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General properties of proteins

* The function of proteins depends on their ability to bind other molecules
(ligands).

@ Ligand: a substance that forms a complex with a igana 23(
biomolecule, usually via non-covalent interactions,

to serve a biological purpose.

@ Two properties of a protein characterize its interaction
with ligands: B

@ Affinity: the strength of binding between a protein and
other molecules.

@ Specificity: the ability of a protein to bind one molecule
in preference to other molecules.




What are enzymes?

biological conditions.
» Exception: ribozymes (to be discussed)

* In enzymatic reactions, reactants are known as substrates.

@ Most enzymes have very specific functions
in converting specific substrates to products.

@ Enzymes are catalysts.

@ They exist in small amounts relative to
the reactants.

@ They increase the rate of a reaction.

@ At the completion of the reaction, they
revert to their original structure.

* Enzymes: Specialized proteins that accelerate (catalyze) chemical reactions under
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How can we express an enzymatic reaction?

* Simple expression of enzymatic reaction:

E+SSESSEPSE+P For further simplicity: E+ S SESS E+P

E = free enzyme; S = free substrate, ES = enzyme-substrate complex; P = product of the reaction;
and EP = enzyme-product complex before the product is released

Enzyme changes shape Products
Substrate slightly as substrate binds ‘

{ Active site

=

N [

= =

Substrate entering Enzyme/substrate Enzyme/products Products leaving
active site of enzyme complex complex active site of enzyme




What do enzymes do?

* Enzymes accelerate reactions (usually within a range of 10° to 10%4).
e Example: Catalase (108) & carbonic anhydrase (10°)

Do not memorize

Carbonic anhydrase

* Carbonic anhydrase: (O, + H,0 > HyCO;

* One enzyme molecule hydrates 10°® molecules of CO, per second (versus 1 per 10 seconds for
uncatalyzed reactions)

Catalase
e Catalase: 2H,0, = >2H,0+ 0,(g)

Reaction Conditions Relative Rate

No catalyst | Do not memorize
Platnum surface 277 X 10*
Catalase 6.51 X 108




Where does the reaction occur?

* Each enzyme has a specific three- ¢ The active site contains a
dimensional shape called the specialized amino acid sequence
active site (a region where the that facilitates the reaction.
biochemical reaction occurs).
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Catalytic and binding groups

* Within the active site are two sub-sites: the binding
and catalytic sites.

* The catalytic site contains amino acid residues
(catalytic group) that carry out the actual reaction.

* In some enzymes, the binding and catalytic sites are
the same.

Catalytic site
Binding | Where reaction
Site ] / occurs
holds
substrate
in
place Substrate

ACTIVE SITE




A regulatory site(s) can also be present.

* Binding of a substrate into the active site can be regulated by a requlatory site
that is bound by a regulator (activator or inhibitor) of either the catalytic
activity of the enzyme or the binding of the substrate.
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Inhibitor Regulatory _— <«— Activator

site
‘OFF’ ENZYME ‘ON’



Binding specificity

* The specificity of enzymes is due to their precise interaction of active sites
with their substrates.

Broad,
Nonpolar

Negatively
Charged
Bottom
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Trypsin Chymotrypsin

Lysine
Arginine



Features of active site 1

* |tis internal relative to the enzyme and looks like a canal




Features of active site 2

* |tis a three-dimensional pocket formed by amino acid groups that come from
different parts of the primary structure usually forming a domain.

Hexokinase




Features of active site 3

* The amino acid residues can be nonpolar and polar.
* Water is usually excluded unless it is part of the reaction.

* Substrates bind to enzymes by multiple weak attractions.

g 21 Leuoas
Camphor (substrate)
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Features of active site 4

* Binding of substrates to active sites occurs at minimally three points.
* Chirality determines specificity.
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Features of active site 5

* It is small relative to the total structure of an enzyme.
* The “extra” amino acids create the 3D active site.

The remaining amino acids may Substrate = H0
make up regulatory sites.
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How do substrates fit into the active
site of enzymes?



The two models

Lock-and-key model

* Here, the substrate fits directly
into the active site.

Lock-Key Complex

* Lactate dehydrogenase

NADH + H* Ne\D+

COO™ COO™
C=0 = e HO-C-H
CH y CH
. NADH + H* NAD* 2
Pyruvate Lactate

Induced fit model (more favored)

* Enzymes are flexible and active
sites can be modified by binding
of substrate.

