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ells perform many different tasks. They put
things together, take things apart, dispose of
waste and make substances essential for growth,
development and maintenance of cellular
structures. It is highly specialised work and needs
sophisticated tools. These tools are enzymes and, so far,
over 1500 have been discovered and studied. Some
chemical reactions in the cell could proceed, slowly,
without enzymes, but nothing would happen fast
enough to sustain life. Enzymes act as powerful biolog-
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Enzymes (red) have active sites on their surfaces which allow
them to bind to their substrates (yellow).

ical catalysts, speeding up the reactions — the rates can
be 107 to 10'# times faster!

For any chemical reaction to proceed, sufficient energy is
needed to overcome the activation energy barrier (see
Figure 1). One way is to increase the temperature, which
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Figure 2 The relationship between protein structure,
catalytic amino acids and the active site of an enzyme.

increases the number of molecules that collide with
sufficient energy to overcome this barrier. This strategy is
often employed in the chemical industry. A similar effect
can be produced by reducing the activation energy barrier.
This is what enzymes, as biological catalysts, are able to
do. It explains why they are so effective and why they
work at relatively low temperatures.

k — digestion is one
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In all chemical reactions, the reacting atoms or mole-
cules pass through the transition state — a structure
intermediate between the reactants and the products.
Enzymes form an enzyme-substrate complex; this
reduces the energy barrier between the substrate and
the transition state.

The enzyme-substrate complex depends on a few
specific amino acids in the enzyme molecule. The
peptide chain of amino acids is folded in such a way as
to bring these catalytic amino acids close together in
the active site (see Figure 2). This region of the enzyme
thus has a unique arrangement of chemical groups on
the surface which allows it to bind the substrate mole-
cule. The substrate is bound at the active site at just the
right orientation to allow the chemical reaction to
proceed.

Although the catalytic properties of enzymes can appear
almost magical, enzymes work simply by breaking or
making bonds. They bring about catalysis in a very
precise and specific manner.

The specific shape of the active site binds the
substrate and also forms and/or breaks covalent bonds.
The enzyme brings the reactants close together and then
holds them in the correct orientation. Then, charged
groups on the enzyme are positioned to assist the inter-
action between enzyme and substrate. Acidic or basic
groups can donate or remove protons, or positively and
negatively charged groups can either attract or repel,
depending on the charges involved (like charges repel,
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(A) Lock-and-key
and (B) induced
fit models.
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unlike charges attract). This is what lowers the activation
energy barrier, making it easier for the reaction to
proceed.

Two models have been proposed to explain how
enzymes work. The first is called the lock-and-key
model. The active site binds the substrate, an
enzyme-substrate complex is formed, and the products
of the reaction are released from the enzyme, leaving
the enzyme unaltered and ready to bind another mole-
cule of substrate (see Figure 3A). This model assumes
that the substrate fits the active site in the same way that
a key fits a lock.

The second model is called the induced fit model;
it provides a more accurate picture of the changes occur-
ring than that described by the older lock-and-key
model. The induced fit model suggests that the enzyme
usually exists in an inactive form (E;), which is more
stable than the active form (E,). The enzyme changes
shape as it binds the substrate, the catalytic amino acids
are all brought into their correct positions in the active
site, and then the reaction occurs. On release of the
products, the enzyme reverts to its original and more
stable state.

active
site product
binding forms catalysis released
Ei+S ES E.S E3E E+P

As the enzyme changes shape, it exposes the site or
chemical group on the substrate where the chemical
bonds are to be made or broken, and the reaction
proceeds quickly. Once catalysis has taken place, the
enzyme no longer binds the products and they are
released. The enzyme then reverts to its original, more
stable, shape — ready to bind another molecule of
substrate (see Figure 3B).
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Enzymes are exceptional catalysts. They are very
efficient — each enzyme molecule can metabolise
approximately 1000 substrate molecules per minute (the
turnover number). Most enzyme reactions are highly
specific, but because cells possess a large number of
enzymes, all the different reactions of metabolism are
possible. Enzymes themselves are subject to a number
of cellular controls. Their synthesis is under genetic
control, as is the amount produced. In addition, they are
often made in an inactive form that requires removal of
part of the protein to reveal the active site.

What affects the reaction rate?

