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7.9: Enzymes

&b Learning Objectives

e Understand enzyme-related terminology, nomenclature, and classification of enzymes.
e Understand the mode of action of enzymes, the factors that affect them, and the inhibitors that retard or damage the enzyme
activity.

Enzymes and the related terminology

Three conditions are necessary for a chemical reaction to happen:

1. Reactants must collide -the more frequent the collisions faster the reaction,

2. the reactant must have proper orientation at the time of the collision -the higher the probability of proper orientation at the time
of the collision, the faster the reaction, and

3. there must be enough energy at collision to surpass the energy barrier, i.e., the energy of activation for the reaction -the lower
the activation energy, the faster the reaction.

Often chemical reactions are possible but so slow that they are practically useless. For example, a reaction between hydrogen H,
and nitrogen N, producing ammonia NH, is possible, but to make it practically useful, high-pressure, high-temperature, and
catalysts are needed.

heat,pressure,catalyst

N,(g) +H,(g) = 2NH,(g) —92 -4kJmol

# Catalyst

A catalyst is a reagent that increases the rate of a chemical reaction without itself being altered in the process.

The catalysts usually increase the rate of chemical reactions by improving the last two factors, i.e., increasing the probability of
proper orientation and providing an alternate route for the reaction with lower activation energy. There are more constraints for
chemical reactions in living things, e.g., the reaction has to occur under physiological conditions of pH ~7.4 and body temperature
~37 °C. Special catalysts called enzymes are used to regulate chemical reactions in living things.

An enzyme is a substance that regulates the rate of chemical reaction in living things without itself being altered in the process.
In other words, enzymes are biological catalysts.

Like other catalysts, the enzymes usually increase the rate of chemical reactions by improving the last two factors, i.e., increasing
the probability of proper orientation and providing an alternate route for the reaction with lower activation energy. The enzymes
achieve the appropriate orientation of the reactants by binding them in a specific region within the enzyme, which has the geometry
of its interacting groups right for securing the reactant in a particular orientation.

# Substrate

A reactant in an organic or biochemical reaction is a substrate.

& Active site

The enzyme's active site is the region within an enzyme where the substrate binds for the reaction.

Enzymes are usually proteins having primary, secondary, and tertiary structures. The active site is usually a small region (10% to
20%) within the enzyme. A few side chains of amino acid residues within the active site participate in the catalytic action, as shown
in Figure 7.9.1. The rest of the amino acid residues define and hold the secondary and tertiary structures.
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Figure 7.9.1: Human carbonic anhydrase II, CAII enzyme (PDB code: 1CA2) showing the secondary structures and the active site.
The active site has a hydrophilic pocket comprising of three histidine residues (green ring with two blue nitrogen per ring) bonded
to Zn?* (gray dot), a water molecule (red dot) also connected to zinc and two threonine and one glutamic acid residues (green with
red tips) above water. A hydrophobic pocket on the right side in the active site comprises two valine (gree Y-shapes) and a
tryptophan (two fused rings, green). (Copyright; Eriksson, A.E., Jones, T.A., Liljas, A.(1988) Proteins 4: 274-282PubMed:
3151019 Search on PubMedDOI: 10.1002/prot.340040406, CCO, via Wikimedia Commons)

Some enzymes need a non-protein part to combine with them for their function.

# Apoenzyme, cofactors, and coenzyme

The enzymes that need a non-protein portion to combine with them for their function are called apoenzymes. The non-protein
portion of the enzymes is called the cofactor, as illustrated in Figure 7.9.2. The cofactor could be a metallic ion, .e.g., Zn*" or
Mg?*, or an organic compound. Organic cofactor is called coenzyme. The apoenzyme and cofactors together are called
holoenzymes, as illustrated in Figure 7.9.2.

+ bl >

Cofactor

Apoenzyme Holoenzyme

Figure 7.9.2: Apoenzyme, cofactor, and their combination, i.e., the holoenzyme illustrated. (Copyright; Moniquepena, Public
domain, via Wikimedia Commons)

Enzymes usually make the reaction happen millions of times faster. For example, one molecule of carbonic anhydrase enzyme,
shown in Figure 7.9.1, can catalyze about one million molecules in one second in human blood by the following reaction.
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Copyright: Synpath, CCO, via Wikimedia Commons.
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Overall reaction: CO, +H,0 = HCOjy +H"

& Selective

A catalyst or a reagent is selective if it produces one product preferentially or exclusively when more than one product is
possibly formed.

