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2.5: Enzyme Kinetics and Inhibition

The kinetics of reactions involving enzymes are a little bit different from other reactions. First of all, there are sometimes lots of
steps involved. Also, the reaction involves a huge, complicated molecule, the enzyme. Sometimes it's hard to figure out what's
going inside that enzyme.

Nevertheless, we can think about that reaction and break it down into just a few different steps. First, the enzyme has to bind the
substrate. Second, the enzyme has to transform that substrate into the product. Third, the product must be released.
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A reaction progress diagram for this process looks something like this:
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There are some energetic considerations on this diagram that we should think about. In normal reactions, the intermediates that
form along the reaction pathway are higher in energy than either the reactants or the products. We can think of the reactants
climbing up a hilly mountain range and sliding down the other side, all the way to products.

In many cases of catalysis, the enzyme-substrate complex (ES) is actually lower in energy than the free enzyme and substrate.
That's because of the intermolecular attractions that hold the substrate in place within the enzyme. That's good; if the enzyme is
able to hold the substrate tightly, it will be able to do its work. Of course, if the ES is too stable, it will just sit there; nothoing will
ever happen to it.

The middle hump of the diagram actually represents any number of steps. In reality, we might better represent those steps as a
series of individual hills and valleys. We're simplifying a little bit by picturing it this way. Nevertheless, it may often be the case
that the highest energy, slowest step of this reaction falls somewhere among these steps.

When we looked at reaction kinetics earlier, we made the assumption that anything after the rate determining step had little effect
on the rate of the reaction. We'll make that approximation here, too, and think about two main components of the reaction. First, the
substrate must be bound in an enzyme-substrate complex. Second, the enzyme has to do something with that substrate, and turn it
into somethings else.
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Before we start thinking very hard about rate constants, we'll take a look at what data typically looks like in an enzyme-catalysed
reaction. Presumably, substrate is required to get anywhere in the reaction, and so the rate of the reaction should go faster if the
substrate concentration increases. The more substrate we have reacting, the fatser we should make product.

That's true, but only up to a point. Suppose we add more and more substrate to an enzymatic reaction. Look at the following graph
of what happens to the rate (usually represented in biochemistry as v for velocity).
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Rate (v) vs Substrate Concentration [S]
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Instead of forming a straight line, the concentration / rate plot is curved. At first, the rate increases with added substrate. Eventually,

however, the rate levels off, no matter how much substrate is added.

We can think about the plot falling into two regimes. There is the early regime, at low substrate concentration. Across this range of
substrate concentrations, the rate increases with added substrate. There is also the late regime, at high substrate concentration.
Across that range of substrate concentrations, the rate remains flat.

late regime: substrate-
/ independent (saturated enzyme)

early regime: substrate-dependent

[S]

There is a simple explanation for this behaviour. It has to do with how enzymatic reactions are carried out, and with catalytic
reactions in general. The whole point of a catalyst is that, in addition to facilitating a reaction, it is regenerated. It gets recycled:
each enzyme molecule is used multiple times to convert many substrate molecules into product. Consequently, only a very tiny
amount of enzyme is needed to efficiently carry out the reaction. The ratio of substrate to enzyme molecules in a typical reaction
may be in the millions.

That's all very good in terms of efficiency. However, at some point, it seems like some of those substrate molecules are going to be
left waiting around while enzymes are busily working on others. If the enzyme has to bind the substrate and do some work on it, we
could easily have a situation in which all the enzyme molecules are full. Additional substrate molecules have to wait their turn. At
that point, adding additional substrate doesn't speed up the reaction. We refer to the enzyme as "saturated" at that point, meaning it
can't add any more substrate.

o the reaction reaches a maximum rate at high substrate levels
¢ additional substrate does not increase the rate beyond that point
o the enzyme is saturated with substrate and cannot accommodate more

Of course, if we added more enzyme, we could handle more substrate, too. Doubling the amount of anzyme would double the
maximum rate of the reaction.
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We study the rates of enzymes reactions to learn more about how they work. One of the most important things we can look at is the
response of enzymes to inhibitors. Inhibitors are compounds that can slow the enzymatic reaction.

From a purely scientific point of view, how an inhibitor interacts with the enzyme is an interesting question. However, there are
many applications for this question in the pharmaceutical industry. Suppose a disease can be controlled by slowing down a
particular enzyme that is over-producing some small compound. Inhibitors might make useful pharmaceuticals. However, we
would want to have a good idea about how that drug is working. That knowledge might tell us someting about how to build a better
drug, for instance.

Inhibitors can work in different ways. The effect an inhibitor has on the rate / concentration plot can tell us something about what
the inhibitor is doing. For example, look at the following plot. The regular reaction involving the enzyme and the substrate is
plotted with black circles. The blue squares show the same reaction in the presence of an inhibitor.
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If we compare individual data points from both curves at the same value of [S], it is clear that the speed of the reaction is always
slower when the inhibitor is present. For example, when the substrate concentration is about 16 units, the rate of the regular
reaction is about 7 units, but the rate of the reaction with added inhibitor is only 6 units.

But something interesting is happenning. By the time we get to the next data point, [S] = 32 units, the rate of the inhibited reaction
has almost caught up with the regular one. If you look closely, the inhibited reaction is steadily closing the gap throughout the
graph.

That means that if you add enough substrate, you can neutralize the effect of the inhibitor. How does it do that?

The simplest explanation is that the inhibitor can bind to the enzyme in place of the substrate. There is an equilibrium constant for
enzyme-inhibitor binding, just as there is an equilibrium constant for enzyme-substrate binding. However, if we add enough
substrate, we can displace the inhibitor altogether, binding only substrate. Remember le Chatelier? The more substrate we have, the
more the equilibrium shifts toward enzyme-substrate complex.

This type of inhibition is called competitive inhibition. The inhibitor and the substrate are competing for the same binding site on
the enzyme.
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e A competitive inhibitor competes with the substrate for the binding site on the enzyme.
e As substrate concentration increases, it eventually displaces the inhibitor.
o The reaction rate approaches the normal rate at higher substrate concentrations.

There are other kinds of inhibitors, too. For example, the inhibitor in the following case does not behave the same way.
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No matter how much substrate is added in this case, the reaction with the inhibitor can't catch up. There is more going on here than
just competition for the binding site.

In this case, the inhibitor is directly interfering with the product-forming steps of the reaction. The inhibited reaction starts behind
and never catches up. This case is called non-competitive inhibition.

There are other, more subtle variations of inhibition, too. For example, in the following case, the inhibited reaction behaves a little
bit differently than in the other cases, but the difference is hard to see at first.
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This time, the inhibited reaction seems to be doing OK at first, but it gradually falls off. It can't keep up with the regular reaction.
Again, something is interfering with the product-forming steps; that's why added substrate doesn't eventually overcome the
inhibitor. But in the early stages, this case looks different from non-competitive inhibition. This case is given the very similar name
"uncompetitive inhibition".

To get a little more insight into these inhibitors, we will have to take a look at a mathematical treatment of the kinetics.

Characterise the following graphs as representing either competitive or non-competitive inhibition.

a)
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Answer a
non-competitive
Answer b
competitive
Answer c
competitive
Answer d

non-competitive
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