
5.4.1 https://chem.libretexts.org/@go/page/165290

5.4: Enzyme Inhibition
Inhibition caused by drugs may be either reversible or irreversible. A reversible situation occurs when an equilibrium can be
established between the enzyme and the inhibitory drug. A competitive inhibition occurs when the drug, as "mimic" of the normal
substrate competes with the normal substrate for the active site on the enzyme. Concentration effects are important for competitive
inhibition.

Reversible inhibitors
A reversible inhibitor inactivates an enzyme through noncovalent, more easily reversed, interactions. Unlike an irreversible
inhibitor, a reversible inhibitor can dissociate from the enzyme. Reversible inhibitors include competitive inhibitors and
noncompetitive inhibitors. (There are additional types of reversible inhibitors.)

Competitive Inhibition 

Probably the easiest type of enzyme inhibition to understand is competitive inhibition and it is the one most commonly exploited
pharmaceutically. Molecules that are competitive inhibitors of enzymes resemble one of the normal substrates of an enzyme. An
example is methotrexate, which resembles the folate substrate of the enzyme dihydrofolate reductase (DHFR). This enzyme
normally catalyzes the reduction of folate, an important reaction in the metabolism of nucleotides. When the drug methotrexate is
present, some of the enzyme binds to it instead of to folate and during the time methotrexate is bound, the enzyme is inactive and
unable to bind folate. Thus, the enzyme is inhibited. Notably, the binding site on DHFR for methotrexate is the active site, the same
place that folate would normally bind. As a result, methotrexate ‘competes’ with folate for binding to the enzyme. The more
methotrexate there is, the more effectively it competes with folate for the enzyme’s active site. Conversely, the more folate there is,
the less of an effect methotrexate has on the enzyme because folate outcompetes it.

 

Figure 5.4.1: Competitive Inhibition

Figure 5.4.2: Line-Weaver Burk Plot of competitive inhibition

 

No Effect On Vmax
How do we study competitive inhibition. It is typically done as follows. First one performs a set of V vs. [S] reactions without
inhibitor (20 or so tubes, with buffer and constant amounts of enzyme, varying amounts of substrate, equal reaction times). V vs.
[S] is plotted, as well as 1/v vs. 1/[S], if desired. Next, a second set of reactions is performed in the same manner as before, except
that a fixed amount of the methotrexate inhibitor is added to each tube. At low concentrations of substrate, the inhibitor competes
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for the enzyme effectively, but at high concentrations of substrate, the inhibitor will have a much reduced effect, since the substrate
outcompetes it, due to its higher concentration (remember that the inhibitor is at fixed concentration). Graphically, the results of
these experiments are shown above. Notice that at high substrate concentrations, the competitive inhibitor has essentially no effect,
causing the Vmax for the enzyme to remain unchanged.  This is due to the fact that at high substrate concentrations, the inhibitor
doesn’t compete well. However, at lower substrate concentrations it does.

Increased Km

Note that the apparent Km of the enzyme for the substrate increases (-1/Km gets closer to zero - red line above) when the inhibitor
is present, thus illustrating the better competition of the inhibitor at lower substrate concentrations. It may not be obvious why we
call the changed Km the apparent Km of the enzyme. The reason is that the inhibitor doesn’t actually change the enzyme’s affinity
for the folate substrate. It only appears to do so. This is because of the way that competitive inhibition works. When the
competitive inhibitor binds the enzyme, it is effectively ‘taken out of action.’ Inactive enzymes have NO affinity for substrate and
no activity either. We can’t measure Km for an inactive enzyme.

The enzyme molecules that are not bound by methotrexate can, in fact, bind folate and are active. Methotrexate has no effect on
them and their Km values are unchanged. Why then, does Km appear higher in the presence of a competitive inhibitor. The reason
is that the competitive inhibitor is reducing the amount of active enzyme at lower concentrations of substrate. When the amount of
enzyme is reduced, one must have more substrate to supply the reduced amount of enzyme sufficiently to get to Vmax/2.

Studies of competitive inhibition have provided helpful information about certain enzyme-substrate complexes and the interactions
of specific groups at the active sites. As a result, pharmaceutical companies have synthesized drugs that competitively inhibit
metabolic processes in bacteria and certain cancer cells. Many drugs are competitive inhibitors of specific enzymes.

Non-Competitive Inhibition 

A second type of inhibition employs inhibitors that do not resemble the substrate and bind not to the active site, but rather to a
separate site on the enzyme (rectangular site below). The effect of binding a non-competitive inhibitor is significantly different
from binding a competitive inhibitor because there is no competition. In the case of competitive inhibition, the effect of the
inhibitor could be reduced and eventually overwhelmed with increasing amounts of substrate. This was because increasing
substrate made increasing percentages of the enzyme active. With non-competitive inhibition, increasing the amount of substrate
has no effect on the percentage of enzyme that is active. Indeed, in non-competitive inhibition, the percentage of enzyme inhibited
remains the same through all ranges of [S].

