9% ee of the (R)-enantiomer.

The purified enzyme, called EstE, showed the single protein band with a
molecular weight of 42 kDa (Fig. 1). The molecular weight of the native enzyme was 41

kDa as determined by gel filtration, suggesting that EstE is a monomeric protein.
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TABLE 2. Purification of EstE from Exophiala dermatitidis NBRC6857

Total Total Specific
Purification step activity protein activity Yield Purification

(mU) (mg) (mU/mg) (%0) fold
Crude extract 3340 334 10.0 100 1.00
Ammonium sulfate precipitation 40-60% 2430 45.1 53.9 72.9 5.40
DEAE Sepharose Fast Flow 2420 5.3 453 72.4 45.4
Phenyl Sepharose 6 Fast Flow 1930 2.9 669 58.0 67.0
SOURCE 15S PE 4.6/100 695 0.9 781 20.8 78.3
HilLoad 16/60 Superdex 200 prep grade 279 0.4 796 8.3 79.7

FIG. 1. SDS-PAGE of EstE from Exophiala
dermatitidis NBRC6857.

Lane 1, size marker; lane 2, the active fraction of
SOURCE 158 PE; lane 3, the active fractions of

HiLoad 16/60 Superdex.
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Characterization of EstE from E. dermatitidis NBRC6857 The
optimal reaction conditions of EstE were investigated to produce R-CM efficiently. The
effect of pH on the activity of EstE was examined from pH 3.0 to 11.0, the optimal pH
was found to be 7.0 (Fig. 2A). The effect of reaction temperature was also examined, and
maximum activity was observed at 40°C (Fig. 2B). However, the optimal reaction
temperature was 30°C or lower, as EstE was more stable at 30°C (relative activity was

100%) than at 40°C (relative activity was 98%, Fig. 2C).
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FIG. 2. Determining optimal pH and temperature for EstE activity.

(A) Effect of pH on EstE activity. Activity was assayed under standard reaction conditions,
except for the buffer. Closed circle, closed triangle, closed square, open circle, and open
triangle indicate acetic acid-sodium acetate buffer (AS), MES buffer (MES), sodium
phosphate buffer (NaP), Tris buffer (Tris), and borate buffer (Borate), respectively. (B)

Effect of temperature on EstE activity. Activity was assayed under standard reaction
conditions, except for temperature. (C) Effect of temperature on stability. Activity was

assayed under standard reaction conditions. EstE was incubated for 30 min at 30—70°C

before adding the reaction mixture. Closed square indicates no temperature treatment.

Closed circle indicates temperature treatment from 30 to 70°C.
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Substrate specificity of hydrolysis by EStE Fig. 3 shows the
substrate specificity of EstE. In the general formula (I) in Fig. 3, the values of specific
activity were in the order of 2-chloromandelic acid ethyl ester > 2-chloromandelic acid
isopropyl ester > 2-chloromandelic acid benzyl ester > CMM. Optical purity was over
90% for all substrates. In the general formula (II) in Fig. 3, the values of specific activity
were in the order of 4-methoxymandelic acid methyl ester > 4-chloromandelic acid
methyl ester > CMM > 3-chloromandelic acid methyl ester > mandelic acid methyl ester
> phenyllactic acid methyl ester. CMM exhibited the highest optical purity. As the specific
activity differs from CMM, optical purity tended to decrease. In the general formula (II1)
in Fig. 3, the values of specific activity were in the order of atrolactic acid methyl ester >
mandelic acid methyl ester. When atrolactic acid methyl ester was used as a substrate, the

optical purity was 96.7% ee.

Formura (I) R: —cier, > —ci > 0> o
CHy -
Cl OH
P 6.3 6.0 1.5 1.0
| (’) R R R R
94.2 91.6 97.1 99.9
[+]
" | [#] o -
Formura (II)  X: F> Lo 00 o> | = [1T = |
T o L L )
OH
ocH 5.7 46 10 03 0.3 0.3
3
X R R R R R S
O 56.5 43.8 99.9 80.0 62.1 56.7

Formura(IlIl) A: —cH, > —H

OH
S __O-CHy 0.5 0.3 : Relative activity
I hs R R : Absolute configuration
96.7 62.1 : Optical purity (% ee)

Fig. 3. Substrate specificity of hydrolysis of EstE.

The top, middle, and bottom of the box indicate relative activity, absolute configuration,
and optical purity, respectively. The inequality sign indicates the relationship between
magnitudes of the relative activities. An equal sign indicates that the relative activities

were equal. Specific activity is defined as the hydrolysis rate of CMM as 1.0.
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Amino acid and nucleotide sequences of EStE Purified EstE was
digested with Lysyl Endopeptidase. Two internal peptides were obtained. The amino acid
sequence of one of the internal peptides was determined by automated Edman degradation
(TVVDIWGGWADEEHTQPWTR). Using the oligonucleotide primer pools designed
based on the amino acid sequence of the internal peptides, the nucleotide sequence of
estE that encodes EstE was determined. Here, the estE gene was not amplified by PCR
with the oligonucleotide primer pools designed based on the amino acid sequence of
another internal peptide. The estE gene comprised 1176 bp and encoded a protein of 392
amino acid residues (accession number LC387563). The amino acid sequence of EstE
had the Lysyl endopeptidase cleavage site (Lys-X) and the sequence of the internal
peptide. The predicted molecular weight was 42 kDa, which is good agreement with the
results of SDS-PAGE in Fig. 1. As E. dermatitidis NBRC6857 is a fungus, the nucleotide
sequence of the cDNA of estE was analyzed simultaneously. The nucleotide sequence of
cDNA of estE is agreement with that of genomic DNA of estE. These results suggest that
estE has no intron. Using the TBLASTN 2.2.26 program (protein—translated nucleotide
Basic Local Alignment Search Tool, https://www.ddbj.nig.ac.jp/index-e.html) (7), the

EstE protein is homologous to the esterase derived from Actinomycetes (Table 3).

TABLE 2. Features and similarities between EstE and known proteins
GenBank

Accession Product Organism E-value Similarity Ref.
No.

KF601763 Fenoxaprop-ethyl hydrolase ~ Rhodococcussp. JPL-2 le-148 73%  (8)
JF970231 Fenoxaprop-ethyl hydrolase ~ Rhodococcussp. T1(2011) le-146 73%  (9)
CP015163 Serine hydrolase Amyeolatopsis albisporastrain WP1 le-137 72%
AY052630 Lactone hydrolase Rhodococcus ruber SC1 le-136 71%  (10)
ALUG68731 p-Lactamase Rhodococcus ervthropolisR138 le-132 73%  (11)
AGT95066  p-Lactamase Rhodococcus ervthropolis CCM2595 le-132 73%  (12)
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Expression of estE in R. erythropolis cells and E. coli cells For
overexpression of the estE gene in R. erythropolis, which is a type of Actinomycetes, estE
was inserted downstream of the 7RR promoter of the Rhodococcus expression vector
pRET11100 (pRET-CMM3). The plasmid pRET-CMM3 was transformed into R.
erythropolis JCM3191. The activity per culture broth of recombinant R. erythropolis
JCM3191 harboring pRET-CMM3 was 4 U/mL of culture broth (U = pmol/min), which
was 105 times higher than that of E. dermatitidis NBRC6857 (0.038 U/mL-culture broth).
Next, to overexpress the estE gene in E. coli, estE was inserted downstream of the 75
promoter of pQE-70 (pECM-G65). The plasmid pECM-G65 was transformed into E. coli
IM109. The activity per culture broth of recombinant E. coli IM109 harboring pECM-
G65 was 21 U/mL-culture broth (U = pmol/min), which was 553 times higher than that
of E. dermatitidis NBRC6857. EstE was overexpressed in E. coli IM109 and was detected
in a soluble form on SDS-PAGE, with a molecular weight of 42 kDa, which is in

agreement with the predicted molecular weight (Fig. 4).

