
4. Examples of Enzymatic 
Reactions



Complete mechanism of action of a purified enzyme 
requires identification of all substrates, cofactors, 
products, and regulators.

1. The temporal sequence in which enzyme-bound reaction 
intermediates form.

2. The structure of each intermediate and each transition state.

3. The rates of interconversion between intermediates.

4. The structural relationship of the enzyme to each 
intermediate.

5. The energy contributed by all reacting and interacting 
groups to intermediate complexes and transition states.

Chymotrypsin, hexokinase, enolase, and lysozyme are the 
best understood enzymes.



The chymotrypsin mechanism involves acylation and 
deacylation of a Ser residue

Bovine pancreatic chymotrypsin is a protease, an enzyme 
that catalyzes the hydrolytic cleavage of peptide bonds.

This protease is specific for peptide bonds adjacent to 
aromatic amino acid residues (Trp, Phe, Tyr).

Chymotrypsin enhances the rate of peptide bond hydrolysis 
by a factor of at least 109.

The reaction has two distinct phases.
– In the acylation phase, the peptide bond is cleaved and an ester 

linkage is formed between the peptide carbonyl carbon and 
the enzyme.

– In the deacylation phase, the ester linkage is hydrolyzed and the 
nonacylated enzyme regenerated.



Structure of chymotrypsin

A representation of primary structure, showing 
disulfide bonds and the amino acid residues 
crucial to catalysis. 

The protein consists of three polypeptide chains 
linked by disulfide bonds.

The active-site amino acid residues are grouped 
together in the three-dimensional structure.



A depiction of the enzyme emphasizing 
its surface. 

The pocket in which the aromatic amino 
acid side chain of the substrate is bound 
is shown in green. 

Key active-site residues, including Ser195, 
His57, and Asp102, are red.

The polypeptide backbone as a 
ribbon structure. 

Disulfide bonds are yellow; the three 
chains are coloured as at the 
primery structure



A close-up of the active site with 
a substrate (mostly green) 
bound.

Two of the active-site  residues, 
Ser195 and His57 (both red), are 
partly visible. 

Ser195 attacks the carbonyl group 
of the substrate (the oxygen is 
purple).

The developing negative charge 
on the oxygen is stabilized by 
the oxyanion hole (amide 
nitrogens in orange).

In the substrate, the aromatic 
amino acid side chain and the 
amide nitrogen of the peptide 
bond to be cleaved are in blue.



Chymotrypsin hydrolysis of the ester p-nitrophenylacetate, as measured by release of p-
nitrophenol, proceeded with a rapid burst before levelling off to a slower rate.

Pre–steady state kinetic evidence for an acyl-enzyme intermediate
The hydrolysis of p-nitrophenylacetate by chymotrypsin is measured by release of p-

nitrophenol (a coloured product). 
Initially, the reaction releases a rapid burst of p-nitrophenol nearly stoichiometric with 

the amount of enzyme present. 
This reflects the fast acylation phase of the reaction. The subsequent rate is slower, 

because enzyme turnover is limited by the rate of the slower deacylation phase.



Nucleophiles Electophiles
Negatively charged oxygen  (as 
in an unprotonated hydroxyl 
group or an ionized carboxylic 
acid)

Negatively charged sulfhydryl

Carbanion

Uncharged amine group

Imidazole

Hydroxide ion

Carbon atom of a carbonyl 
group (the more electronegative 
oxygen of the carbonyl group 
pulls electrons away from the 
carbon)

Pronated imine group (activated 
for nucleophilic attack at the 
carbon by protonation of the 
imine)

Phosphorus of a phosphate group

Proton



Hydrolytic cleavage of a peptide bond by chymotrypsin
The reaction has two phases:
– In the acylation phase (steps 1 to 3), formation of a covalent acyl-

enzyme intermediate is coupled to cleavage of the peptide bond. 
– In the deacylation phase (steps 4 to 7 ), deacylation regenerates the free 

enzyme.

