
Chapter 11 - Enzymatic Catalysis

Introduction:

In the late 1800's the Buchner brothers discovered that yeast extracts were capable of

alcholic fermentation, thus refuting Pasteur’s contention that intact cells are necessary to carry

out the functions necessary for life.  The term enzyme was derived from the Greek (en - in +

zyme = yeast) because something in the yeast was carrying out the fermentation process.  

Enzymes were shown to be proteins in 1926 when the first enzyme was crystallized (jack

bean urease) and shown to be protein.  

Enzymes are biological catalysts, but differ from ordinary catalysts in being very

efficient, thus being able to greatly increase reacion rates relative to those in the absence of

enzyme, also to do so under relative mild, biological conditions.  Enzymes also exhibit a very

great degree of reaction specificity, and are typically capable of being regulated.

Nomenclature

As we’ve seem, common names for enzymes have the suffix, “ase,” and their complete

name is related to their function as well as specificity.  For example, urease hydrolyzes urea to

ammonia and water.

According to a more systematic procedure, enzymes are classified into one of six

categories, as shown in Table 1:

We will usually use the common name for an enzyme, such as carboxypeptidase, or

chymotrypsin.
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Enzyme Specificity

Just as oxygen binds to hemoglobin at a very specific site (heme group), substrates

(biochemical talk for reactant) bind very to enzyme sites called active sites to form enzyme-

substrate complexes, as shown in Figure 11-1:

Substrates will only bind to active sites if they have the appropriate shapes. Additionally, the

types of noncovalent interactions we’re familiar with (electrostatic, hydrogen bonds, etc.) also

stabilize the enzyme-substrate complex.  You may recall, for example, that trypsin hydrolyzes

internal peptide bonds whose carbonyl group belongs to a lysine or arginine, both of which are

positively charged.  The active site of trypsin contains a complementary negative charge to

stabilize binding of substrate.  

With regard to their specificity for substrates, enzymes exhibit both stereospecificity and

geometric specificity.   As an example of stereospecificity, consider the following reaction:

catalyzed by alcohol dehydrogenase (yeast).  In this oxidation a hydrogen is removed from the

CH2 (methylene) group of ethanol as the hydroxyl group is oxidized to a carbonyl.  The enzyme



is capable of distinguishing between the two methylene hydrogens (ethanol is called a prochiral

molecule because it becomes chiral if one of the methylene hydrogens is substituted for by

another R group.  The enzyme is capable of this because it knows where the methyl group and

hydroxyl group are, and their positions are different relative to either hydrogen.  

An example of geometric specificity would be that alcohol dehydrogenase can also

dehydrogenate alcohols other than ethanol, although not as rapidly.  

NOTE that NAD+ was reduced to NADH (nicotinamide adenine dinucleotide - we’ve seen these

before).  Recall NAD+ is a redox cofactor which is reduced as ethanol is oxidized.  This is an

example alluded to before of an example where the enzyme is incapable of catalyzing the

reaction by itself.  It can facilitate the transfer of electrons, but requires the presence of an

additional, non-protein cofactor, for complete functionality.  Coenzymes, as the name implies,

are also catalysts and must therefore be regenerated,  Recall also that cofactors are derived from

vitamins, a list of which is given in Table 11-3:

General Mechanism of Catalysts

Recall from freshman chemistry the familiar transition state diagram, as shown in Figure

11-5:

Recall that )G reaction determines whether products will be formed spontaneously or not, but also



that )GK determines the rate of reaction.  )G reaction may be + or -, whereas )GK, the activation

energy, will always be positive for reactions of biological interest.  The larger the value of )GK,

the slower the reaction and vice versa.  Enzymes speed up the rate of a reaction by lowering

)GK. (Figure 11-7). 

Note that for a multistep reaction, the step with the highest )GK represents the bottleneck, or rate

determining step.  

General Mechanisms of Enzyme Catalysis:

- The types of catalytic mechanisms employed by enzymes include:

1.  General acid-base catalysis

2.  Covalent catalysis

3.  Metal ion catalysis

4.  Electrostatic catalysis

5.  Proximity and orientation effects

6.  Preferential binding of the transition state complex.  

An example of both general acid and general base catalysis is shown in Figure 11-8.  Note that 

figure does not depict an enzymatic catalysis.



Figure 11-11 depicts an example of covalent catalysis, although it is not an enzymatic catalysis:

Notes:

1.  Covalent catalysis in this example consists of nucleophilic attack by the amine to form a

Schiff base which then facilitates the decarboxylation by withdrawing electrons by virtue of the

positive charge. 

2.  The acid/base catalysis shown in Figure 11-8 is similar to the illustrated example of covalent

catalysis because both nucleophiles and bases attack positive charges (an electrophilic center in

the case of a nucleophile, a proton in the case of a base).  Although related, good nucleophiles

are not necessarily good bases, and vice versa.