(kD‘J) 1 23 FIG. 4. SDS-PAGE of crude extracts from
200 — Escherichia coli JIM109 harboring a EstE
11%? : expression plasmids.

66 — Lane 1, size marker; lane 2, the crude

) 42 kDa extract from E. coli JM109 harboring
5= — D pECM-G65; lane 3, the crude extract from
31 — o E. coli IM109 harboring pQE-70.
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Bioconversion of CMM to R-CM The activity per culture broth of
recombinant E. coli JM109 was higher than those of recombinant R. erythropolis
JCM3191 and E. dermatitidis NBRC6857. The bioconversion ability of CMM to R-CM
was examined using recombinant E. coli JM109 harboring the plasmid pECM-G65 (Fig.
5). A solution of 10% CMM containing equal amounts of (R)-2-chloromandelic acid
methyl ester and (S)-2-chloromandelic acid methyl ester was converted to approximately
5% R-CM (conversion rate 49%) in 24 h. At the end of the reaction, (R)-2-chloromandelic
acid methyl ester was not detected in the reaction mixture, and the product of optical
purity of 2-chloromandelic acid was 97% ee. R-CM was efficiently produced by
bioconversion of CMM using recombinant E. coli IM109 cells overexpressing estE

derived from E. dermatitidis NBRC6857.
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Fig. 5. Bioconversion of CMM to R-CM using recombinant Escherichia coli IM109
harboring the pECM-G65 plasmid. Vertical bars indicate SD from three independent
experiments. Open circle and closed circle indicate conversion rate and optical purity,

respectively.
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Discussion

a-Hydroxycarboxylic acids and derivatives thereof are useful intermediates for
manufacturing various kinds of medicines or agricultural chemicals (13—15). Especially,
since various biologically active compounds can be produced using optically active
a-hydroxycarboxylic acids and derivatives thereof with an asymmetric center at the
a-position, various methods for efficiently producing optically active
a-hydroxycarboxylic acids and derivatives thereof with high optical purity have been
developed. R-CM is one such intermediate for industrial synthesis of clopidogrel. Upon
screening for CMM-asymmetric hydrolyzing microorganisms, I found that F.
dermatitidis NBRC6857 had the highest stereoselectivity (97.1% ee of (R)-enantiomer).

EstE was purified from the crude extracts of E. dermatitidis NBRC6857 by five
purification steps. From the ammonium sulfate precipitation step to Phenyl Sepharose
step, each buffer contained 0.1% Triton X-100, which is a surfactant, as EstE was
stabilized by the addition of Triton X-100 in purification steps. In SOURCE 15S and
Superdex steps, each buffer lacked Triton X-100, as EstE was not separated from other
proteins by the addition of Triton X-100. In the final purification step, the specific activity
and the purification fold were not increased sufficiently, as the buffer contained no Triton
X-100. Due to the interaction between the resin and EstE without Triton X-100, the
specific activity may not be increased sufficiently. The activity of EstE was not decreased
without Triton X-100 in the reaction, suggesting that Triton X-100 is not necessary for
the enzyme assay described in this paper.

Many bioconversion reactions occur at ambient temperature, neutral pH, and
ambient pressure (4,16-18), which are good for environmental conservation. I

investigated whether EstE is suitable for bioconversion. The effects of temperature and
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pH on the activity of EstE were examined, and the optimal temperature and pH of CMM-
asymmetric hydrolyzing reaction were 30°C and 7.0, respectively, which are ambient
temperature and neutral pH. These results suggested that EstE is suitable for
bioconversion.

EstE showed high optical purity to the substrate in general formula (I) in Fig. 3,
as optical purity was over 90% in all substrates. In the general formula (IT) in Fig. 3, since
the specific activity differs from CMM, optical purity tended to decrease. These results
suggested that the substrate in general formula (I) is suitable for EstE. By analyzing the
crystal structure of EstE and these substrates, interesting findings may be obtained.

To isolate the estE gene, the amino acid sequence of the internal peptides of EstE
were determined. Here, I was not able to determine the amino acid sequence of the N-
terminus of EstE by Edman degradation. The N-terminus of purified EstE from E.
dermatitidis NBRC6857 may be blocked with an N-formyl group, N-pyroglutamyl group,
or N-acetyl group. Based on the obtained amino acid sequence of the internal peptides,
the estE gene was isolated. Upon analyzing the nucleotide sequences of estE, EstE may
be closer to prokaryotic enzymes, as estE has no intron and EstE is homologous to the
esterase derived from Actinomycetes (Table 3).

The estE gene was overexpressed in E. coli IM109. The activity per culture broth
of the recombinant E. coli JIM109 was 5.25 times higher than that of recombinant R.
erythropolis JCM3191. I cannot yet fully explain this phenomenon, but it may be due to
membrane permeability of CMM or the expression level of estE.

Methods of producing R-CM have been reported by some researchers and a
patent has been applied for (13,19,20). The method I described in this paper is a novel
method of producing R-CM from CMM by a bioconversion using EstE that hydrolyzes

CMM asymmetrically. R-CM was produced at conversion rate of 49% and at optical
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purity of 97% ee from 10% CMM in 24 h with 0.45 mg-dry-cell/L recombinant E. coli
JM109 cells. Since (S)-2-chloromandelic acid methyl ester is racemized in the presence
of sodium methoxide easily, unreacted (S)-2-chloromandelic acid methyl ester is able to
be reused for a bioconversion, and the method in this paper is efficient. Based on these
findings, R-CM production by bioconversion of CMM may be of interest for future

industrial applications.
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SUMMARY

(R)-2-Chloromandelic acid (R-CM) is one of the chiral building blocks used in the
pharmaceutical industry. As a result of screening for microorganisms that asymmetrically
hydrolyze racemic 2-chloromandelic acid methyl ester (CMM), Exophiala dermatitidis
NBRC6857 was found to produce R-CM at optical purity of 97% ee. The esterase that
produces R-CM, EstE, was purified from E. dermatitidis NBRC6857, and the optimal
temperature and pH of EstE were 30°C and 7.0, respectively. The estE gene that encodes
EstE was isolated and overexpressed in Escherichia coli JM109. The activity of
recombinant E. coli JIM109 cells overexpressing estE was 553 times higher than that of
E. dermatitidis NBRC6857. R-CM was produced at conversion rate of 49% and at optical
purity of 97% ee from 10% CMM with 0.45 mg-dry-cell/L recombinant E. coli IM109
cells. Based on these findings, R-CM production by bioconversion of CMM may be of

interest for future industrial applications.
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SECTION 3

A novel method of producing the key intermediate ASI-2 of ranirestat

using a porcine liver esterase (PLE) substitute enzyme

I aimed to produce ASI-2 [(R)-2-amino-2-ethoxycarbonylsuccinimide], which is
a key intermediate used in the pharmaceutical industry. I constructed a scheme to
synthesize the ASI-2 in a process in which bioconversion and chemical synthesis are
combined. I sought to identify a novel esterase, EstBT, that substitutes for a porcine liver

esterase (PLE) suitable for the scheme.