Chymotrypsin (free enzyme)

Substrate (a polypeptide)

When substrate binds, the side chain of the 
residue adjacent to the peptide bond to be 
cleaved nestles in a hydrophobic pocket on 
the enzyme, positioning the peptide bond 
for attack.

(1)



(1) (2)
(3)

ES complex Short-lived intermediate 
(acylation) Product 1

Interaction of Ser195 and His57 generates a 
strongly nucleophilic alkoxide ion on 
Ser195.

The ion attacks the peptide carbonyl group, 
forming a tetrahedral acylenzyme. 

This is accompanied by formation of a short-
lived negative charge on the carbonyl 
oxygen of the substrate, which is stabilized 
by hydrogen bonding in the oxyanion hole.

Instability of the negative charge on the 
substrate carbonyl oxygen leads to collapse 
of the tetrahedral intermediate.

Re-formation of a double bond with carbon 
displaces the bond between carbon and the 
amino group of the peptide linkage, 
breaking the peptide bond. 

The amino leaving group is protonated by 
His57, facilitating its displacement.



H2O

(4)(3) (5)

Acyl-enzyme intermediate Acyl-enzyme intermediate

An incoming water molecule is deprotonated
by general base catalysis, generating a 
strongly nucleophilic hydroxide ion. 

Attack of hydroxide on the ester linkage of 
the acylenzyme generates a second 
tetrahedral intermediate, with oxygen in the 
oxyanion hole again taking on a negative 
charge.



Chymo-
trypsin

Free 
enzim

(5)

(6)

Collapse of the tetrahedral 
Intermediate forms the second 
product, a carboxylate anion, 
and displaces Ser195.

Diffusion of the second 
product from the active 
site regenerates free 
enzyme.

(7)

Short-lived 
intermediate
(deacylation) Enzyme-product 2 complex



The nucleophile in the acylation phase is the oxygen of 
Ser195. 

Proteases with a Ser residue that plays this role in reaction 
mechanisms are called serine proteases.

The pKa of a Ser hydroxyl group is generally too high for 
the unprotonated form to be present in significant 
concentrations at physiological pH. 

In chymotrypsin, Ser195 is linked to His57 and Asp102 in a 
hydrogen-bonding network referred to as the catalytic 
triad. 



When a peptide substrate binds to chymotrypsin, a subtle 
change in conformation compresses the hydrogen bond 
between His57 and Asp102, resulting in a stronger 
interaction, called a low-barrier hydrogen bond. 

This enhanced interaction increases the pKa of His57

from ~7 (for free histidine) to 12, allowing the His 
residue to act as an enhanced general base that can 
remove the proton from the Ser195 hydroxyl group. 

Deprotonation makes the Ser side chain a stronger 
nucleophile. 

At later reaction stages, His57 also acts as a proton donor, 
protonating the amino group in the displaced portion of 
the substrate (the leaving group).



Hexokinase undergoes induced fit on substrate binding

Yeast hexokinase is a bisubstrate enzyme that catalyzes the 
reversible reaction ATP and ADP always bind to 
enzymes as a complex with the metal ion Mg2+.

β-D-glucose Glucose 6-phosphate



Hexokinase is a good example of 
induced fit.

When glucose is not present, the 
enzyme is in an inactive 
conformation with the active-
site amino acid side chains out 
of position for reaction. 

When glucose and Mg · ATP 
bind, the binding energy 
derived from this interaction 
induces a conformational 
change in hexokinase to the 
catalytically active form.

Induced fit in hexokinase
(a) Hexokinase has a U-shaped structure.
(b) The ends pinch toward each other in a 

conformational change induced by 
binding of D-glucose (red).

a.)

b.)



The enolase reaction mechanism requires metal ions

Enolase, catalyzes the reversible dehydration of 
2-phosphoglycerate to phosphoenolpyruvate:

Yeast enolase is a dimer with 436 amino acid residues per 
subunit.