Enzymes have a range of distinctive features relating to
their catalytic function. As they are proteins, they are
denatured by heat, extremes of pH, detergents and
organic solvents. Many substances — heavy metals and
arsenic, for example — will bind to the enzyme, often in
the region of the active site. This disrupts enzyme activity.
Enzyme activity increases with temperature, until the
higher temperatures start to denature the enzyme mole-
cules. Thus, enzymes have an optimum temperature,
usually around 40°C for mammalian enzymes. All
enzymes have an optimum pH at which they work most
efficiently. This can be surprisingly low. For example,
pepsin, a digestive enzyme in the stomach, will digest
dietary proteins quite readily at pH 2.0. However, most
cellular enzymes function best at around pH 7.4.

Most enzymes require additional small molecules
called cofactors. These bind to specific sites on the
enzyme and enhance its activity.

Some molecules inhibit enzyme activity. Molecules
that resemble the substrate bind at the active site and
prevent the substrate from binding — these are
competitive inhibitors. Other inhibitors are non-
competitive. They have no structural similarity to the
substrate and they bind away from the active site, but
they still prevent or slow the reaction, usually by
preventing the enzyme changing to the active form
required for catalysis.

Both the substrate concentration and the enzyme
concentration can affect the rate of an enzyme
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Cofactor A small molecule that binds to the enzyme
and increases its activity. Cofactors can be metal ions
(e.g. zinc, copper or iron) that bind at sites away from
the active site and change the shape or stability of
the enzyme. Vitamins also bind and can sometimes
participate closely in the chemical reaction, but are
not changed by it.

reaction. Higher substrate concentrations increase the
rate up to a maximum where the enzyme becomes
limiting. High substrate concentrations can overcome
the effects of a competitive inhibitor but not of a non-
competitive inhibitor. Provided the substrate concen-
tration is maintained at a high level and the pH and
temperature are constant, the rate of the reaction is
directly proportional to the enzyme concentration.

Some enzymes will bind a single substrate only. For
example, D-glucose oxidase will only bind D-glucose
and not L-glucose. Other enzymes are more promis-
cuous! For example, trypsin, produced by the pancreas,
digests dietary proteins in the gut into smaller peptides.
Trypsin breaks any peptide bonds in the protein that lie
alongside basic amino acids.

Disappearing tadpole tails

In 1961, Jerome Gross, a developmental biologist,
became fascinated with the speed at which a tadpole tail
disappears just before the tadpole becomes a frog. He
discovered an enzyme (collagenase) that was able to
cut through all three chains of the collagen molecule —
the major component of the connective tissue in the tail.
Many years later, the structure of collagenase was
solved. It has a zinc ion held tightly in place by three
histidine amino acids that are located at different posi-
tions along the protein chain. The zinc lies at the bottom
of the active site cleft and is important in the catalytic
reaction.

This same active site structure, with three histidines
binding the zing, is found in a family of enzymes called
the matrix metalloproteinases, or MMPs for short. These
enzymes are able to cleave many different proteins that
make up the extracellular matrix of connective tissue.
They are important in many different processes where
connective tissue is broken down. These include the
spread of tumours, the resorption of the uterus after
birth, wound healing, the breakdown of the cornea in
eye diseases and the breakdown of cartilage in arthritis.
Inhibitors that fit in the groove around the active zinc
site will block the activity of these enzymes. In the
future, these inhibitors could be used as new drugs to
block tumour invasion or prevent joint destruction in
patients with arthritis.

Arthur Kornberg was a biochemist who studied the
enzymes that cut and put together DNA molecules. He
wrote a book called For the Love of Enzymes, in which he
described the excitement in the laboratory after these
enzymes were first discovered. He was fascinated by
enzymes and likened cellular processes to the produc-
tion of a play or film. He said that while ‘DNA and RNA
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resorbing tadpole

tail contains an
enzyme, collagenase,
which breaks down the
collagen in the tail
tissue. This completes
the transformation
from tadpole to frog.

write the script, the enzymes do the acting’. Nothing
happens in the cell unless it is carefully driven by a
specific enzyme. This is why it is so important to study
them and understand how they work. B

Professor Tim Cawston trained as a biochemist.

He became interested in enzymes that break down
connective tissues when working at the Strangeways
Laboratory in Cambridge. He is now in the Department of
Rheumatology at the University of Newcastle where he
heads a group researching the mechanisms of joint
destruction

KEY woints

o All the metabolic processes important to keep cells
alive depend on enzymes.

e Enzymes are proteins that act as biological catalysts.

e Amino acids from different parts of the protein chain v
form an active site that binds the substrate very
specifically. A
® An enzyme-substrate complex is formed, but after %

the reaction the enzyme remains unaltered.
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