Materials and methods

Strains and plasmids Bacillus thuringiensis NBRC3951,
NBRC101235, and NBRC13866 were obtained from the National Institute of Technology
and Evaluation (Tokyo, Japan). E. coli IM109 was obtained from Toyobo Co., Ltd.
(Osaka, Japan). The E. coli expression vector pQE-70 was obtained from Qiagen (Hilden,
Germany).

Chemicals and enzymes All  chemicals were purchased from
FUJIFILM Wako Pure Chemical Corp. (Osaka, Japan) and Sigma-Aldrich (St. Louis, MO,
USA). PLE was purchased from Sigma-Aldrich. All restriction enzymes and DNA
modification enzymes were purchased from Toyobo Co., Ltd. (Osaka, Japan) and New
England Biolabs, Inc. (Ipswich, MA, USA). The synthetic oligonucleotides used in this

study were purchased from Hokkaido System Science Co., Ltd. (Hokkaido, Japan).
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Standard genetic manipulations and sequence analysis Cloning
was performed by standard genetic manipulation techniques (1). E. coli transformations
were performed using the E. coli Transformation Buffer Set (Zymo Research Corp.,
Irvine, CA, USA). Genomic DNA was isolated using the Genomic DNA Buffer set and
the Genomic-tip 500/G (Qiagen, Hilden, Germany). PCR fragments were prepared with
KOD -plus- (Toyobo Co., Ltd.). DNA sequences of the plasmid inserts were determined
using the primer-walking method described by Yamamura (2). Sequence assembly and
analysis were performed using GENETYX Ver.12 (GENETYX Corp., Tokyo, Japan) and
DNASIS Pro Ver.2.0 (Hitachi Software Corp., Tokyo, Japan).

Synthesis of diethyl 2-benzyloxycarbonylamino-2-ethoxycarbonylsuccinate
(Z-MDE-AE) A suspension of diethyl 2-benzyloxycarbonylaminomalonate
(5.0 g), potassium carbonate (2.7 g), potassium iodide (0.27 g), and ethyl chloroacetate
(2.6 g) in N,N-dimethylformamide (DMF, 50 mL) was stirred at 50°C for 1 h. The reaction
mixture was cooled, and then poured into diluted hydrochloric acid, and the mixture was
extracted with ethyl acetate. The extract was washed with saturated brine, and then dried
over anhydrous magnesium sulfate. The solvent was evaporated under reduced pressure,
and the residue was crystallized from ethyl acetate/n-hexane to obtain diethyl 2-
benzyloxycarbonylamino-2-ethoxycarbonylsuccinate (Z-MDE-AE).

Screening of a bacterial library for asymmetric hydrolyzing activity of Z-
MDE-AE I sought to identify an esterase, EstBT, that substitutes for PLE
and constructed a scheme to synthesize the pharmaceutical intermediate ASI-2 in a
process in which bioconversion and chemical synthesis are combined (Fig. 1). The
actinomycetes and bacteria were inoculated into 5 mL of GPY broth (1% (w/v) glucose,
0.5% (w/v) Bacto peptone, and 0.3% (w/v) Bacto yeast extract) and incubated at 30°C

with shaking for 3-7 days. The cells were harvested, freeze-dried, and suspended in 0.5
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mL of 100 mM sodium phosphate buffer (pH 7.0) containing 0.1% (w/v) Z-MDE-AE and
10% (v/v) acetonitrile. The mixtures were incubated at 30°C with shaking for 72 h. The
reactions were stopped by the addition of 1.5 mL of ethanol. Cell suspensions were
centrifuged at 10,000 x g for 10 min at 4°C, and the resulting supernatants were analyzed

by high-performance liquid chromatography (HPLC) as described below.

CO,Et Asymmetric Cyclization
Z-H’LCOZEI _ W COEt hydrolysis CO,H Amidatiog CO,Et
Condensation z_py CO,Et Z_Hztcoza Deprotection HZNZL:
+ CO4Et 0,Et 07 wo
Z-MDE-AE Z-MME-AE ASI-2
- T
! 1
| T
I Z=Cbz 1|

FIG. 1. Scheme for the synthesis of ASI-2 via the bioconversion of Z-MDE-AE to Z-
MME-AE.

Z-MDE-AE is synthesized by condensation. Z-MME-AE is synthesized by bioconversion
of Z-MDE-AE. ASI-2 is synthesized from Z-MME-AE by cyclization, amidation, and
deprotection. Z, Z-MDE-AE, Z-MME-AE, and ASI-2 indicate benzyloxycarbonyl group
(Cbz), diethyl 2-benzyloxycarbonylamino-2-ethoxycarbonylsuccinate, (R)-1-ethyl
hydrogen 3-benzyloxycarbonylamino-3-ethoxycarbonylsuccinate, and (R)-2-amino-2-

ethoxycarbonylsuccinimide, respectively.

Analysis of reaction mixtures by HPLC The hydrolysis rate of Z-
MDE-AE and optical purity of the product 1-ethyl hydrogen 3-benzyloxycarbonylamino-
3-ethoxycarbonylsuccinate were determined by HPLC on a CHIRALCEL OJ-RH (¢ 4.6
x 150 mm; Daicel Corp., Tokyo, Japan). The mobile phase was acetonitrile/aqueous

perchloric acid [pH 2.0, 30:70 (v/v)], the flow rate was 1.0 mL/min, the column
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temperature was 20°C, and the detection wavelength was at 254 nm.