2-phosphoglycerate phosphoenolpyruvate



The reaction occurs in two steps.
First, Lys345 acts as a general base catalyst, abstracting a proton from C-

2 of 2-phosphoglycerate.

Then Glu211 acts as a general acid catalyst, donating a proton to the 
−OH leaving group.
2-Phosphoglycerate bound 

to enzyme
Enolic intermediate Phosphoenolpyruvate

The carboxyl group of 2-PGA is coordinated by two magnesium ions at the active 
site. 

A proton is abstracted in step 1 by general base catalysis (Lys345), and the resulting 
enolic intermediate is stabilized by the two Mg2+ ions. 

Elimination of the −OH in step 2 is facilitated by general acid catalysis (Glu211).



The substrate, 2-PGA, in relation to the Mg2+ ions, Lys345, and 
Glu211 in the enolase active site.



Lysozyme uses two successive 
nucleophilic displacement 

reactions

Lysozyme is a natural anti-
bacterial agent found in 
tears and egg whites. 

The hen egg white lysozyme
is a monomer with 129 
amino acid residues.

The structure revealed four 
stabilizing disulfide bonds 
and a cleft containing the 
active site.

Hen egg white lysozyme and the 
reaction it catalyzes

Ribbon diagram of the enzyme with the 
active-site residues Glu35 and Asp52

shown as blue stick structures and bound 
substrate shown in red.



The substrate of lysozyme is peptidoglycan, a carbohydrate 
found in many bacterial cell walls.

Lysozyme cleaves the (β1→4) glycosidic C−O bond between 
the two types of sugar residue in the molecule.

N-acetylmuramic acid (Mur2Ac) and N-acetyl-glucosamine
(GlcNAc), often referred to as NAM and NAG.

The key catalytic amino acid residues in the active site are 
Glu35 and Asp52.

The reaction is a nucleophilic substitution, with −OH from 
water replacing the GlcNAc at C-1 of Mur2Ac.



A segment of a peptidoglycan
polymer is shown, with the 
lysozyme binding sites A 
through F shaded.

The glycosidic COO bond between sugar 
residues bound to sites D and E is cleaved, 
as indicated by the red arrow. 

The hydrolytic reaction is shown in the inset, 
with the fate of the oxygen in the H2O 
traced in red.

Reaction catalyzed by hen 
egg white lysozyme



Summary for „Examples of enzymatic reactions”

• Chymotrypsin is a serine protease with a well-understood 
mechanism, featuring general acid-base catalysis, covalent 
catalysis, and transition-state stabilization.

• Hexokinase provides an excellent example of induced fit as 
a means of using substrate binding energy.

• The enolase reaction proceeds via metal ion catalysis.

• Lysosyme makes use of covalent catalysis and general acid 
catalysis as it promotes two successive nucleophilic
displacement reactions.



5. Regulatory Enzymes



In cellular metabolism, groups of enzymes work together.

The reaction product of one enzyme becomes the substrate of 
the next.

The regulatory enzymes exhibit increased or decreased 
catalytic activity in response to certain signals.

In most multienzyme systems, the first enzyme of the 
sequence is a regulatory enzyme.

The activities of regulatory enzymes are modulated in a 
variety of ways.



Allosteric enzymes function through reversible, noncovalent
binding of regulatory compounds called allosteric
modulators or allosteric effectors, which are generally small 
metabolites or cofactors. 

Other enzymes are regulated by reversible covalent 
modification.

Regulatory enzymes tend to be multisubunit proteins, and in 
some cases the regulatory site(s) and the active site are on 
separate subunits.

Some enzymes are stimulated or inhibited when they are bound 
by separate regulatory proteins. 

Others are activated when peptide segments are removed by 
proteolytic cleavage.

Regulation, regulation by proteolytic cleavage is irreversible.



Allosteric enzymes undergo conformational changes

Regulatory enzymes conformational changes induced by 
one or more modulators interconvert moreactive and 
less-active forms of the enzyme. 

The modulators for allosteric enzymes may be inhibitory or 
stimulatory.