Enzymes are not only selective; they usually react with one compound or stereoisomer.

# Stereospecific

Stereospecific catalysts or reagents are those that, when reacting with one stereoisomer, selectively produce a stereoisomer and
either do not react with the isomers of the reactant or selectively produce other stereoisomers from them. Enzymes are usually
stereospecific, i.e., they are selective among reactants and selective among products.

For example, the enzyme arginase is stereospecific, hydrolysis amino acid L-arginine to L-ornithine and urea, but does not react
with D-arginine.

NH (0] 0 0
H.O )I\ Arginase )J\
2 * H,N H OH H,N OH ¥ HN NH
NH, NH,
L-arginine L-onithine Urea
NH (0]
Arginase
H,O + HzN)J\H/\/\l)‘\OH 9 No reaction
NH.
D-arginine

Usually, enzymes react with one compound or a specific bond of one compound. For example, enzyme ureas catalysis hydrolysis of
urea ((NH, ), C=0) and does not hydrolyze any other amide.

urease

(NH,),C=0+H,0 —— 2 NH, + CO,

Trypsin is a digestive enzyme that cleaves peptide bonds of proteins but not every peptide bond, only those on the C-side of lysine
and arginine residue.
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Some enzymes are specific for a class of compounds, e.g., lipases catalyzing triglyceride hydrolysis, but do not react with

carbohydrates or proteins.

Names and classification of enzymes

Names of enzymes are derived by replacing the end of the name of a reactant or reaction with the suffix ase. For example, sucrase
hydrolysis sucrose, lipase hydrolyzes lipids, oxidase catalyzes oxidation reactions, dehydrogenase removes hydrogen atoms, etc.
Some old names of enzymes have the suffix in, e.g., digestive enzymes pepsin and trypsin. In the recent classification of enzymes,
the name or the class name indicates the type of reaction it catalyzes. There are six major classes of enzymes, as described in the

following.

Oxidoreductases

Oxidoreductases do oxidation-reduction reactions, i.e.,
dehydrogenases remove hydrogen. For example, lactate dehydrogenase reduces pyruvate and oxidizes lactate, as shown below.

oxidases oxidize a substance, reductases reduce a substance, and

(o] lactate dehydrogenase OH
AN ——= | SN~
ey NaD HET G
OH OH
Pyruvate Lactate

Transferases
Transferases transfer a group between two compounds. For example, kinases transfer phosphate groups, and transaminases

transfer amino groups, as shown below.

0 NH, 0 0 N
S J PN SN
~O  transaminase
o c” / / e ol + ¢ P
H, I H, |
o] o

O
a-Ketoglutarate Oxaloacetate Glutamate

Aspartate
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Hydrolases

Hydrolases do hydrolysis reactions: lipases hydrolyze lipids, carbohydrates hydrolyze carbohydrates, proteases hydrolyze proteins,
phosphatases hydrolyze phosphate esters, and nucleases hydrolyze nucleic acids. For example, acetylcholinesterase hydrolysis
acetylcholine, as shown below.

O ]

\ +  acetylcholinesterase \ +
)\O/\/N\ - )’I\OH + HO/\/N\

H;0O
acetylcholin acetate cholin

Lyases

Lyases add two groups to double bond or remove two groups from adjacent atoms to create a double bond or a ring structure by
means other than hydrolysis and oxidation, e.g., carboxylases add or remove CO?, and deaminases add or remove NH2. For
example, actonitase, shown in Figure 7.9.3, adds or removes water. double bond or add a new ring structure.

OH 00C
00C COO0-
COO. -H©
H. /.Coo- pro ’
! Coo-
OH I C
H
H7™>SC00- o Cco0-
COo0- - //
—OOC H20
i 00C coo.

Figure 7.9.3: Reaction steps in the reaction catalyzed by aconitase, stereospecific view. Top left: Citrate. Bottom left: Isocitrate.
Right: Aconitate. The aconitate has to flip by 180 degrees between the reactions. (Copyright; Ayacop, Public domain, via
Wikimedia Commons

Isomerases

Isomerases rearrange atoms in a molecule: isomerases convert cis to trans or trans to cis isomer, and epimerases convert D to L or
L to D streoisomers. Phosphohexose isomerizes shown below isomerizes glucose-6-phosphate to fructose-6-phosphate

Phosphohexose OH
isomerase HO\., / » o OH
o P / ina,,
/ O OH
@]
HO $OH
Glucose-6-phosphate Fructose-6-phosphate

Ligases

Ligases or synthetases catalyze the joining of two molecules, e.g., glutamate to glutamine conversion by glutamine synthetase
shown below.
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(Copyright; Hbf878, CCO, via Wikimedia Commons)

How do enzymes catalyze the reactions?