* Hexokinase

o
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How do enzymes accelerate
reactions?



Types of energy

* There are two forms of energy
e potential - capacity to do work (stored)
 kinetic - energy of motion

* Potential energy is more important in the study of biological or chemical
systems.

* Molecules have their own potential energy stored in the bonds connecting
atoms in molecules.
* It is known as free energy or G (for Josiah Gibbs).
* |t is the energy that is available for reactions to occur.



Free energy (G) and reaction types

The difference between the free energy values
between reactants and products (free-energy change

AG =G

products ~ “reactants

Reactions are exergonic, endergonic, or at equilibrium.

*Bond Energies,
D, (kJ/mol)

C—H
C—C
C—N
C—O

‘ Do not memorize

Reactants

Free energy —»

Progress of the reaction

Y

(a) Exergonic reaction: energy released

Energonic
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Progress of the reaction

A\

(b) Endergonic reaction: energy required




What does it mean?
AG =G G

products  “reactants
If AG is negative, G, oqycts IS less than G, ..., energy is not needed to drive the reaction,

but is released, making the forward reaction (from left to right) spontaneous (the reaction
is called exergonic).

If AG is positive, G, q,cts IS MOre€ than G, .0, an input of energy is needed, making the
reaction not spontaneous (the reaction is called endergonic).

* The reverse reaction is exergonic and, thus, spontaneous.

If AG is zero, both forward and reverse reactions occur at equal rates; the reaction is at
equilibrium.

What happens to the energy? Released Absorbed

AG Negative Positive

Energy of reactants Higher than products Lower than products

Input of energy Not required Required

Spontaneity Spontaneous/favorable Unspontaneous/unfavorable

Exothermic or endothermic Exothermic Endothermic



Spontaneous vs. instantaneous

Spontaneous means naturally occurring, and instantaneous means occurring right away.

* The term spontaneous in chemistry has nothing to do with how fast or slow a reaction or
process takes place. It concerns the direction in which a reaction or process can change,
given a set of starting conditions.

The simplest examples are phase changes, such as water going between liquid and solid. For
water, we can write:

I_Izoliquid < Hzosolid

Below 0°C, the equilibrium lies to the right, so we would say the left-to-right process is
spontaneous, whereas the right-to-left process is non-spontaneous.

Above 0°C, the right-to-left process is spontaneous, whereas the left-to-right process is non-
spontaneous.

At the phase transition temperature, 0°C, left and right are equally favored, so the reaction is
at equilibrium.




Transition state

* Any reaction goes through a transition state
molecule (ES) that has a higher free energy
than does either S or P.

* The difference in free energy of the transition
state and the substrate is called the activation

ene rgy' Reactants

» The configuration of the transition state
molecule is most unstable and has the highest

activation energy.

Exergonic reaction Endergonic reaction
AG <0 AG >0
Reaction: HO" + CH;Br - [HO---CH;---Br]* - CH;OH +Br

Gibbs Free Energy

Products

Reaction Coordinate

The free energy of the transition
reactants r | ~ products state is higher than that of the
““““ reactants substrate or the product.

products

Energy
Energy

Reaction progress Reaction progress
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What do enzymes do?

Enzymes lower the activation energy of the transition
state or, in other words, enzymes facilitate the formation
of a transition state at a lower energy.

Exergonic Reaction: Endergonic Reaction:
Energy Released, Spontaneous Energy Required, Nonspontaneous

Activation Energy of
Uncatalyzed Reaction

Activation Energy of
Catalyzed Reaction
Products

Free Energy (G)

Products

Progress of the Reaction (Time) Progress of the Reaction (Time)

Free energy —

Transition state, 5%

At {uncatalyzed)
-~ Ty,
e AGH (catalyzed)
-: L L
Substrate

e — = — — e e e = e = = — = = — = =

Reaction progress —s




Alternative pathways

* Substrates often undergo several
transformations when associated
with the enzyme and each form has
its own free energy value.

* The activation energy corresponds to
the intermediate with the highest
free energy.

* The energy of activation does not
enter into the final AG calculation for
a reaction.

 AG of the reaction does not change.

Free energy, G

Transition state (%)

Reaction coordinate

TS,
A TR

A G?""..

Standard free energy

initial state

final state

Course of reaction



How do enzymes catalyze reactions?

* Enzymes place substrates proximal to each other.
* Enzymes orient the substrates inside the active site in the best possible fit.