 

Figure 5.4.3: Non-competitive Inhibition

 

This means, then, that non-competitive inhibition effectively reduces the amount of enzyme by the same fixed amount in a typical
experiment at every substrate concentration used The effect of this inhibition is shown above. As you can see, Vmax is reduced in
non-competitive inhibition compared to uninhibited reactions. This makes sense if we remember that Vmax is dependent on the
amount of enzyme present. Reducing the amount of enzyme present reduces Vmax. In competitive inhibition, this doesn’t occur
detectably, because at high substrate concentrations, there is essentially 100% of the enzyme active and the Vmax appears not to
change. Additionally, KM for non-competitively inhibited reactions does not change from that of uninhibited reactions. This is
because, as noted previously, one can only measure the KM of active enzymes and KM is a constant for a given enzyme.
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Figure 5.4.4: Line-Weaver Burk Plot of noncompetitive inhibition

 
Feedback inhibition is a normal biochemical process that makes use of noncompetitive inhibitors to control some enzymatic
activity. In this process, the final product inhibits the enzyme that catalyzes the first step in a series of reactions. Feedback
inhibition is used to regulate the synthesis of many amino acids. For example, bacteria synthesize isoleucine from threonine in a
series of five enzyme-catalyzed steps. As the concentration of isoleucine increases, some of it binds as a noncompetitive inhibitor
to the first enzyme of the series (threonine deaminase), thus bringing about a decrease in the amount of isoleucine being formed.

Figure 5.4.5: Feedback Inhibition of Threonine Deaminase by Isoleucine. Threonine deaminase is the first enzyme in the
conversion of threonine to isoleucine. Isoleucine inhibits threonine deaminase through feedback inhibition.

 

Uncompetitive Inhibition 

A third type of enzymatic inhibition is that of uncompetitive inhibition, which has the odd property of a reduced Vmax as well as a
reduced Km. The explanation for these seemingly odd results is due to the fact that the uncompetitive inhibitor binds only to the
enzyme-substrate (ES) complex. The inhibitor-bound complex forms mostly under concentrations of high substrate and the ES-I
complex cannot release product while the inhibitor is bound, thus result in reduced Vmax.

The reduced Km is a bit harder to conceptualize. The answer lies in the fact that the inhibitor-bound complex effectively reduces
the concentration of the ES complex. By Le Chatelier’s Principle, a shift occurs to form additional ES complex, resulting in less
free enzyme and more enzyme in the forms ES and ESI (ES with inhibitor). Decreases in free enzyme correspond to an enzyme
with greater affinity for its substrate. Thus, paradoxically, uncompetitive inhibition both decreases Vmax and increases an enzyme’s
affinity for its substrate.

Summary

In competitive inhibition the substrate and the inhibitor compete for the same active site on the enzyme. Because the substrate
cannot bind to an enzyme–inhibitor complex, EI, the enzyme’s catalytic efficiency for the substrate decreases.
With noncompetitive inhibition the substrate and the inhibitor bind to different active sites on the enzyme, forming an enzyme–
substrate–inhibitor, or ESI complex. The formation of an ESI complex decreases catalytic efficiency because only the enzyme–
substrate complex reacts to form the product. Finally, in uncompetitive inhibition the inhibitor binds to the enzyme–substrate
complex, forming an inactive ESI complex.
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Figure 5.4.6: Mechanisms for the reversible inhibition of enzyme catalysis. E: enzyme, S: substrate, P: product, I: inhibitor, ES:
enzyme–substrate complex, EI: enzyme–inhibitor complex, ESI: enzyme–substrate–inhibitor complex.

 

 

 

Figure 5.4.6: Linweaver–Burk plots for competitive inhibition, noncompetitive inhibition, and uncompetitive inhibition. The thick
blue line in each plot shows the kinetic behavior in the absence of inhibitor, and the thin blue lines in each plot show the change in
behavior for increasing concentrations of the inhibitor. In each plot, the inhibitor’s concentration increases in the direction of the
green arrow.

 

Irreversible inhibitors

An irreversible inhibitor inactivates an enzyme by bonding covalently to a particular group at the active site. The inhibitor-enzyme
bond is so strong that the inhibition cannot be reversed by the addition of excess substrate. The nerve gases, especially Diisopropyl
fluorophosphate (DIFP), irreversibly inhibit biological systems by forming an enzyme-inhibitor complex with a specific OH group
of serine situated at the active sites of certain enzymes. The peptidases trypsin and chymotrypsin contain serine groups at the active
site and are inhibited by DIFP.

Suicide Inhibition 

In contrast to the first three types of inhibition, which involve reversible binding of the inhibitor to the enzyme, suicide inhibition
is irreversible because the inhibitor becomes covalently bound to the enzyme during the inhibition and thus cannot be removed.
Suicide inhibition rather closely resembles competitive inhibition because the inhibitor generally resembles the substrate and binds
to the active site of the enzyme. The primary difference is that the suicide inhibitor is chemically reactive in the active site and
makes a bond with it that precludes its removal. Such a mechanism is that employed by penicillin (Figure 5.4.7), which covalently
links to the bacterial enzyme, D-D transpeptidase and stops it from functioning. Since the normal function of the enzyme is to
make a bond necessary for the peptidoglycan complex of the bacterial cell wall, the cell wall cannot properly form and bacteria
cannot reproduce. If one were to measure the kinetics of suicide inhibitors under conditions where there was more enzyme than
inhibitor, they would resemble non-competitive inhibition’s kinetics because both involve reducing the amount of active enzyme by
a fixed amount in a set of reactions.
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Figure 5.4.7: Penicillin
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