The chemical reactions that enzymes catalyze can occur without enzymes, but the reactions' rates are usually prolonged due to high
activation energies. Enzymes provide alternate routes to the reactions with lower energy barriers (activation energies) and proper
orientations of substrates that result in fast reactions, as illustrated in Figure 7.9.3

Reaction without enzyme —=g " Transition
’ ~, state (S4)
! s,

! N,
I’ Transition \
/s state (ES¥) %,
E i Enzyme catalyzed reaction
2 Substrate(S) + 4
L Enzyme (E)
e e

Catalysis

Binding Products (P

release

Reaction Coordinate

Figure 7.9.3: Illustration of reaction coordinates of a biochemical reaction with and without enzyme. (Copyright; Public domain)

In a generalized enzyme-catalyzed reaction, enzyme (E) and substrate (S) bind to make an enzyme-substrate complex (ES). The
intermolecular interactions between the enzyme and the substrate usually loosen the bonds of the substrate that need to be broken,
resulting in a lower energy barrier for the catalyzed reaction that leads to the product (P) at a faster rate than otherwise. The product
leaves the enzyme so it can bind with another substrate.

E+S—ES— E+P

For example, carbonic anhydrase catalyzes the reaction of water (H,O) with carbon dioxide (CO,) in blood as illustrated in Figure
7.9.4. The carbonic anhydrase enzyme is bound with cofactor Zn** through three histidine residues. The Zn® " is also bound with

H, O that bond makes water ready for the proton transfer. After the proton transfer, a strong electrophile —5H is generated that
attacks CO,, which is placed in the proper location in the hydrophobic pocket nearby. The product is displaced with another water
molecule that repeats the process. One molecule of carbonic anhydrase can convert about million CO,, molecules per second in this

reaction.
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Figure 7.9.4: Mechanism of carbonic anhydrase catalyzed reaction of water with carbon dioxide in the blood (left) and a closeup of
the active site of the enzyme showing Zn?* (gray sphere) bonded with three histidine residue and —OH (red and white bar).

There is a hydrophobic pocket near féH that is shown in the full model in Figure 7.9.1. (Copyright; left: Own work, Public
domain, via Wikimedia Commons, right: Own work, Public domain, via Wikimedia Commons)

Models of enzyme action

Enzymes are usually specific for a particular substrate or a class of reaction. This specificity was explained first by models of
enzyme action explained below.

Lock-and-key model

The lock and key model assumes enzymes have a fixed shape with active sites ‘
similar to a lock in which a particular substrate with a fixed shape similar to a .—'
key can fit, as shown in the figure on the right. -

This model explains the specificity of enzymes but ignores the dynamic nature =

of molecules. Further, according to this model, the products would be expected Er/me* Substrate  Enzype Substrate

to be snug-fit in the active site and not easy to release. In reality, all the bonds in | gck-and-key model of enzyme action illustrated.
a molecule are vibrating and stretching, and the whole molecule is jiggling due

to thermal energy, as illustrated in Figure 7.9.5.

=

Figure 7.9.5: Tllustration of thermal motion of a segment of protein alpha helix. These motions have various modes of vibrations,
stretching, and rotations. In addition to these internal movements, molecules' external portions still move— like the jiggling of a
water balloon. (Copyright; en:User:Greg L, CC BY-SA 3.0, via Wikimedia Commons)

Induced-fit model

The induced-fit model of enzyme action accounts for the flexibility of enzyme and substrate molecules. According to this model,
the flexibility of the enzyme molecule allows the active site to adapt to the shape of the substrate and, at the same time, the
substrate adopts the shape of the enzyme to acquire the best possible orientation for the reaction to occur, as illustrated in Figure
7.9.6. Then the active site shape re-adjusts to let the products be released to allow the next cycle of the enzyme action. The
observation from experiments during the actual catalysis reaction supports the view that not only does the active site of the enzyme
change shape, the backbone and the side chains of the enzyme molecule remain in constant motion during the enzyme action.
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Figure 7.9.6: diagram showing the induced fit model of enzymes. (COpyFight; Modified from LadyofHats, Public domain, via
Wikimedia Commons)