Catalytic strategies

* Enzymes use different strategies to catalyze reactions such as:

Straining the bonds within the substrates, making them easier to break

Driving acid/base reactions, usually involving a proton donor/acceptor such as
histidine, serine, etc.

Covalent catalysis, where the substrate is covalently linked to an amino acid side
chain at the active site of the enzyme during the course of the reaction.

Metal-lon Catalysis, where enzymes contain metal ions to drive catalysis.

Cofactor Catalysis, where a cofactor is needed for an enzyme to form a covalent
bond with the substrate during the course of the reaction.

Enzyme Enzyme Enzyme

Substrate Transition

State . Product

: » H* +
5 T R2—NH,




Classification of enzymes



Enzyme Classification (structure)

e Simple vs. complex (conjugated)
* Holoenzyme (catalytically active) vs. apoenzyme (inactive)

Substrate
Coenzyme
+ 5 ; 2 «)—’
SV
Apoenzyme Cofactor Holoenzyme
(protein (nonprotein (whole
portion), portion), enzyme),

inactive activator active



Naming of enzymes

* In general, enzymes end with the suffix (-ase).

* Most other enzymes are named for their substrates and for the type
of reactions they catalyze, with the suffix “ase” added.

 ATPase breaks down ATP.

, TR B
 ATP synthase synthesizes ATP. “;“';;,
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Enzyme classes according to function

* Enzymes are classified into

SiX major groups:
* Oxidoreductases

Transferases
Hydrolases
Lyases
Isomerases
Ligases

Examples: ABC-type

atalyze the movemnent ofions or

transporters

C
molecules across membranes or
thexr separation in membranes.

Examples: synthases,

Catalyze the jnction of
two molecules.
carboxylases, ligases

Catalyze geometric ot
structural changes in
one molecule.
Examples: racemases,

epEnerases

Catalyze oxidoreduction
reactons

Examples: dehydrogenases,
oxidases, reductases

ECI]
idoreducta

EC7
Translocases

Enzyme

ECS
Isomerases

Catalyze groups transfer
Examples: transaldolases,

methyltransferases,
UANSAMINAses.

J

fication Catalyze the hydrolytic
EC3 cleavage of C-0, C-N,
Hydrolases C-C.
Examples: ghvcosylases,
peptidases, nucleases

i

Catalyze cleavage of C-C, C—~
C-N, and other bonds by
elmmation

Examples: decarboxvlases,
aldolases

J




1. Oxidoreductases

* They catalyze oxidation/reduction
reactions involving the transfer of

hydrogen atoms or electrons.

* They can be divided into 4 main classes:

* Dehydrogenases
* Oxidases
Peroxidases
Oxygenases
Reductases
Hydroxylases

Oxygenases
. Incorporate oxygen
into organic substrates
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Hydride (H)

la. Dehydrogenases

* Dehydrogenases transfer electrons in the form of hydride ions (H") or
hydrogen atoms using an electron-transferring coenzyme, such as
NAD*/NADH or FADH,.

lactate pyrggg:ce
° . CO0™ |
Lactate dehydrogenase: O e G naonen?
CH
CH3 lactate  °
dehydrogenase
* Alcohol dehydrogenase: H
I 0 :
H,C— C—OH +NAD® =—= |L + NADH + H' Do not memorize
H.c— C— H the reactions but
H ’ understand them
Ethanol Acetaldehyde
* Succinate dehydrogenase
CO0~
FAD FAD H, H CO0-
CH b
(|:H2 e / = ¢
2 inat _ B
éoo- de:;cci::)ngae:ase 00cC H

Succinate Fumarate



1b. Oxidases

e Oxidases cata

yze hydrogen transfer from the substrate to molecular

oxygen producing hydrogen peroxide as a by-product.
* Glucose oxidase catalyzes this reaction:

CH.OH

OH

o-a=-glucose

Glucose + O, 5 Gluconolactone + H,0,

CH,OH CHZOH
O, OH O
' OH + 0y — OH O+ H,0,
OH Glucase O
axidase
oH OH

Hydragan

f:o-glucose Oxygen paglucono:1,5lactone Paroxids




1c. Oxygenases

* Oxygenases catalyze substrate oxidation by molecular oxygen through
introducing oxygen into the substrate.

* The reduced product is water, not H,0,.

