Basic Questions

Ch.3 Biomolecules

. What kinds of molecules are present in cells?

. What are the structures of these molecules?

. What forces stabilize their structure?

. What are their chemical properties? How
reactive are they?

How do they interact?

Concepts for review
Bonding of carbon with itself & other elements

Functional groups in organic and biological
molecules

. 3D structure and stereochemistry

Effect of structure on reactivity

. Common classes of chemical reactions which

occur in living organisms

Biomolecules (amino acid s, sugars, lipids, etc)
congructed primar ily from a few simple compaunds

Element Mol. Wt.  No. bonds

Carbon 12 1,2,30r4
Hydrogen 1

Nitrogen 14

Oxygen 16 2

The lightest elements cgpable of forming 1, 2, 3 or 4 bond s

In genadl, the li ghtest elements form t he strongest bond s
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Trace elements (Mg, Fe, Cu, Zn, etc.)

essential for function of certain enzymes

Biochemistry is organized around Carbon

Carbon can form single, double, ard triple bonds
Carbon-carbon bondsare paticularly sade

No ather element can match carbon for the
diversity of gructuresitisable to form

. Linear chans CH;CH,CH,
OH
. Branched chairs CH4-CH,-CH—CH;,

. . ]
. Cyclic, or cage-like structures "1™ 4
A




Free rotation about C-C single bonds

Functional groups determine chemical properties

Most biomolecules are derivatives of hydrocarbons

. Carbon backbones bonded to H atoms
. Very sable
. Unreactive

Replacement of H atomsw ith functional g oups
changes chemical properties
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Double bonds are shorter, and allow
little rotation about the bond axis
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Readions result from interactions between functiond groups

Functional groups

- replaceH atomsin hydrocarbors

- ater electron distribution and geometry,
making molecules morereactive

- often either nucleophilesor electrophiles

- Nucleophiles are rich in electrors
.(O,N,S)

- Electrophilesare electron-d eficient
. (carbonyl carbon, amino groups, €c.) 10

Many biomolecules contain two or more groups
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Chemical characteri stics (sol ubility, reactivi ty, etc.) determineg

by chemistry and 3-D position of functional groups 11

3-dimensional structure also critical to function

Perspective  Bdl and Stidk Space filling
(bond angles and len gths)  (van der Waals radii)

Models help visualize molecular structures
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Biomolecules commonly exist as Steregisomers

COO- COO”
N Gt Hip CeatlNH, -
L-Alanine D-Alanine

Bonding the sam e, spatial relationship different

In most cases, only one forms is biologically active
(stereogecificity)
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Configurational isomers can't be interchanged
withaut breaking a covalent band
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$Q
% & go

Cis-Trans isamers. arrangement
with respect to non-rotating double bord
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Stereochemistry : configuration and confamation
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Configuration = spatial

Conformaion = spatial
arrangement around

arrangement around freely
doubl ebonds and chird rotating groups
centers 14

Carbons bonded to 4 different substituentsare
asymmetric
@)
CoO

OHe-C=alH- G

©

Asymmetric carbors ar e called chiral centers

Most biomolecules are asymmetric

Chiral Centers may be arranged in 2 (configuraions),
yielding 2 gdereoisomers

i
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Some stereoi somers are mirror images of one another -
“enantiomers’ - which are non-superimposable 17
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Enantiomers have nearly identical chemical properties

Enantiomers (mirror images) Enantiomers (mirror images)

CH, CH, CHy

W= e ey H-é-—x x-—%-u go ) H-—(T'—x
M-—C—H - He—Cc—§ |#H—C—¥ M—C—H
g 39 by 08 52

I — H

CH,

Diastereomers (non—mirror images)

Stereoisomers not mirror images of each other =

diastereoisomers 8




Biological inter actions are stereogecific -
stereochemical identification must be unambiguous

LUhsriins e | merarrocw e
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RSnomenclatu re useful f or compaunds
with > 1 chiral center 19

NETactoNs DEW een DIOMOIECUTES are
ster eospecific

.