Regulatory enzymes for which substrate and modulator are 
identical are called homotropic.

Binding of the substrate causes conformational changes 
that affect the subsequent activity of other sites on the 
protein. 

When the modulator is a molecule other than the substrate, 
the enzyme is said to be heterotropic.



The properties of allosteric enzymes are significantly 
different from those of simple nonregulatory enzymes.

Allosteric enzymes generally have one or more regulatory, or 
allosteric, sites for binding the modulator.

Each regulatory site is specific for its modulator. 

Enzymes with several modulators generally have different 
specific binding sites for each. 

In homotropic enzymes, the active site and regulatory site are 
the same.

Allosteric enzymes are generally larger and more complex 
than nonallosteric enzymes. 

Most have two or more subunits.



In many allosteric enzymes the substrate 
binding site and the modulator binding 
site(s) are on different subunits, the 
catalytic (C) and regulatory (R) subunits, 
respectively. 

Binding of the positive (stimulatory) 
modulator (M) to its specific site on the 
regulatory subunit is communicated to the 
catalytic subunit through a conformational 
change. 

This change renders the catalytic subunit 
active and capable of binding the 
substrate (S) with higher affinity. 

On dissociation of the modulator from the regulatory subunit, the 
enzyme reverts to its inactive or less active form. 

Subunit interactions in an  
allosteric enzyme, and 

interactions with inhibitors 
and activators



Two views of the regulatory enzyme 
aspartate transcarbamoylase

This allosteric regulatory enzyme has two 
stacked catalytic clusters, each with three 
catalytic polypeptide chains (blue and 
purple), and three regulatory clusters, 
each with two regulatory polypeptide 
chains (in red and yellow). 

The regulatory clusters form the points of a 
triangle surrounding the catalytic 
subunits. 

Binding sites for allosteric modulators are 
on the regulatory subunits. 

Modulator binding produces large changes 
in enzyme conformation and activity. 

The role of this enzyme in nucleotide 
synthesis.



In many pathways a regulated step is catalyzed
by an allosteric enzyme

The regulatory enzyme is specifically inhibited by the end 
product of the pathway whenever the concentration of the 
end product exceeds the cell’s requirements. 

When the regulatory enzyme reaction is slowed, all 
subsequent enzymes operate at reduced rates as their 
substrates are depleted. 

The rate of production of the pathway’s end product is 
thereby brought into balance with the cell’s needs. 

This type of regulation is called feedback inhibition.



The conversion of L-threonine to L-isoleucine in five steps:

– The first enzyme, threonine dehydratase, is inhibited by Ile, 
the product of the last reaction of the series. 

– This is an example of heterotropic allosteric inhibition. 

– Ile is quite specific as an inhibitor.

– Ile binds not to the active site but to another specific site on 
the enzyme molecule, the regulatory site. 

– This binding is noncovalent and readily reversible

– If the Ile concentration decreases, the rate of threonine
dehydration increases. 

– Thus threonine dehydratase activity responds rapidly and 
reversibly to fluctuations in the cellular concentration of Ile.



Feedback inhibition. 

The conversion of L-Thr to L-Ile is 
catalyzed by a sequence of five 
enzymes (E1 to E5).

Threonine dehydratase (E1) is specifically 
inhibited allosterically by L-Ile, the end 
product of the sequence, but not by any 
of the four intermediates (A to D). 

Feedback inhibition is indicated by the 
dashed feedback line and the symbol 
at the threonine dehydratase reaction 
arrow.



The kinetic properties of allosteric enzymes diverge 
from Michaelis-Menten behavior

They do exhibit saturation with the substrate when [S] is 
sufficiently high.

For some allosteric enzymes, plots of Vo versus [S] produce a 
sigmoid saturation curve, rather than the hyperbolic curve 
typical of non-regulatory enzymes.

Substrate-activity curves for  
representative allosteric enzymes I.

The sigmoid curve of a homotropic
enzyme, in which the substrate 
also serves as a positive (stimu-
latory) modulator, or activator.