Purification of an esterase EstBT B. thuringiensis NBRC13866 cells
were cultivated in GPY broth as described by Kozono et al. (3). An esterase EstBT was
purified as described by Yamamura (4). B. thuringiensis NBRC 13866 was aerobically
cultured in the GPY broth at 30°C for 16 h. Wet cells were collected from the culture
broth by centrifugation (12,000 x g, 10 min) and suspended in 10 mM Tris buffer (pH
8.0). The suspension was disrupted by ultrasonication with an ultrasonic homogenizer
US-300 (Nihonseiki Kaisha Ltd., Tokyo, Japan) on ice, and then centrifuged at 14,000 x
g for 20 min. The resulting supernatant was used as the crude extract. The crude extracts
were added with ammonium sulfate at 20% (w/v) saturated concentration on ice. The
mixture was stirred and centrifuged (12,000 %X g, 10 min), and the supernatant was
removed. The precipitates were suspended in 10 mM Tris buffer (pH 8.0) containing 1
mM dithiothreitol (DTT), and dialyzed against the same buffer. This solution was added
with DEAE Sepharose Fast Flow (GE Healthcare UK Ltd., Buckinghamshire, England),
the samples were mixed, and the mixture was filtered to collect an active solution. The
solution was added with 3-[(3-chloroamidopropyl)dimethylammonio]-propanesulfonate
(CHAPS) at a final concentration of 1% (w/v) and mixed. The mixture was subjected to
treatment with an ultrasonic homogenizer for 30 min on ice, and then applied to DEAE
Sepharose equilibrated with 10 mM Tris buffer (pH 8.0) containing | mM DTT and 1%
(w/v) CHAPS (henceforth referred to as buffer A). The proteins were eluted with a linear
gradient of 0 to 0.3 M NaCl in buffer A. The active fraction was dialyzed to remove
CHAPS, combined with polyoxyethylene lauryl ether (Brij 35) at a final concentration of
0.05% (w/v) and NaCl at a final concentration of 0.3 M. Samples were then applied to
Phenyl Sepharose High Performance (GE Healthcare UK Ltd., Buckinghamshire,

England) equilibrated with 10 mM Tris buffer (pH 8.0) containing 0.05% (w/v) Brij 35,

88



1 mM DTT, and 0.3 M NaCl. The proteins were eluted with a linear gradient of 0 to 0.3
M NaCl in 10 mM Tris buffer (pH 8.0) containing 0.05% (w/v) Brij 35 and 1 mM DTT.
The active fraction was dialyzed against buffer A, concentrated by ultrafiltration, and
applied to Mono Q (GE Healthcare UK Ltd., Buckinghamshire, England) equilibrated
with buffer A. The proteins were eluted with a linear gradient of 0 to 0.5 M NaCl in buffer
A. The active fraction was applied to Benzamidine Sepharose 4 Fast Flow (GE Healthcare
UK Ltd., Buckinghamshire, England) equilibrated with buffer A and then proteins were
eluted with a linear gradient of 0 to 0.5 M NaCl. Protein purity was analyzed on SDS-
PAGE (5-20% gradient gel) by the method described by Laemmli (5) and was visualized
by staining with Coomassie Brilliant Blue R-250 and Silver Stain 2 kit purchased from
FUJIFILM Wako Pure Chemical Corp. (Osaka, Japan). The SDS-PAGE standards
(Broad) purchased from Bio-Rad Laboratories, Inc. (Hercules, CA, USA) were used as
molecular weight markers. The purified enzyme was designated as EstBT. The amino
acid sequence of the purified EstBT was determined by automated Edman degradation
and the analysis was carried out at APRO Science Inc. (Tokushima, Japan).

Enzyme and protein assays The reaction mixture consisting of
1% (w/v) Z-MDE-AE, 100 mM phosphate buffer (pH 7.0), 10% (v/v) acetonitrile, and
enzyme was incubated at 30°C for 2 h. The reactions were stopped by addition of three
volumes of ethanol and were centrifuged at 12,000 x g for 5 min at 4°C. The resulting
supernatants were analyzed by high-performance liquid chromatography (HPLC) as
described above. The activity for converting 1 pmol of Z-MDE-AE per 1 min was defined
as 1 unit (U). Proteins were measured using a Bio-Rad Protein Assay (Bio-Rad
Laboratories, Inc., Hercules, CA, USA) with bovine serum albumin as a standard.

Construction of estBT expression vectors The estBT gene that

encodes EstBT, which contains a deletion of 40 amino acids at the N-terminus, was
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amplified using the following primers: P-F120: 5-GTACAAAGCATGCAAAAG
AAACCAGTCTCTTTAACGGAGCG-3" (Sphl site is underlined) and P-R1380: 5'-
CTTTTGTTGTAGATCTTTTCTTTGTCGCATTGACCCA-3' (Bg/I site is underlined),
from the genomic DNA of B. thuringiensis NBRC13866 with a Mastercycler gradient
thermal cycler (Eppendorf, Hamburg, Germany). The PCR fragment containing estBT
was digested with Sphl and Bg/II and then ligated into the Spkl and Bg/I1 sites of pQE-70
to generate the plasmid pBTEST38, which produces recombinant EstBT (rEstBT) with
deletion of 40 amino acids at the N-terminus. To produce the full-length rEstBT (rEstBT-
full), the full-length estBT was amplified using the following primers: P-F1: 5'-
AAACAGCATGCAAAAAAAGAAATTACAAAAATCAGCAC-3"  (Sphl  site s
underlined) and P-R1380: 5’-CTTTTGTTGTAGATCTTTTCTTTGTCGCATTGA
CCCA-3 (Bglll site is underlined) from the genomic DNA of B. thuringiensis
NBRC13866. The PCR fragment was digested with Sphl and Bgll1, ligated into the Sphl
and Bgl/lI sites of pQE-70, and designated as pPBTEST12. The plasmids pBTEST38 and
pBTEST12 produce rEstBT and rEstBT-full, respectively, with a His-tag attached to C-
terminus.

Cultivation of recombinant E. coli expressed estBT and purification of
rEstBT Recombinant E. coli IM109 cells were inoculated into 5 mL of Luria-
Bertani (LB) broth (1% Bacto tryptone, 0.5% Bacto yeast extract, and 1% NaCl) with
ampicillin (100 pg/mL) and were incubated at 25°C with shaking for 16 h. Four milliliters
of seed broth was transferred into 200 mL of LB broth with ampicillin (100 pg/mL) and
isopropyl-B-D-thiogalactopyranoside (0.1 mM) and was incubated at 25°C with shaking
for 24 h. With the Ni-NTA Fast Start Kit obtained from Qiagen (Hilden, Germany), the
His-tagged rEstBT and the His-tagged rEstBT-full were purified from recombinant E. coli

JM109 harboring the plasmids pPBTEST38 and pBTEST12, respectively.
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Activity measurements of recombinant E. coli JIM109 cells The
reaction mixture consisting of 89 mM [3.5% (w/v) Z-MDE-AE, 100 mM buffer [standard
buffer was phosphate buffer (pH 7.0)], and a portion of the cultured recombinant E. coli
JM109 cells was incubated at 20-40°C (standard reaction condition was 25°C) for 2 h.
The reaction was stopped by the addition of three volumes of ethanol and samples were
centrifuged at 12,000 x g for 5 min at 4°C. The resulting supernatant was analyzed by
HPLC as described above. The activity for converting 1 umol of Z-MDE-AE per 1 min
was defined as 1 U.

Producing (R)-1-ethyl hydrogen 3-benzyloxycarbonylamino-3-
ethoxycarbonylsuccinate (Z-MME-AE) by bioconversion The reaction
mixture consisting of 89 mM [3.5% (w/v)] Z-MDE-AE, 100 mM phosphate buffer (pH
7.0), and 100 mU/mL enzyme (EstBT, rEstBT, PLE, or recombinant whole-cell) was
incubated at 25°C. The pH of the reaction mixture was maintained at 7.0 with 28% NaOH
automatically, since the pH decreases during the reaction. The reaction mixture was
centrifuged at 12,000 x g for 5 min at 4°C to obtain the supernatant containing Z-MME-
AE.