Enzymes distinguish between steri oisomers -
binding sites complementary to only one chird form 21

Confarmation - arrangement o freely rotating groups
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Many conformations are posdble

Functioral groups may limit the number of gable ones
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Example - receptors for taste

NH,
ooe, bHN o ooe, N o2
CH; C . ﬂC\ OCH; CH3 [9} J,(‘\ OCH,
CH, H H (IHz
/é\ /C§
B g
HE A He_ on
H H
L-Aspartyl-i-phenylalanine methyl ester L-Aspartyl-p-phenylalanine methyl ester
(aspartame) (sweet) (bitter)

(b)

Chemical Reactivity

Biochemical reactions na fundamentally
diff erent from other chemical reactions

Functional grou ps alter the electron distribution and
geometry o neighboring atoms

Most cellular reactiors are of only a few general types
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Bond grength depends on electronegativity - the

relative affinity of an element for its electrons
3=2

The Electronegativities of Some Elements

Element Electronegativity”
F 4.0
0 a5
o 30
N 30
Br 28
k) 25
c 2.8
{ 2.5
Se 24
P 21
H 21
Cu 13
Fe 18
Co 18
Ni 18
Mo 18
In 16
Mn =]
Mg 12
Ca 1.0
Li 10
Na 0.9
K 08

“The higher the number, the more electronegative (the greater
the efoctron affinity of) the elsment
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Number of shared electrors a0 influencesbond strength

Strengths of Bonds Common in Biomolecules

Bond dissociation Bond dissociation

Type of bond energy* (kJ/mol) Type of bond energy (kJ/mol)
Single bonds Double bonds
0—H 461 =0 712
H—H 435 C=N 615
P—0 419 c=C 611
C—H 414 P=0 502

=
I
ES

389

352 Triple bonds

348 c=c 816
339 N=N 930
293

260

222

214

7390792
batrbd

|
3

*The greater the energy required for bond dissociation (breakage), the stronger the bond.

Bond energy - energy required to break a bond

Difference between energy required to break a bond
and energy released upon formation of new bond =
enthalpy charge (AH)

Net heat absorption = endathermic (A H+)
Net heat loss = exothermic ( A H-)

Enthalpy , Temperature (T) and Entropy (S)
determine free energy change

AG= AH-T-( AS) .

Biochemical transformations
5 general types

(1) Oxidation-Reducti on

(2) Cleavage/formatio n of Carbon-Carbon bonds
(3) Interna rearrangements

(4) Group transfers

(5) Condensations reactions (monomers to polymers)
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Oxidation states of Carbon in biomolecules

CH;—CH Allimr
CHy—CHOF Mhohod
1
CH—1 Abdedide
I:
1
CHy— 1 Carkmytic and
H
L Lirtas desinb

Going from lower to higher oxidati on state invol ves loss of
eledrons - generdly exergoni c (enagy-releasing) 28

(1) Oxidation - Reduction Reactions
Every oxidation mug be accompanied by areduction

+ =

oH 2H™ + 2¢ -

[ 7 N 7
CH;—CH—C CH;—C—C
N N

(@] (6]

2HT +2e~
Lactate lactate Pyruvate
dehydrogenase

Reduction readtions transfer electrons to e acceptors
(findly to O, -» H,0)

In many oxi dation-reducti on reactions2 e’'sand 2 H*'slost

(Déhy drogenation) 29

(2) Cleavage/Formation of C arbon-Carbon baonds

Homolytic _é_(\j_ s —Cl - .(lj_
cleavage [

Carbon radicals

Heterolytic _cl_é_gx —C: + 0—
cleavage [ | |

Carbanion Carbocation
Breakage of covalent bonds

- Homolytic cleavage - carbon radicals (rare)
- Heterolytic cleavage - anionsand cations 4,




N ucleophilic substitution

| |
—C:W+Z:— —C:Z+W:

I

Leaving Nucleophile
group

Second e-rich group replaces the departing car banion
31

Many biochemical reactions ' sume rurctonat arous pete s

Nucleophiles within Cells’

involve interactions between v o

nucleophiles and i i

electraphiles ro )
Sulfhydryl RSH
Sulfice RS

Nucleophiles functional Aino i,

groups with Oxygen, wcl)