Substrate-activity curves for  
representative allosteric

enzymes II.
The effects of a positive modulator 

(+) and a negative modulator (−) 
on an allosteric enzyme in which 
K0.5 is altered without a change in 
Vmax.

A less common type of modulation, 
in which Vmax is altered and K0.5

is nearly constant.



Sigmoid kinetic behaviour generally reflects cooperative 
interactions between protein subunits.

Homotropic allosteric enzymes generally are multi-subunit 
proteins and the same binding site on each subunit 
functions as both the active site and the regulatory site.

The substrate acts as a positive modulator (an activator), 
because the subunits act cooperatively.

The binding of one molecule of substrate to one binding 
site alters the enzyme’s conformation and enhances the 
binding of subsequent substrate molecules. 

This accounts for the sigmoid rather than hyperbolic 
change in Vo with increasing [S].



A relatively small increase in [S] in the steep part of the 
curve causes a comparatively large increase in Vo.

For heterotropic allosteric enzymes, those whose 
modulators are metabolites other than the normal 
substrate.

An activator may cause the curve to become more nearly 
hyperbolic, with a decrease in K0.5 but no change in Vmax, 
resulting in an increased reaction velocity at a fixed 
substrate concentration (V0 is higher for any value of [S].



Some regulatory enzymes undergo reversible covalent 
modification

Activity is modulated by covalent modification of the enzyme 
molecule. 

Modifying groups include phosphoryl, adenylyl, uridylyl, methyl, 
and adenosine diphosphate ribosyl groups.

These groups are generally linked to and removed from the 
regulatory enzyme by separate enzymes.

Phosphorylation is the most common type of regulatory 
modification; one-third to one-half of all proteins in a eukaryotic 
cell are phosphorylated. 

Some proteins have only one phosphorylated residue, others have 
several, and a few have dozens of sites for phosphorylation.

This mode of covalent modification is central to a large number of 
regulatory pathways.



Phosphoryl groups affect the structure and catalytic 
activity of proteins

The attachment of phosphoryl groups to specific amino acid 
residues of a protein is catalyzed by protein kinases.

Removal of phosphoryl groups is catalyzed by protein 
phosphatases. 

The addition of a phosphoryl group to a Ser, Thr, or Tyr
residue introduces a bulky, charged group into a region that 
was only moderately polar. 

The oxygen atoms of a phosphoryl group can hydrogen-bond 
with one or several groups in a protein, commonly the
amide groups of the peptide backbone at the start of an α
helix or the charged guanidinium group of an Arg residue.



The two negative charges repel neighbouring negatively 
charged (Asp or Glu) residues.

Phosphorylation can have dramatic effects on protein 
conformation and thus on substrate binding and catalysis.

Regulation by phosphorylation is seen in glycogen 
phosphorylase, which catalyzes the reaction

(glucose)n + Pi (glucose)n-1 + glucose 1-phosphate
glycogen shortened

glycogen chain

Glycogen phosphorylase occurs in two forms: the more 
active phosphorylase a and the less active phosphorylase b.



In the more active form of the 
enzyme, phosphorylase a, 
specific Ser residues, one on 
each subunit, are phosphory-
lated.

Phosphorylase a is converted to 
the less active phosphorylase b 
by enzymatic loss of these 
phosphoryl groups, promoted 
by phosphorylase phosphatase. 

Phosphorylase b can be re-
converted (reactivated) to 
phosphorylase a by the action 
of phosphorylase kinase.

Regulation of glycogen phosphorylase
activity by covalent modification



Phosphorylase a has two subunits, with a specific Ser residue 
that is phosphorylated at its hydroxyl group.

Serine phosphate residues are required for maximal activity 
of the enzyme.

The phosphoryl groups can be hydrolytically removed by a 
separate enzyme called phosphorylase phosphatase:

phosphorylase a + 2 H2O        phosphorilase b + 2 Pi
(more active) (less active)

In this reaction, phosphorylase a is converted to 
phosphorylase b by the cleavage of two serine phosphate 
covalent bonds.