CO2 + H2O                 H2CO3                 H+  + HCO3
-

3.  Any catalyst must eventually be regenerated; thus, the covalent bond between catalyst and

substrate, once formed, must eventually be broken.   Amino acid side chains that have this

property are highly polarizable groups such as the functional groups of histidine, imidazole,

aspartate and cysteine.

Metalloenzymes and metal-activated enzymes both carry out metal ion catalysis. 

Metalloenzymes typically contain tightly-bound transition metal ions such as Fe+2 or +3, Cu+2,

Zn+2, Mn+2 and Co+2.  Metal-activated enzymes contain loosely-bound metals such as Na+, K+,

Mg+2 and Ca+2.  

Metal ions act by binding to and orienting substrates, by mediating transfer of charge

(i.e., in redox reactions - since transition metal ions often exhibit multiple oxidation states, they

are often involved in redox reactions), or by charge effects that can either directly stabilize a

transition state or reduce negative charge.  

As an example, consider the enzyme-catalyzed formation of bicarbonate from carbon

dioxide. 

Note that it is in the form of bicarbonate that carbon dioxide crosses the erythrocyte membrane

to bind to hemoglobin.  The enzyme that catalyzes this reaction is carbonic anhydrase. A single

enzyme molecule can catalyze the formation of 1 x 106 bicarbonates per second.  The active site

contains a Zn++ ion coordinately bound to the imidazole (Im) nitrogens of three histidine residues

in the active site.  The Zn++ acts to hydrate CO2 as follows.  Would you expect these active-site

histidine residues to be variant or  invariant?  Why?
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The fourth category of mechanisms, electrostatic catalysis, can be related to metal

catalysis.  Electrostatic effects in the active sites of enzymes can be very important because

binding of substrate typically results in the exclusion of water, the result being that the

environment of the active site when substrate is bound is typically hydrophobic.  In a

hydrophobic environment, charge effects are enhanced.  As an example, consider a dissociable

amino acid side chain, such as histidine, in the active site of an enzyme:

The conjugate acid form is positively charged, the conjugate base form neutral.  As we know, the



pKa of this imidazole side chain is about 6 in water.  In a hydrophobic environment such as the

active site of an enzyme with bound substrate, the positive charge is not going to be happy.  Thus

the above equilibrium will be shifted to the right relative to water, thereby resulting in a decrease

in the pKa value (more acidic).  By altering the microenvironment of dissociable groups, an

enzyme is able to alter pKa values.  Could you envision alterations of the active site of the above

hypothetical enzyme that would increase the pKa (i.e., make the imidazole group less acidic)?

The fifth type of catalytic mechanism employed by enzymes is catalysis through

proximity and orientation effects.  Consider an enzyme that binds two substrates, which they

react with one another.  The active site of the enzyme brings these substrates into close

proximity, which can enhance reaction rates up to a factor of five.  Enzymes can also properly

orient the substates, resulting in rate enhancement of up to 100-fold (Figure 11-12 - not shown). 

Additionally, enzymes can “freeze out” intramolecular motions such as vibration and rotation. 

Evidence suggests that this effect can tremendously affect reaction rates, resulting in up to 10

million-fold rate enhancement.

The last mechanism is preferential transition state binding.  We have seen that

enzymes serve to lower the activation barrier between substrate and product, as shown in Figure

11-7.  A moment’s reflection suggests that if the enzyme were to stabilize binding of substrate,

the activation barrier would actually be increased.  Earlier it was mentioned that the active site of

an enzyme is not a precise complement of the substrate, i.e., the hand-in-glove concept is not

accurate enzymes, unlike the case for a protein that simply binds its ligand.   Rather, there is an

induced fit.  In order to lower the transition state, the enzyme must bind the transition state with

more affinity than substrate, as shown in Figure 11-15.  Note in this figure that ES is stabilized

with respect to E + S, as indicated by its lower position on the energy axis, but that ESK is

stabilized more.  Compare this figure to Figure 11-7.  The various humps and valleys in Figure

11-15 are a more accurate depiction of preferential binding and stabilization of transition state.
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1.  Transition State Analogs.  Since enzymes increase their catalytic efficiency by

preferentially binding, thus stabilizing, the transition state, then it is logical that transition state

analogs which structurally resemble the transition state would be potent inhibitors.  Consider the

reaction catalyzed by proline racemase.  As the name implies, this enzyme catalyzes the

racemization of proline:

A transition state analog, specifically a planar analog, can be constructed by introducing double

bonds with sp2 hybridization (planar) into the ring:
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Such a molecule would bind with much greater affinity to the enzyme than the substrate, D- or

L- proline, and would be a very effective inhibitor.  Some naturally occurring antibiotics are

transition state analogs.  Transition state analogs are useful for studying enzyme mechanisms.