Nitrogenor Sulfur .
Imidazole J\"\/’\NH

)

Inorganic orthophosphate o—b—oH
o

Electrophiles H*, Metal ions

(3) Internal Rearrangement Reactions
Redistribution of e’ sresultsin:

- |somerization
_ transposition of double bonds

_ cistransrearrangements of double bonds
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“Listed in order o ng strength, Weaker nuclaophiles
make better laa
32
I somerization example:
- C; reduced (aldehyd e converted to alchohol )
- C, oxidized (alchohol coverted to ketore)
H OHH H H o H OHH H H 0~
. . | [ |
Hiﬁicwc—(:—(,—c—o—p—o Hic_iﬁvc:—c—c—( —0—P—0"
O OB OHOME b OHO B OHOHH &
Glucose 6-phosphate Fructose 6-phosphate
(a)
Trangoodtion and cistrans rear rangements of
double bords frequently occu r during metabdism
of fatty acids (lipdsg)
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(4) Grouptrander reactiorns

Comm on theme - “Activation” of metabolic
intermediates for subsequent reaction

(o] (0] (0]
I I I

(© [ Adenine |- Ribose -O—P—0—P—0—P=0" HO—R
(‘), 0 o Glucose
ATP
P9 f
Adenine H Ribose *O*I"*O*Il’fo + O*f"*O*R
o (O 0
ADP Glucose 6-phosphate,
a phosphate ester

Attachment of a phosphoryl group makes hydroxyl

(-OH) substituent a much better leaving group 35

Phosphoryl groups not only activators of thistype:

- Sulfur
. (Thiols Thioesters)

- Nucleotides
- (ADP-glucose, CDP-diacylglycerol)

- tRNA (protein synthesis)

- Biotin (CO, activation)

36




(5) Condensation reactions - Formation o Biopolymers

he My -

Elrnguied palypspgds=is

Monomeri c subunits - proteins, nucleic adds, polysacchaides

joined by nucleophillic displace ment reactions .

Macroma ecules and their Monomeric Subunits

Level 4: Level 8: Level 2: Level 1

The cell
and its organelles complexes

&n

Amino acids

@

/A

Synthesis of macromoleculesisam gjor
energy-corsuming activity of cells 39

Macromdecules braken down by hydrolysis
reactiors - H, O is the attacking nucleophile

(c) A

RL-NH— CH;—C Py

1 NH— CHy— C\

Ho0: — NH—R?
Polypeptide

vz ~ Vi
R—NH—CHy—C, + N—CHy C
/ ™ 9
OH H NH—R

Two peptide fragments

Enzymatically catalyzed by Hydrolases

Classs of macromolecules

Proteins
- Polymes of amino ids
- Largest fractionof cdl corstituents eter water
- Erzymes, structurd elemerts, signd receptors, ec.

Nucleic Acids

- Polymes of nudeotides

- Store(DNA) and transmit (RNA) geneticinfamation

- Strudurd rolesinmacromolecular complexes (IRNA, tRNA
Polysaccharides

- Polymersof monosaccharides(simple sugars - ducose)

- Energy-yieldirg fuel staes (glycogen, starch)

- Extracellular structural elements (cellul cse) 40

Classs of macromolecules

Lipids
- Qilyhydrocarbon derivatives

- Erergy-richfoad stores (triecylglerd s“fat”)
- Pigments ard intrecellua sigrels (reti nel, phosphd rnositol)

Macromol ecules are synthesized through
Condensation Reactions

a

- Strudurd dements of membranes (fatty adds, phaspholipidg

The monomeric subunits are few in number
and identical in al living species
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Amino Acids
- 20tad
- Ami o group, Caboxyl group an d pha-Carbon
- Uniqueside chans (acidic, basic, hydrophobic, hydrophilli