C,
Lactate-2-monooxygenase Monooxygenases @ . é + H,0
0 5 +2 [H]
_O)K/ 0—0 J\ 0—C—0 o AG<<0 Monqoxygenase
L, *ooveen oo R IR e vs. Dioxygenase

acetate
(S)-lactate

sfle g unle—
Dioxygenases
2 [H] on 2[H] COOH

7 N\
z —=

Q AG<<0
R
> d
N =0
H

X

Tryptophan 2,3-dioxygenase




1d. Peroxidases

* Peroxidases catalyze oxidation of a substrate by hydrogen peroxide.

* Example: oxidation of two molecules of glutathione (GSH) in the presence of
hydrogen peroxide:

H O
MHS* O éI'\/N Oy M o MHg"
EH ﬁ/l\Aﬂﬁ LHS SH N/\[N\‘FD
| H © o
U tl::HE tl:il 2 x reduced glutathione {GSH)
E MH—CH—C—NH— L":Hg NADP* = ||~ H202
= glutathione reductase glutathione peroxidase
?HE EDU NADPH Hz0 + % 0
CH- _
éH ﬁH Glutathione 0 v o
| iz ; NH3+D¢J’\/N:/i \DJ\:N\/’L\‘@ M H*
EDU DMN 5—S5 NWG
o 0 H I-I| 0 0

oxidized glutathione {G55G)




1f. Reductases

* These catalyze the reduction of substrates.
 Example: glutathione reductase

H,0, H,O
N o M f“w/\ro”
Glutathione Peroxydase (GPx)

H
O O S H @)
Howu N\)J\OH =
NH, O Glutathione Reductase (GR)
PN JY\)L N\)kOH
Reduced Glutathione (GSH)

NADP NADPH

Oxidised Form (GS-SG)



le. Hydroxylases

* Hydroxylases add hydroxyl groups to a substrate.

COOH COOH
H:N—[:—H H,N—[:-H

l Phenylalanine I

[:“I Hydroxylase [:HI

O ¢

Phenylalanine Tyrosine



2. Transferases

* These enzymes transfer a functional group (C, N, P, or S) from one
substrate to an acceptor molecule.

* Example: Kinases (the transferred group is a phosphate)

* Phosphofructokinase catalyzes the transfer of phosphate from ATP to fructose-6-
phosphate:

fructose-
&-phosphate

fructose-
1,&6-bisphosphate



Another example: transaminases

e A transaminase transfers an amino functional group from one amino
acid to a keto acid, converting the amino acid to a keto acid and the
keto acid to an amino acid.

* Interconversion of certain amino acids.
e Aspartate transaminase:

O
Qi 0o HO . o o HO {
HOWOH T r— HOMOH + e
: -
HO

—0
HO

Glutamate Oxaloacelate a-Ketoelutarate Aspartate




3. Hydrolases

* They catalyze cleavage reactions using water across the bond in the form
of OH™ and H* to being broken or the fragment condensations.
* Proteases, esterases, lipases, glycosidases, and phosphatases are hydrolases
named depending on the type of bond cleaved.

» Example: proteases

* Aclass of hydrolytic enzymes is proteases that catalyze proteolysis, the hydrolysis of a peptide bond
within proteins.

i1

Peplide Carboxyl Amino
component component



Specific examples: digestive enzymes

* Proteolytic enzymes differ in their degree of substrate specificity.
* Trypsin breaks up peptide bonds on the carboxyl side of only Lys and Arg.
* Chymotrypsin hydrolyzes peptide bonds involving bulky aromatic amino acids.

 Elastase hydrolyzes peptide bonds involving small, uncharged groups such as
Ala, Val, or Gly.

™
\ Narrow,
\Nonpola

Broad,
Nonpolar

Negatively
Charged
Bottom

Val #216 --( Val #190
O. ,Of Asp #189

Trypsin Chymotrypsin Elastase

Lysine
Arginine



4. Lyases

* Lyases either cleave C-C, C-O, C-N, and other bonds by means other than
hydrolysis or oxidation, leaving double bonds or rings, or add groups to

double bonds without hydrolysis.

@ Dehydrases: Removal of H,O from the
substrate to give a double bond

@ Example: enolase
@ Decarboxylases: Replacement of a carboxyl
group by a hydrogen
@ Example: pyruvate decarboxylase

@ Synthases: Addition of a molecule to a
double bond or formation of a new carbon-
carbon bond.