Synthesis of ASI-2 from Z-MME-AE To cyclize Z-MME-AE, a
solution of Z-MME-AE (1.8 g) in tetrahydrofuran (THF, 20 mL) was combined with
triethylamine (0.96 mL) and isobutyl chloroformate (0.87 g) in this order at —15°C with
stirring, and the mixture was stirred for 5 min. A solution of 25% aqueous ammonia (0.47
mL) was dropped into the reaction mixture at the same temperature. The reaction mixture
was stirred at the same temperature for 1 h, and then poured into diluted hydrochloric
acid. The mixture was extracted with ethyl acetate, and the extract was dried over
anhydrous magnesium sulfate. The solvent was evaporated under reduced pressure, and

the residue was subjected to silica gel column chromatography, in which elution was
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performed with n-hexane/ethyl acetate (1:1) for purification, and then crystallized from
ethyl acetate/n-hexane. For amidation, a solution of the obtained crystals in dehydrated
ethanol (75 mL) was added with sodium ethoxide (310 mg) on ice while stirring. The
mixture was stirred at the same temperature for 2 h, then cold 1 mol/L hydrochloric acid
was added, and the mixture was extracted with ethyl acetate. The extract was washed with
saturated brine, and then dried over anhydrous magnesium sulfate. The solvent was
evaporated under reduced pressure, and the residue was recrystallized from ethyl
acetate/n-hexane. For deprotection, the obtained crystals were dissolved in ethanol (140
mL), the solution was added with 5% palladium/carbon (56 mg), and catalytic
hydrogenation was performed at room temperature under a hydrogen atmosphere. After
the catalyst was removed by filtration, the filtrate was concentrated under reduced
pressure. The residue was recrystallized from ethanol to obtain ASI-2 as colorless crystals.

Nucleotide sequence accession number The sequence of the estBT
gene has been submitted to the DDBJ/EMBL/GenBank databases under accession

number LC434454.

Results

Screening for Z-MDE-AE-asymmetric hydrolyzing microorganisms

E. coli is the most useful host for the expression of various genes and has many
advantages, including easy handling, short generation times, various genetic tools, and
high transformation efficiency. To express a gene in recombinant E. coli, prokaryotes
were screened. A total of 495 strains from our bacterial library were used, consisting of
151 strains of actinomycetes and 344 strains of bacteria. Among the microbial strains,

only one strain, B. thuringiensis NBRC13866, exhibited Z-MDE-AE-asymmetric
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hydrolyzing activity, and the optical purity of the product was 99.9% enantiomeric excess

(ee) of the (R)-enantiomer.

Identification of a Z-MDE-AE-asymmetric hydrolyzing enzyme from B.
thuringiensis NBRC13866 In enzyme purifications, the target enzyme
can be efficiently purified by the addition of a surfactant to the buffer. Therefore, 12
different types of surfactants were screened. With two surfactants, CHAPS and Brij 35,
the enzyme showed high specific activities in the active fraction in the purification steps.
Without surfactant, no activity of EstBT was detected in fractions. For these reasons,
CHAPS or Brij 35 was added to the buffer in the purification steps. On the other hand, in
the enzyme reaction, the activity of EstBT was detected with no surfactant. For this reason,
the activity measurements were performed without adding surfactants to the reaction
solution.

To identify the enzyme that hydrolyzes Z-MDE-AE to Z-MME-AE
asymmetrically, the crude extracts of B. thuringiensis NBRC13866 were subjected to six
purification steps (Table 1). In the first step, the ammonium sulfate precipitation step, the
specific activity did not increase. However, when this step was omitted, EstBT could not
be purified in next steps. For all purification steps, with the exception of the Phenyl
Sepharose step, 1% (w/v) CHAPS was added to the buffer. In the Phenyl Sepharose step,
0.05% (w/v) Brij 35 was added to the buffer, since the specific activity of the active
fraction increased. In this step, the addition of 1% (w/v) CHAPS hardly increased the
specific activity. Fig. 2 shows that proteins in the Benzamidine Sepharose step displayed
a single protein band with a molecular weight of 49 kDa via SDS-PAGE. The purified
protein was designated as EstBT. The specific activity of the purified EstBT was 160

mU/mg, and the optical purity of the product was 99.9% ee of the (R)-enantiomer.
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TABLE 1. Purification of esterase from Bacillus thuringiensis NBRC13866

Total Total Specific
Purification step activity protein activity Yield Purification
(mU) (mg) (mU mg™) (%) fold
Crude extructs 4740 7400 0.641 100 1.00
Ammonium sulfate precipitation (0-20%) 4700 7330 0.641 99.1 1.00
DEAE Sepharose Fast Flow (through) 4160 5240 0.794 87.7 1.24
DEAE Sepharose Fast Flow (0—0.3 M NaCl) 287 174 1.65 6.05 2.57
Phenyl Sepharose High Performance 98.1 12.3 7.97 2.07 12.4
Mono Q 529 1.51 293 1.12 457
Benzamidine Sepharose 4 Fast Flow 12.1 0.0756 160 0.255 250
12 3
(kDa) | FIG. 2. SDS-PAGE of EstBT from Bacillus
|

200=— thuringiensis NBRC13866.

116 = . . . .
97— Lane 1, size marker; lane 2, the active fraction of
66— g 47 kDa

- & Mono Q; lane 3, the active fraction of Benzamidine
45— #=
31— Sepharose.
21—
14=
Amino acid and nucleotide sequence of EstBT The amino acid

sequence at the N-terminus of purified EstBT was determined by automated Edman
degradation. Homology search for the obtained sequence (EKKPVSLTERTSLFF) was
performed using the BLASTP 2.2.26 program (protein—protein Basic Local Alignment
Search Tool, https://www.ddbj.nig.ac.jp/index-e.html) (6). The obtained sequence was
homologous to o/f hydrolase (UniProt accession no. A0OA243J741) derived from B.
thuringiensis serovar pirenaica. Primers were prepared based on the sequence of the «
/B hydrolase; the estBT gene that encodes EstBT was amplified by PCR from B.

thuringiensis NBRC13866, and the sequence of the estBT gene was determined using the
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primer walking method (2). The estBT gene is 1380 bp in length and encodes a protein of
460 amino acid residues (Fig. 3). According to the TBLASTN 2.2.26 program (protein—
translated nucleotide Basic Local Alignment Search Tool) (6), EstBT is homologous to
the « /P esterase (Table 2). EstBT contains a conserved serine protease motif (G-X-S-X-
G) (9), and the serine protease belongs to the superfamily of proteins with « /p hydrolase
fold. Analysis of the amino acid sequence presumed from the sequence of the obtained
estBT gene revealed that the N-terminal sequence (EKKPVSLTERTSLFF) of EstBT that
was purified from B. thuringiensis NBRC13866 was not at the N-terminal presumed from
the obtained estBT gene sequence but rather at 41 amino acid residues (Fig. 3). The
predicted molecular weight from the amino acid sequence EKKPVSLTERTSLEFF to the
C-terminus of EstBT was 47 kDa, which is agreement with the results of SDS-PAGE in

Fig. 2.