Phosphorylase b can in turn be reactivated by another 
enzyme, phosphorylase kinase, which catalyzes the transfer 
of phosphoryl groups from ATP to the hydroxyl groups of 
the two specific Ser residues in phosphorylase b:

2 ATP + phosphorylase b 2 ADP + phosphorylase a
(less active) (more active)

The a and b forms differ in their secondary, tertiary, and 
quaternary structures; the active site undergoes changes in 
structure and, consequently, changes in catalytic activity as 
the two forms are interconverted.

Phosphorylation can affect catalysis by altering substrate-
binding affinity, when isocitrate dehydrogenase is 
phosphorylated, electrostatic repulsion by the phosphoryl
group inhibits the binding of citrate at the active site.



Multiple phosphorylations allow exquisite regulatory 
control

The Ser, Thr, or Tyr residues that are phosphorylated in 
regulated proteins occur within common structural motifs, 
called consensus sequences, that are recognized by specific 
protein kinases.

Some proteins have consensus sequences recognized by 
several different protein kinases, each of which can 
phosphorylate the protein and alter its enzymatic activity.

These multiple regulatory phosphorylations provide the 
potential for extremely subtle modulation of enzyme 
activity.



Some enzymes are regulated by proteolytic cleavage of 
an enzyme precursor

For some enzymes, an inactive precursor called a zymogen
is cleaved to form the active enzyme. 

Many proteolytic enzymes (proteases) of the stomach and 
pancreas are regulated in this way. 

Chymotrypsin and trypsin are initially synthesized as 
chymotrypsinogen and trypsinogen. 

Specific cleavage causes conformational changes that expose 
the enzyme active site. 



Because this type of activation is irreversible, other 
mechanisms are needed to inactivate these enzymes.

Proteases are inactivated by inhibitor proteins that bind very 
tightly to the enzyme active site. 

For example, pancreatic trypsin inhibitor binds to and 
inhibits trypsin.

Proteases are not the only proteins activated by proteolysis.

In other cases the precursors are called proproteins or 
proenzymes.



Activation of zymogens by proteolytic cleavage

Shown here is the formation of chymotrypsin
from his zymogens. 

The bars represent the primary sequence of the 
polypeptide chain. 

Amino acid residues at the termini of the 
polypeptide fragments generated by cleavage 
are indicated below the bars. 

The numbering of amino acid residues 
represents their positions in the primary 
sequence of the zymogens, chymo-
trypsinogen or trypsinogen (the amino-
terminal residue is number 1). 

In the active forms, some numbered residues 
are missing. 

The three polypeptide  chains (A, B, and C) of 
chymotrypsin are linked by disulfide bonds.



Some regulatory enzymes use several regulatory 
mechanisms

What is the advantage of such complexity in the regulation 
of enzymatic activity?

The control of catalysis is also critical to life.

Cells catalyze only the reactions they need at a given 
moment. 

When chemical resources are plentiful, cells synthesize and 
store glucose and other metabolites. 

When chemical resources are scarce, cells use these stores to 
fuel cellular metabolism.



Summary for „Regulatory Enzymes” I.

• The activities of metabolic pathways in cells are regulated 
by control of the activities of certain enzymes.

• In feedback inhibition, the end product of a pathway 
inhibits the first enzyme of that pathway.

• The activity of allosteric enzymes is adjusted by reversible 
binding of a specific modulator to a regulatory site. 
Modulators may be the substrate itself or some other 
metabolite, and the effect of the modulator may be 
inhibitory or stimulatory.



• Other regulatory enzymes are modulated by covalent 
modification of a specific functional group necessary for 
activity. The phosphorylation of specific amino acid 
residues is a particularly common way to regulate 
enzyme activity.

• Many proteolytic enzymes are synthesized as inactive 
precursors called zymogens, which are activated by 
cleavage of small peptide fragments.

Summary for „Regulatory Enzymes” II.