Experimental data shows that the active site is usually a tiny portion (10% to 20%) of the enzyme. Within the active site, two or a
few side chains of amino acid residues usually catalyze the reaction. Usually, the catalytically active residue is one of the
following: His, Cys, Asp, Arg, and Glu. These amino acids have acidic or basic or thiol functional groups, which are not only
capable of hydrogen bonding but also capable of acid, base, electrophile, or nucleophile catalysis. For example, the pepsin enzyme
breaks peptide bonds by using histidine and cystine, as illustrated in Figure 7.9.7.
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Figure 7.9.7: Illustration of the mechanism of peptide bond cleavage by pepsin enzyme: histidine removes a proton from —SH
group of cystine making it a strong nucleophile —S™ . The —S ™ attacks a C=0O group of the peptide and breaks the peptide bond
by nucleophilic acyl substitution mechanism. Then histidine brings in a H,O at a suitable position for a second nucleophilic acyl
substitution that breaks the S—C bond. Products leave, and the enzyme repeats the cycle. (Copyright; Public domain)

The following video from RCSBProteinDataBank explains how enzymes work.
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X |soenzymes as a medical diagnostic tool

Isoenzymes are different enzymes that perform the same function in different body parts. They usually have a tertiary structure
and differ in only a few amino acid residues. For example, lactate dehydrogenase (LDA) catalyzes the conversion between
pyruvate and lactate, as shown below.

0 lactate dehydrogenase OH
| |
N RF — N
S NaD HET O
OH OH
Pyruvate Lactate

LDA is a tetramer made of two sub-units, the H-form, and the M-form, in five combinations found in different tissues, as
shown in Table 1. Similarly, creatine phosphokinase (CPK) catalyzes the interconversion of phosphocreatine to creatine. CPK
is a dimer in 3 isoenzyme forms shown in Table 2.

These isoenzymes usually function within cells. However, when some disease damages a tissue, the cells die, and the
isoenzymes are released into the blood. Analysis of blood serum is used to diagnose the location of the damage. For example,
an elevated level of LDHS5 indicates liver damage and myocardial infarction (heart damage) is characterized by a high level of
LDH1 isoenzyme. The heart damage will also elevate CK,.

Table 1: Different forms of lactate dehydrogenase (LDA), their subunit composition the location in the body.

Type Subunits Ilustration Location
LDH; HHHH Heart and Erythrocyte
LDH; HHHM Heart and Erythrocyte
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Type Subunits Hlustration Location

LDH3 HHMM Brain and Kidney
LDH,4 HMMM Skeletal Muscle and Liver
LDHjs MMMM Skeletal Muscle and Liver

Table 2: Isoenzymes of creatine phosphokinase (CPK) dimer, composition, and location in the body.

Isoenzyme Subunit Ilustration Tissue of Origin

CPK; BB Brain

CPK, MB Heart

CPK; MM Skeletal muscle

Factors that affect enzyme activity

The enzyme activity is related to how much it increases the reaction rate compared to the same reaction without the enzyme. The
factors that affect enzyme activity include concentration, temperature, pH, and the presence of inhibitors.

Concentration
Usually, the enzyme is in very low concentration relative to the concentration of the substrate. Therefore, an increase in the enzyme

ncentration incr he reaction r linearly, i.e. <
concentratio creases the reaction rate ea y,. e, ® . 9 . > *, 9 .
A\ doubling @ . R RS
*
—> * — *
he 9 ® ,9°® —llgo®
g enzyme @9 ® . N LU
2 &
oy
= concentrat | o substrate High substrate
o ion
i doubles Copyright; English wikipedia, Public domain, via Wikimedia Commons
the reaction rate, and tripling it triples the rate. An increase in the substrate

| Substrate concentration > concentration increases the reaction rate but not linearly; it follows a curvilinear
curve. The rate increase reaches a saturation level and does not increase after that

with a further increase in the substrate concentration, as illustrated in the figure on the left. This is because all the enzyme's active
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sites become occupied with the substrate at the saturation point, and the reaction proceeds at its maximum rate, as illustrated in the
figure on the right.