TABLE 2. Features and identities between EstBT and known proteins

GenBank accession no. Product Organism Identity ~ Ref.
AJA23081 hydrolase Bacillus thuringiensis serovar galleriae 95% -
ABY 46486 putative hydrolase Bacillus mycoides KBAB4 92% (W)
AXR22762 o/ fold hydrolase Bacillus sp. E25 92%
AXRI17068 o/ fold hydrolase Bacillus sp. CR71 92% -
ATHIT030 o/p hydrolase fold family protein ~ Baeillus myveoides strain ATCC 6462 91% (8)
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FIG. 3. Nucleotide sequence of estBT from Bacillus thuringiensis NBRC13866 and
deduced amino acid sequence of full-length EstBT.
The conserved G-X-S-X-G motif of serine type proteases is boxed. The amino acid
sequence at the N-terminus of EstBT purified from Bacillus thuringiensis NBRC13866

is underlined. Directing arrows indicate primers used to construct estBT expression

vectors.
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Expression of estBT in E. coli cells For overexpression of the estBT

gene in E. coli, two types of estBT expression vectors were constructed. The first is an
expression vector that produces full-length EstBT with His-tag (rEstBT-full), designated
as pBTEST12. The other is an expression vector that produces the His-tagged EstBT
(rEstBT), which is truncated at 40 amino acid residues and resembles the EstBT purified
from B. thuringiensis NBRC13866, designated as pPBTEST38.
The plasmid pBTEST38 was transformed into E. coli IM109. rEstBT was overproduced
in the recombinant E. coli IM109 and was detected in a soluble form with a molecular
weight of 49 kDa on SDS-PAGE, which is in agreement with the predicted molecular
weight (Fig. 4). The rEstBT was purified from the recombinant E. coli IM109 with the
Ni-NTA Fast Start Kit (Fig. 4, lane 4). Analysis of the expression level of rEstBT by
protein assay revealed 5.7 = 0.5% rEstBT per dry cell weight (DCW). Moreover, the
recombinant E. coli IM109 harboring the plasmid pBTEST12 also overproduced rEstBT-
full. The rEstBT-full was detected in a soluble form with a molecular weight of 52 kDa
on SDS-PAGE , which is in agreement with the predicted molecular weight. The
production level of rEstBT-full was 5.5 %= 0.7% DCW.

The relative activities of native EstBT, rEstBT, rEstBT-full, and PLE were
determined to be 168 + 8§ mU/mg, 164 + 6 mU/mg, 161 + 12 mU/mg, and 288 + 18
mU/mg, respectively (Table 3). The relative activities between native EstBT, rEstBT, and
rEstBT-full were nearly identical, while that of PLE being approximately 1.7 times higher
than those of the other enzymes. Additionally, the optical purities of (R)-enantiomer of
native EstBT, rEstBT, rEstBT-full, and PLE were 99.9% ee, 99.9% ee, 99.9% ee, and
93.6% ee, respectively (Table 3). The optical purities between native EstBT, rEstBT, and
rEstBT-full were the same, while those of EstBT, rEstBT, and rEstBT-full were higher

than that of PLE.
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In the pH stability, incubation at pH 6, pH 7, and pH 8 for 2 h at 4 ° C did not reduce the

enzyme activity of native EstBT, rEstBT, rEstBT-full, and PLE.

kDa) 1 2 3 4

116 —
97 — —
66 — ' 49 kDa
— e
«—- 8 8
=
31_——-— 2
=

FIG 4. SDS-PAGE of crude extracts from recombinant Escherichia coli JM109
expressing the estBT gene and the purified rEstBT.

Lane 1, size marker; lane 2, the crude extracts from recombinant £. coli IM109 harboring
pQE-70; lane 3, the crude extracts from recombinant E. coli JM109 harboring
pBTEST38; lane 4, the rEstBT purified from the recombinant E. coli JM109 harboring

pBTEST38.

TABLE 3. Comparison of the relative activity between

EstBT, rEstBT, rEstBT-full, and PLE

Relative activity ~Optical purity

Enzyme
(mU/mg) (% ee)
EstBT 168 = 8 99.9
rEstBT 164 £ 6 99.9
1EstBT full 161 = 12 99.9
PLE 288 = 18 93.6
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Characterization of recombinant E. coli JM109 producing rEstBT

The optimal reaction conditions of recombinant E. coli IM109 producing rEstBT,
which harbors the plasmid pPBTEST38, were investigated to efficiently produce Z-MME-
AE from Z-MDE-AE. The optimal pH of the activity of the recombinant E. coli IM109
was examined from pH 4.0 to 10.0 and was found to be 7.0 (Fig. 5A). The effects of
reaction temperature and stable temperature were also examined. The maximum activity
was observed at 30°C (Fig. 5B) and the stable temperature was 30°C or lower (Fig. 5C).

Therefore, the bioconversion described below was performed at 25°C.

(A) (B) ©
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3456 78 91011 10 20 30 40 50 non 20 30 40 50 60 70
pH Reaction temperature (C) Treatment temperature (C)

FIG. 5. Determination of optimal pH and temperature by recombinant Escherichia coli
JM109 producing rEstBT.

(A) Effect of pH. Activity was assayed under standard reaction conditions, except for the
buffer. Open circle, open triangle, open square, and closed circle indicate acetic acid-
sodium acetate buffer (AS), sodium phosphate buffer (NaP), Tris buffer (Tris), and borate
buffer (borate), respectively. (B) Effect of reaction temperature. Activity was assayed
under standard reaction conditions, except for temperature. (C) Temperature stability of
rEstBT. Activity was assayed under standard reaction conditions. Reaction mixture was
incubated for 30 min at 20-70°C before adding substrate. Open square indicates no

temperature treatment. Open circle indicates temperature treatment at 20—70°C.
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Bioconversion of Z-MDE-AE to Z-MMD-AE Figure 6A shows
bioconversion of Z-MDE-AE to Z-MMD-AE with 100 mU/mL of the enzymes EstBT,
rEstBT, and PLE. The sequential changes in the production of Z-MME-AE with EstBT,
rEstBT, and PLE were almost the same, and 89 mM [3.5% (w/v)] Z-MDE-AE was
converted to approximately 61 mM Z-MME-AE (conversion rate 69%) in 33 h. On the
other hand, Figure 6B shows bioconversion of Z-MDE-AE to Z-MMD-AE with 100
mU/mL recombinant whole-cell (wet-cell paste), which contains recombinant E. coli
JM109 cells producing rEstBT. For 4 hours from the start of the reaction, the conversion
rate with recombinant whole-cell was almost the same as those with enzymes of EstBT,
rEstBT, and PLE. From the fourth hour onwards, the conversion rate with recombinant
whole-cell was higher than those with EstBT, rEstBT, and PLE. In 33 h, 89 mM Z-MDE-
AE was converted to approximately 81 mM Z-MME-AE (conversion rate 91%) with

recombinant whole-cell.
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FIG 6. Bioconversion of Z-MDE-AE to Z-MME-AE with enzymes at a final activity
concentration of 100 mU/mL.