The components of nucleie acids Some components of lpids
o 00H  C00H
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1 or morelong chain fatty acids
Many contain 1 or more-OH groups (e.g. gylcerol)
Some conta n phosphate or nitrogeneous groups a4

g N | PR A ViR v
Hn‘-«"‘\ig I—L\!’(L\L‘:—cn‘ e ;m[ "‘.u, . s
Nucleotides | 3" 5.0 "™ .
N7 TeH H H CH,OH o "
SEOHH B OFE
3 . b
Ho—%l—ou p,  Polmitic acid
| Pecshteasd | O ot
3 Components ® ‘ ‘ @
(1) Nitrogeneausbase (Adenine, Guanine, Cytasine, Thymine
(DNA), U racil (RNA)
(2) 5-Carbonsugar: Deaxyribose (DNA) a Ribcse (RNA)
(3) Fhosphate group a3
Pdysaccharides
1he parad sagar
EHIIH
! O
kK P ]|
1l -"._.'“ il
- [E )
4
Primarily glucose monomers
Starch, glycogen, cellulose
Fuel sores end structural elements
Other polymers contain chemically modified
monomers (chitin, peptidoglycans etc) 45

~ 36 organic molecules form the bulk of biomolecules

20 amiro acids

8 Nucleotides (4 deoxyribo-, 4 ribonuclectides)
- 5 nitrogeneous bases2 5-carban sugars
Glucose

~5fatty acids

- (stearic, palmitic, oleic, linoleic, lindenic)
Glycerd

Phogpharic Acid

26

Each compound isaprecursar of many other
kinds of biomolecules

Proteins
R acid Peptide hnrm_ones
Neurotransmitters
Toxic alkaloids
Nucleic acids
Adenine é ATP
Coenzymes
Neurotransmitters
Membrane lipids
Palmitic acid < Fats
> Waxes

Cellulose
Starch
Fructose
Mannose
Sucrose
Lactose

Glucose

a7

Macromol ecular syntheds and freeenergy (G)

Level 4 Level 3: Level 2: Level 1t
The cell units
and its organelles complexes

Chromosome

Amino acids

—/}
% &

Plasn

S )\b \@@

s oy,
Cellwall | e gy

Subunit condensation creates order and requiresenergy
48




Free energy change. AG= AH-T:( AS)

- H = enthalpy : number and kinds of bonds
braken and re-formed

- S =entrgoy : randomness of sysem
comporents

- T = abolute Temperature (K°)
Reactions spontaneousif G <0 49

Macromdecular syrthesis increases order -

free energy mu g be supplied

Synthesis coupled to exerganic reactions:
- hydrolysisof ATP

- “ tRNA-amino acid linkages

- ADP-ducose linkages
- etc.

Net G charge in _coupled reactionsis <O

Pre-biotic evolution -
“RNA World” Hypothesis

Selective replication of self-duplicating
catalytic RNA segments

‘Synthesis of specific peptides,
catalyzed by RNA

Tnereasing role of peptides in RNA repl
coevolution of RNA and protein

|

lation system develops,
nd RNA-protein catalysts

|

lication;

Genomic RNA begins to be copied into DNA

|

Summary

Living méter - low atomic weight elements
(HON,CSP)

Bonding verstility of Carbon - maost importart
element in biochemistry

Moast biomoleculesare derivatives of hydrocarbons
with avariety of attached functional groups

Biochemistry is three-dimensional - configuration
and confamation play acrucia roleinfunction 5,

- Most biomolecules are asymmetric - one chiral
form found in nature

- Biochemical reactions fundamentally similar to
other chemical reactions

- Bond enegy- size and dectronegaivity of dements

. 5 general typesof chemical trandormations
- Oxidati on-Reduction (e- transfer)
- Breakage and Fommation of Carbon-Carbon bonds
- Rearrangements (isomeri zation, double bonds)
- Group transfa's (“acti vation™)

- Condensaion (macrom ol ecul e synthesi/breakdown)
53

. Macromalecules are the major consituents of cells

- Prote ns, Nucleic aids, polysaccharides, lipi ds
(membranes)
- Composed of smdl monomeric sub units
. Amiro cids
- Nucleotides
. Morpsaccharides
. Fetty adds

. Synthesis creates order and requires energy

- Couplingexergonicreections tosynthesis
- (ATP,tRNA hydrolysi s, etc.)

. First macromolecules - RNA? 54