Examples of Enzyme mechanisms

1.  Serine proteases

This class of enzymes is so named because their active sites all contain a reactive serine

residue.  They include digestive enzymes such as chymotrypsin, trypsin and elastase, and also

acetylcholinesterase which, as you may know, is involved in nerve impulse transmission.  

The active site serine, as well as other important active site residues, was identified by

specific chemical labeling.  The active-site serine reacts specifically with

diisopropylphosphofluiridate (henceforth known by its acronym, DIPF), which reacts with serine

hydroxyl groups as follows:

Because of its reactivity with acetylcholinesterase, DIPF is a potent neurotoxin.  A variety of

insecticides and nerve gases inactivate acetylcholinesterase by reacting covalently with the

active site serine.  

The structures of chymotrypsin, trypsin and elastase are all similar.  The X-ray structure

of bovine chymotrypsin (1967) indicates 2 domains, each of which contains extensive regions of



antiparallel beta sheet in a barrel arrangement, with little alpha helix.  All have a catalytic triad

of  residues, serine, histidine and aspartate.  In chymotrypsin, these are Ser 195, His 57 and Asp

102.

Recall that chymotrypsin cleaves internal peptide bonds involving the carbonyl group of

residues with bulky aromatic groups, such as phenylalanine and tryptophan and tyrosine,

whereas trypsin is specific for arginine and lysine. Elastase recognizes a variety of small, neutral

residues such as glycine, alanine and serine.   There must be, in addition to this active site triad

of residues, residues responsible for substrate specificity.  Thus, in chymotrypsin, there is a

hydrophobic pocket into which bulky aromatic groups bind.  In trypsin, a similar pocket contains

a negatively-charged aspartate which interacts favorably with the positively charged lysine and

arginine side chains.  

NOTE: The similarities between these three proteolytic enzymes is an indication that they

evolved from a common ancestral gene.  There are also striking similarities between these

enzymes and certain bacterial proteases, indicating that the primordial trypsin gene arose before

the divergence of prokaryotes and eukaryotes.  This is an example of divergent evolution.

It is also of interest to note that other serine proteases (subtilisin and serine

carboxypeptidase) also contain the same catalytic triad of residues, yet bear no other close

similarities.  In fact, the orders in the amino acid sequence is not the same.  These enzymes

therefore appear to be an example of convergent evolution.  

The catalytic mechanism of chymotrypsin is shown in Figure 11-29:



               - 

Key concepts here are nucleophilic catalysis, general acid-base catalysis, tetrahedral

intermediate, oxyanion hole

Figure 11-30 illustrates general acid-base catalysis and nucleophilic catalysis, and the

mechanistic roles of the catalytic triad.  The transition state is also stabilized, and this is

illustrated in Figure 11-30.  Note in particular the role of the oxyanion hole.



2.  Zymogens - These are inactive precursors of active enzymes.  Examples include various

digestive enzymes and blood clogging factors.  

Chymotrypsin, trypsin and elastase are all synthesized as zymogens, or proenzymes,

(chymotrypsinogen, trypsinogen and proelastase) and stored in and secreted from the pancreas. 

These enzymes must not be activated prematurely as they would digest any protein available.  In

order to target them for their intended purpose, namely digestion of food, nature concocted their

synthesis in an inactive form.  They can be easily activated by proteolytic cleavage as shown

below for chymotrypsinogen:

Notice that trypsin initiates the activation of chymoptrysin.  Initial activation of trypsinogen

involves another serine protease, enteropeptidase, followed by self-activation (autocatalysis).



During formation of a blood clot, small blood cells called platelets aggregate and are

entrapped in an insoluble fibrin network.  Fibrin is formed from a soluble serum protein,

fibrinogen, the inactive precursor.  The activation of fibrinogen occurs via a cascade of events

depicted below.  

The extrinsic pathway is so named because it involves a membrane protein, tissue factor,

because the source of this protein is extravascular.  When exposed to the bloodstream as a result

of injury, tissue factor forms a complex with circulating factor VII, which activates factor VII

(VIIa).  A series of similar activations occur subsequently, culminating in activation of

prothrombin (zymogen form of thrombin) to thrombin, which then activates fibrinogen to form

fibrin.  The components of the intrinsic pathway are all present in the circulation.  The instrinsic

pathway is activated by the tissue factor - VIIa complex, but also by thrombin as shown above. 

The action of the intrinsic pathway is required for sustained thrombin activation because factor

VII in the extrinsic pathway  is quickly inactivated.

Problems.  4, 7, 8 (note in this case that the side chain of the active site Cys plays a role similar

to that of the active site Ser in chymotrypsin12), 16