(A) Bioconversion with purified enzymes. Substrate is 89 mM Z-MDE-AE. Closed circle,
closed triangle, and closed square indicate Z-MDE-AE concentrations of native EstBT,
recombinant EstBT, and commercial PLE, respectively. Open circle, open triangle, and
open square indicate Z-MME-AE concentrations of native EstBT, recombinant EstBT,
and commercial PLE, respectively. Vertical bars indicate SD from three independent
experiments. (B) Bioconversion using recombinant Escherichia coli IM109 producing
rEstBT. Substrate is 89 mM Z-MDE-AE. Closed circle and open circle indicate Z-MDE-
AE and Z-MME-AE concentrations, respectively. Vertical bars indicate SD from three

independent experiments.

Synthesis of ASI-2 by chemical synthesis and bioconversion
ASI-2 was synthesized from diethyl 2-benzyloxycarbonylaminomalonate and ethyl

chloroacetate (Fig. 1), which are readily and economically available starting materials.
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Via bioconversion with recombinant whole-cell producing rEstBT, ASI-2 was
synthesized with a total yield of 55%. On the other hand, ASI-2 was synthesized with a
total yield of 38% via bioconversion with PLE. Using recombinant whole-cell rather than
PLE, ASI-2 was synthesized with a 17% higher total yield. Through the novel method
using the PLE substitute enzyme, which is recombinant whole-cell producing rEstBT,

ASI-2 was synthesized.

Discussion

PLE is one of several valuable esterases (4,10—13) used in manufacturing
industries, and the most useful esterase for process chemistry, including the synthesis of
ASI-2 (14). However, commercial PLE has the drawback that the activity is different
between various batches, since commercial PLE extracted from porcine liver tissue has
different ratios of esterases (15) and contains a plurality of isoenzymes (a, B, and y-PLE)
(16). To address the problems associated with heterogeneous commercial PLE, many
studies involving the production of recombinant y-PLE have been reported. However, the
activities of whole-cell are low for industrial applications.

I screened a PLE substitute enzyme that hydrolyzes Z-MDE-AE asymmetrically
and is produced via recombinant techniques in E. coli. B. thuringiensis NBRC13866
hydrolyzed Z-MDE-AE asymmetrically and the optical purity of the product was 99.9%
ee, while B. thuringiensis NBRC3951 and NBRC101235 from our bacterial library
exhibited no hydrolysis activity of Z-MDE-AE. This might be due to differences in the
membrane permeability of the substrate, expression levels of esterase gene, and substrate
specificity of esterase among these strains. The freeze-dried cells and crude extracts of B.

thuringiensis NBRC13866 hydrolyzed Z-MDE-AE, whereas wet cells of B. thuringiensis
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NBRC13866 exhibited no hydrolysis activity of Z-MDE-AE. Z-MDE-AE might have
poor membrane permeability in B. thuringiensis NBRC 13866 since it is a gram-positive
bacterial species.

To identify the enzyme that hydrolyzes Z-MDE-AE to Z-MME-AE
asymmetrically, an enzyme purification protocol was performed. Fig. 2 shows that
proteins in the Benzamidine Sepharose step displayed the single protein band on the SDS-
PAGE, suggesting that EstBT was purified from the crude extracts of B. thuringiensis
NBRC13866 by six purification steps. In the first step of enzyme purification, which is
the ammonium sulfate precipitation step, the specific activity did not increase, although
this step was indispensable as biological substances other than proteins (e.g., lipids,
sugars) might be removed at this time. The subsequent DEAE Sepharose step (through)
was required. This is likely because many enzymes that interact strongly with DEAE were
present in the active fraction of ammonium sulfate precipitation. In all purification steps,
no activity of EstBT was detected without surfactant. Due to the absence of surfactant, it
may be that the resin and EstBT directly interacted and the structure of EstBT was
denatured (4). On the other hand, in the enzyme reaction, the activity of EstBT was
detected with or without surfactant. This result suggests that EstBT is stable in aqueous
solution with or without surfactant.

One of our research objectives is to obtain the gene of a PLE substitution enzyme
that can be overexpressed in E. coli. To construct estBT expression vectors in E. coli, the
nucleotide sequence of estBT was determined (Fig. 3). Homology search based on the
determined sequence suggests that EstBT is a novel enzyme (Table 2) and contains a
conserved serine protease motif (G-X-S-X-G) (9). During enzyme purification (Table 1),
EstBT was purified with Benzamidine Sepharose, which is a carrier for the purification

of serine proteases, suggesting that EstBT is a serine protease.
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Two kinds of the recombinant E. coli IM109 cells were constructed. The
recombinant E. coli IM109 cells expressed the estBT gene in a soluble form, which is
consistent with the predicted molecular weight. The production levels of rEstBT and
rEstBT-full, which were produced in recombinant E. coli IM109 harboring pBTEST38
and pBTEST12, were 5.9+0.5% DCW and 5.5+0.8% DCW, respectively. These results
suggest that the estBT gene was overexpressed in E. coli IM109.

The relative activities and the optical purities between native EstBT, rEstBT,
rEstBT-full, and PLE were compared. The relative activities and the optical purities
between native native EstBT, rEstBT, and rEstBT-full were nearly identical, suggesting
that native EstBT, rPLE (truncated recombinant EstBT), and rEstBT-full (full-length
recombinant EstBT) have the same activity. The relative activity of PLE was only 1.7
times higher than those of the other enzymes and the optical purity of PLE was lower than
those of the other enzymes. These results suggest that rEstBT is the PLE substitute
enzyme. However, I cannot explain the effect due to the difference of 40 amino acid
residues between rEstBT and rEstBT-full. Due to the low solubility of Z-MDE-AE
[<0.05% (w / v)], parameters (€.g., kcat, Km, O kcat/Km) of enzyme reaction could not be
determined. In addition, substrate inhibition was not observed in 4% (w/v) Z-MDE-AE.
This may be due to the low concentration of Z-MDE-AE dissolved in the reaction solution.

Bioconversion of the prochiral ester Z-MDE-AE to the optically active
carboxylic acid Z-MME-AE is the key reaction in this process, since Z-MME-AE is
synthesized at a theoretical yield of 100% (Fig. 1). For bioconversion of Z-MDE-AE to
Z-MME-AE, the optimal reaction conditions of EstBT using recombinant E. coli JM109
producing rEstBT were investigated. The optimal pH, maximum reaction temperature,
and stable temperature were 7.0, 30°C, and 30°C or less, respectively, which represent

neutral pH and ambient temperature. These results suggest that EstBT is suitable for
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bioconversion.