@ Example: citrate synthase

o

].
1¢c=0 .
E'—O—PZO

2-phosphoglycerate

by
\ X o
H

Phosphoenolpyruvate

O COZ O
&)
0 4.
H3C)H( H3CJ\
O

H
pyruvate acetaldehyde
0=? — Cc00~
CHZ'COO-
. CH,-CDOD™
Oxalacetate Citrate Syntase | 2
= HO—C —CO00~
e | _
? 10' CH2'000
CH3‘C—5 -CoA Citrate

~___

Acetyl CoA

("en" = ene for the C=C
and "ol" is for alcohol



Example: aldolase

e Aldolase breaks down fructose-

1,6-bisphosphate into
dihydroxyacetone phosphate
and glyceraldehydes-3-
phosphate.

o\C /CH20P032‘
HO—C| —H
H—C—OH
H—C —OH
CH,0P0;?-
Fructose

1,6-bisphosphate
(F-1, 6-BP)
Unnumbered 16 p458b

Biochemistry, Seventh Edition
© 2012 W. H. Freeman and Company

o\C /CH20P032“
| Dihydroxyacetone
hosphate
HO—C—H P
" cl (DHAP)
H
Aldolase
— +
Bl
| Glyceraldehyde
H—C —OH 3-phosphate
| (GAP)
CH,0P0;?"




5. Isomerases

* These enzymes catalyze intramolecular rearrangements.

* Enzymes that rearrange the bond structure of a compound are called isomerases,
whereas enzymes that catalyze the movement of phosphate from one atom to another

are called mutases.
* Phosphoglucoisomerase isomerizes glucose-6-phosphate to fructose-6-phosphate.

* Phosphoglycerate mutase transfers a phosphate group from carbon number 3 to
carbon number 2 of phosphorylated glycerate:

H
H, 2 H, POH | O 0N 0 N
B~ \‘c"\) BH ¢’ B: H—C—OH ‘\\‘C;" \\CT’
Hﬁé—OH H* \_/ICI £o)H e C=0 | phosphoglycerate | :
| \ | | H—C;—OH mutase (PGM) H—C,—0PO3
HO’CH e HOCH - HbcH | < = |
Y o S 32 ST .
HCOH HCOH ® HCOH H C|73 OPO;3 H C|13 OH
H3COH HCOH HCOH H H
I
6 2= 2= 2-
CH,0PO; CH,0PO; CH,0PO3 3-Phosphoglycerate 73] TR ——
. Glucose-6-P Fructose-6-P (3PG) (2PG)




6. Ligases

* Ligases join C-C, C-O, C-N, C-S, and C-halogen bonds.

* The reaction is usually accompanied by the consumption of a high-energy compound
such as ATP and other nucleoside triphosphates.

* Synthetases derive the energy from the cleavage of high-energy phosphate bonds.
* Synthases use a different source of energy.

Pyruvate carboxylase

COO

C==0 + CO,+ATP —

CH; Pyruvate

CO0

Oxaloacetate

alc...
1

0 =|I:n—[:.' a!:n::...
0 0=p-0-
CH base O
CH4 base
+ ligase 0 H

OH 4 Q=p-0r

0=p-0- O
0 CH4 basel
CH4 base
- '@H ;

-|,Ij|-| H 'I:I=II='*—D'

0=P-0° Q

1
O atc...

1
atc...




Somethings are just different



Abzymes

M
* Abzymes are antibodies acting as enzymes. %"’W
* They are produced against transition-state analogs. L

* How? A host animal is injected with a transition-state analogue. The
animal makes antibodies against it (binding with high affinity at specific

binding points mimicking an enzyme’s active site surrounding a transition
state.

A
R —
Abzymes with activity similar to cocaine esterase, o
which degrades cocaine, have been developed ’“‘“‘““"“““V \
against analogs of its transition-state complex. o 0 o
Monthly injections are used to treat addicted AN .f’ “
individuals by destroying cocaine in the blood and, /F\ /p\ it
thereby, decreasing their dependence on cocaine. R :‘"“ R NH;
Transition state Substrate hydrolysis

analog



Ribozymes

* Most enzymes are proteins, but RNA
molecules can act as enzymes and are called
ribozymes.

* Some ribozymes are ribunucleoproteins
made of both a protein and RNA, but
catalysis is performed by the RNA part.

* Examples include RNA splicing and protein
synthesis in ribosomes.
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