Temperature

Generally, an increase in temperature increases the rate of a chemical reaction. —_ Optimum rate

This is because more molecules have energy than activation energy at higher

temperatures. The same applies to enzyme-catalyzed reactions at lower |§

temperature ranges. Still, the rate becomes optimum at around body temperature |5

and then starts to fall off, as illustrated in the figure on the right. The enzymes g oenathration

have secondary, tertiary, and quaternary structures optimized to perform best at Temperature decreakes

the body temperature of about 37 °C. Denaturation inactivates the enzymes. It is || increases activity {activity

reversible if the temperature is slightly above body temperature, but enzymes are Temperature >

denatured beyond repair at a much higher temperature.

Pepsin Amylase Trypsin p|-|

The enzymes work best at the pH of the tissue or organ where they work. This is

because the structure of enzymes is optimized for the pH at which they usually function.

An increase or a decrease in pH from the optimum value disrupts the secondary, tertiary,

and quaternary structures and causes a reduction in enzyme activity. The effect of a

slight change in pH is reversible, but a significant difference in pH denatures the
24 7 8 > enzymes permanently.

pH
Copyright; Lanzi, GFDL via Wikimedia Commons The optimum pH for most enzymes is around the physiological pH of 7.4. Still, some
enzymes have different optimum pH, depending on the pH in their natural environment,
as illustrated in the figure on the left. For example, the optimum pH of the starch-splitting amylase is pH 7-7.5 in the mouth. Pepsin
breaks down proteins at around pH 2 in the stomach. Trypsin breaks down proteins at pH 8 in the intestine.

Enzyme inhibition

Inhibitors are substances that make enzyme lose their catalytic activity. Inhibitors prevent the substrate from binding with the active
site of the substrate. The inhibition may be reversible or irreversible. There are two subclasses of reversible inhibitors; competitive
inhibitors and noncompetitive inhibitors.

Competitive inhibitor

The competitive inhibitor has a shape similar to the enzyme's natural substrate. So, they compete with the substrate for the active
site but do not react, as illustrated in Figure 7.9.8. Since there is competition between the inhibitor and the substrate for the active
site, increasing the concentration of the substrate wins by outnumbering the inhibitor in the completion, and the enzyme regains its
activity.

IA l\
Figure 7.9.8: Tllustration of an enzyme-substrate complex (top), competitive inhibitor inhibiting the enzyme activity by occupying
the active site (bottom left), and a noncompetitive inhibitor binding to the enzyme outside the active area making the active site

shape change such that the substrate can not fit in it properly (bottom right) (E enzyme, I inhibitor, S natural substrate). (Copyright;
Sponk, Public domain, via Wikimedia Commons)

Noncompetitive inhibitor

A noncompetitive inhibitor does not have a shape similar to the substrate and does not bind to the active site. It binds with the
enzyme outside the active area but changes the folding patterns of the protein such that the active site can not acquire the proper
shape. So, the substrate can not fit into the active site properly, as illustrated in Figure 7.9.8.
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Examples of noncompetitive inhibitors are toxic metals, like Pb%t, ng *,and Ag™. Since the inhibitor does not compete with the
substrate, increasing the substrate concentration does not recover the enzyme activity. However, some chemical agents can remove
the inhibitor from the enzyme, and the catalytic activity can be recovered.

Irreversible inhibitor

Irreversible inhibitors bind with enzymes and destroy their catalytic activity

permanently. They usually bind with enzymes by covalent bonds that are not easily " . P
broken. Irreversible inhibitors include antibiotics, insecticides, and never gases. For % \é’m'
example, penicillin is an irreversible inhibitor of an enzyme needed to form cell S:zer "),/ - oL
walls in bacteria. The bacteria without a complete cell wall can not survive. It does o \o "//\o
not affect the cell membranes of humans. Similarly, a diisopropyl fluorophosphate /é“* /ém,
(DIPF) which is an organophosphate insecticide, binds with the —OH of a serine T T e
residue in the enzyme acetylcholinesterase, as shown in the figure on the right. The

Acetylcholinesterase DIPF Inactivated enzyme

enzyme-catalyzed reaction of acetylcholine, shown below, is needed for nerve
impulse transmission. Inhibition of acetylcholinesterase blocks nerve impulses, causing paralysis.

@]
)'\ H, 0 HO o~y ~CHs
H.C C/C\ﬁl/cH3 acetylcholinesterase + N
; g < - | “CH,
2 | ~CH, H.O H,C OH CH;,

H,

. C .
acetylcholin acetate cholin

This page titled 7.9: Enzymes is shared under a Public Domain license and was authored, remixed, and/or curated by Muhammad Arif Malik.
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