Using enzymes (EstBT, rEstBT, PLE, and recombinant whole-cell producing
rEstBT) at a final activity concentration of 100 mU/mL, bioconversion of Z-MDE-AE to
Z-MME-AE was performed. For 4 hours from the start of the reaction, the Z-MME-AE
concentrations among these enzymes in recombinant whole-cell were almost the same.
These results suggest that there is almost no issue of membrane permeability of Z-MDE-
AE and Z-MME-AE when recombinant whole-cell is used. From the fourth hour onwards,
the Z-MME-AE concentration with recombinant whole-cell producing rEstBT was higher
than that with the purified rEstBT. This result suggests that rEstBT is more stable in the
cell than the purified rEstBT, and there is nearly no issue of compound stability of Z-
MDE-AE and Z-MME-AE when the recombinant whole-cell is used. In addition, since
cultured cells can be directly used for bioconversion, rather than purified enzyme, the
synthesis process of Z-MME-AE is simplified. Moreover, the sequential changes in the
production of Z-MME-AE with EstBT, rEstBT, and PLE were nearly identical. This result
suggests that enzyme stabilities of EstBT and rEstBT are nearly identical to that of PLE.
At 30 hours from the start of the reaction using enzymes, compounds presumed to be
decomposition products of Z-MME-AE were detected, although the structures could not
be determined. If the cause of this decomposition is clarified, it may be possible to
synthesize Z-MME-AE via bioconversion at a conversion rate of 100%.

Numerous reports (17-23) have shown efficient methods to produce a wide
range of optically active molecules using commercial PLE. In this study, we used
recombinant whole-cell produced rEstBT, rather than PLE, to synthesize ASI-2 with a
17% higher total yield. This may be due to the fact that the yield was 20% higher in the
bioconversion of Z-MDE-AE to Z-MME-AE (Fig. 6). In addition, Z-MME-AE may have

been lost in the separation of Z-MME-AE from the reaction solution containing

105



recombinant cells after bioconversion. Future studies to investigate the range of substrate
specificity of rEstBT compared to PLE will be conducted using a wide range of molecules.

By making only effective optical isomers for pharmaceutical products, the effect
is often enhanced and side effects are often reduced. As with PLE, EstBT is one of the
useful enzymes in the pharmaceutical industry, since EstBT hydrolyzed Z-MDE-AE
asymmetrically and the optical purity of the product was 99.9% ee.

In conclusion, a novel esterase EstBT, which is the PLE substitute enzyme, was
identified and produced stably in E. coli. Using a novel method that combines chemical
synthesis and bioconversion using recombinant whole-cell produced rEstBT, the

pharmaceutical intermediate ASI-2 was synthesized efficiently.
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SUMMARY

(R)-2-amino-2-ethoxycarbonylsuccinimide (ASI-2) is a key intermediate used in the
pharmaceutical industry and is valuable for the industrial synthesis of ranirestat, which is
a potent aldose reductase inhibitor. ASI-2 was synthesized in a process combining
chemical synthesis and bioconversion. Bioconversion in this study is a key reaction, since
optically  active carboxylic acid derivative  ((R)-1-ethyl hydrogen  3-
benzyloxycarbonylamino-3-ethoxycarbonylsuccinate, Z-MME-AE) is synthesized from
a prochiral ester, diethyl 2-benzyloxycarbonylamino-2-ethoxycarbonylsuccinate, Z-
MDE-AE, at a theoretical yield of 100%. Upon screening for microorganisms that
asymmetrically hydrolyze Z-MDE-AE, Bacillus thuringiensis NBRC13866 was found. A
novel esterase EstBT that produces Z-MME-AE was purified from Bacillus thuringiensis
NBRC13866 and was stably produced in Escherichia coli IM109 cells. Using EstBT
rather than porcine liver esterase (PLE), ASI-2 was synthesized with a 17% higher total
yield by a novel method, suggesting that the esterase EstBT is a PLE substitute enzyme

and therefore, may be of interest for future industrial applications.
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CONCLUSIONS

As described in the GENERAL INTRODUCTION, environmental aspects are
emphasized in addition to production costs in the manufacturing industries. Many
production processes using bioconversion reactions occur at ambient temperature and
pressure, and are good for environmental conservation. Therefore, I developed processes
producing the pharmaceutical intermediates using bioconversion.

Many Rhodococcus strains contain diverse enzymes that are beneficial for
manufacturing industries. In particular, Rhodococcus erythropolis tolerates organic
solvents and is utilized in the industrial production of chiral building blocks,
pharmaceuticals, and chemicals. Since genetic tools are needed to further analyze and
utilize Rhodococcus in manufacturing industries, the novel Rhodococcus expression
system was constructed as described in CHAPTER 1.

In CHAPTER I, two plasmids, pRET1100 and pRET1200, were isolated from R.
erythropolis 1AM1400. pRET1100 carries the repT gene, which code for a cryptic
reprication protein. On the other hand, pRET1200 carries the rep4 and repB genes, which
are highly homologous to pN30 from R. erythropolis. Since the new cryptic pRET1100
plasmid is the compatible and stable plasmid, pRET1100 is useful for co-expressing
multiple genes.

Using the pRET1100 plasmid, the pRET1172 plasmid carrying repT gene, aadh
gene, and the strong promoter 7RR was constructed for expressing aadh gene in many
actinomycete strains. The pRET1172 plasmid was transformed into 22 types of the
actinomycete strains. The AADH activities of all strains transformed with the plasmid
pRET1172 were higher than those strains transformed with the pRET1102 plasmid.

Deleted the aadh gene from pRET1172, the Rhodococcus expression vector pRET11100,
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which expresses gene in many actinomycete strains, was constructed.

In CHAPTER II, bioconversion processes producing the pharmaceutical
intermediates were developed. In SECTION 1 of CHAPTER II, process producing PM
from PN was developed using the Rhodococcs expression vector pRET11100.
Approximately 145 mM PM was produced from 200 mM PN through PL demonstrating
a bioconversion rate of 75%. Moreover, recombinant R. erythropolis overexpressing pno
produced approximately 450 mM PL from 500 mM PN without chaperonins.

In SECTION 2 of CHAPTER II, the novel method of producing the
pharmaceutical intermediate R-CM from CMM by the bioconversion was developed
using the novel esterase EstE. R-CM was produced at conversion rate of 49% and at
optical purity of 97% ee from 10% CMM in 24 h with 0.45 mg-dry-cell/L recombinant .
coli JIM109 cells. Since (S)-2-chloromandelic acid is racemized in the presence of sodium
methoxide easily, unreacted (S)-2-chloromandelic acid is able to be reused for a
bioconversion, and the method is efficient.

In SECTION 3 of CHAPTER II, the novel method of producing the key
intermediate ASI-2 in the process in which bioconversion and chemical synthesis are
combined was developed using the novel esterase EstBT that sbstitutes for PLE. Using
EstBT rather than porcine liver esterase (PLE), ASI-2 was synthesized with a 17% higher
total yield

In conclusion, the novel Rhodococcus expression system that is useful for
bioconversion was constructed and processes producing the pharmaceutical intermediates,

PM, R-CM, and ASI-2, using bioconversion were developed.
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