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PART 9 
CATALYSIS. ENZYME - GOVERNED REACTIONS

I. GENERAL RULES OF THE CATALYTIC processes
A catalyst is a substance, presence of which causes an increase of the reaction rate.

The catalyst itself at the end of reaction remains intact - neither its chemical form, nor its quantity is changed.

All of the catalytic processes follow some general rules:

1) catalyst is always actively involved into the reaction.

It it easy to imagine, that just an abstract presence of a catalyst cannot change the reaction rate, the catalyst itself has to participate in the reaction. Participation of a catalyst can be understood as:

a) the catalyst itself is involved into one of the intermediate stages of reaction, it is used in this stage, but formed back in the same amount and chemical form, when the final products are formed (in homogeneous catalysis),

b) catalyst acts, using its surface - the initial compounds are adsorbed onto the surface of catalyst, the reaction occurs in an adsorbed state and, finally, products leave the surface (heterogeneous catalysis),

c) catalyst makes an intermediate complex with one of the initial compounds. The intermediate complex is more active, than the initial compound itself. This complex decays, when the reaction is complete (enzyme catalysis).

2) action of the catalyst lowers the activation energy of the reaction.

In all the cases of catalysis the catalyst is involved into the formation of activated complex , a different activated complex is formed, compared to the one in a non-catalytic process. The activation energy, that is necessary for the formation of acti​vated complex, formed at presence of catalyst, is lower, than for formation of acti​vated complex without a catalyst.

For example, a reaction occurs without a catalyst as:

AB + C => (C...A...B) => AC + B,

i.e. the activated complex without a catalyst looks like (C...A...B).

At presence of a catalyst another type of activated complex, including the catalyst, is formed :

AB + C + CAT => (C...A...B)CAT => AC + B + CAT

As this other type of activated complex (C...A...B)CAT requires a lower acti​vation energy (see fig.9.1), the reaction rate constant (and, consequently, the reac​tion rate itself) becomes greater (reaction rate constant is determined by Arrhenius’s equation: k = A e-Ea/RT,
and the lower is EA, the greater becomes k).

3) In equilibrium reactions the action of a catalyst causes an increase of both the rate of direct reaction and the one of reverse reaction to the same extent.

For this reason, presence of a catalyst doesn’t shift the equilibrium, but, as both rates of reactions become greater, the equilibrium is reached faster. Use of cata​lysts for faster reaching of equilibrium in reversible reactions is a rather common case.

                     4) Action of a catalyst is specific.
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	Presence of a given catalyst can increase the rate of only one reaction or of a group of similar reactions.

Fig.9 1. Energetic profiles of a reaction with and without presence of catalyst.


II. CLASSIFICATION OF CATALYTICAL REACTIONS

Catalytic reactions are classified as follows :

1) Homogeneous catalysis.

In this case all the initial compounds and the catalyst are in the same phase, for instance, all the initial compounds and the catalyst are dissolved in the same solu​tion, or all the initial compounds and the catalyst are gases.

2) Heterogeneous catalysis.

In the case of heterogeneous catalysis the reacting compounds and catalyst are in different phases, for instance, the initial compounds are gases and the reaction oc​curs on the surface of a solid catalyst.

3) Microheterogeneous catalysis

(or biocatalysis, or enzyme catalysis).

In this case some aspects are similar to the ones in homogeneous catalysis - both the reacting compounds and the catalyst are in the same solution. At the same time some aspects are similar to the ones in heterogeneous catalysis - the molecule of a biocatalyst is much greater, than the molecule of the reacting compound (which is called substrate in this case), therefore the reaction occurs on the surface of the catalyst.

4) Autocatalysis

In the case of autocatalysis the reaction is catalyzed by the reaction products.

As auto catalysis is not going to be discussed more in detail, let us just mention one example of autocatalysis : oxidation-reduction processes, where [image: image2.wmf]MnO
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 ion is the oxidant in acidic environment, are all auto catalytic processes - Mn2+ ion, that is formed in this case, acts as an auto catalyst for the reaction. For this reason, in all the reactions, where [image: image3.wmf]MnO
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ion is used as the oxidant in acidic environment, the reaction rate grows in time - the more Mn2+ ions are produced, the faster be​comes the reaction.

Homogeneous catalysis follows all the general rules of catalytic reactions, that were discussed before, but some rules, specific to homogeneous catalysis are also observed :

1) In the beginning, one of the initial compounds reacts with the catalyst, form​ing an intermediate compound, (this process is fast),

2) The intermediate compound reacts further with the other initial compound, forming the reaction products and regenerating back the catalyst (this process is slower and it limits the speed of the overall reaction).

3) Reaction rate in homogeneous catalysis is proportional to the concentration of catalyst.

Let us compare the reaction mechanism for a non-catalytic and homogeneously catalyzed reaction. If the non-catalytic process can be expressed as:
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 (A...B) => AB,

the activation energy [image: image5.wmf]E

a

non

-

cat

 for the process is the amount of energy, necessary for formation of the activated complex (A...B).

If the same reaction proceeds as a homogeneously catalyzed process, at first, one of the initial compounds reacts with the catalyst:
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(A...CAT) => A-CAT.

The process of formation of the intermediate compound A-CAT occurs through formation of an activated complex (A...CAT). As it is known, that for most of the homogeneously catalyzed reactions the formation of intermediate compound is fast, activation energy [image: image7.wmf]E
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 for this process is very low.

In the second stage of reaction the intermediate compound A-CAT reacts with the other initial compound B, forming the reaction product AB and regenerating back the catalyst, but this process again undergoes a formation of an activated complex, requiring another activation energy [image: image8.wmf]E
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 (CAT...A...B) => AB + CAT

Homogeneous catalysis really takes place, (the reaction rate is really greater at the presence of catalyst), if the sum of both activation energies in the catalytic process is smaller than the activation energy of the non-catalytic reaction :                     [image: image10.wmf]E
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Let us see two examples of homogeneously catalyzed reactions:

1) reaction between HCl and NH3 in gas phase with NH3Cl formation.

The reaction:                           NH3 + HCl => NH4Cl
in gas phase proceeds slowly. The reaction rate is much greater in presence of wa​ter vapor, that acts as a catalyst for this reaction.

The first reaction of the catalytic process is the reaction of NH3 with H2O vapor, forming an intermediate compound NH4OH:

NH3
H2O
=>
NH4OH

(A)

(CAT)
(A-CAT)

The intermediate compound NH4OH reacts with the other initial compound HCl, forming the final product NH4OH and regenerating the catalyst H2O:

NH4OH + HCl => NH4Cl + H2O

(A-CAT)
  (B)
     (AB)
(CAT)

2) reaction of SO2 with O2 at presence of nitrous oxide NO
Another example of homogeneous catalysis is the reaction of SO2 with O2, where NO acts as catalyst. The oxidation of SO2 by O2 without presence of a cata​lyst is very slow.

In the presence of catalyst NO reaction occurs as follows : first, one of the ini​tial compounds, O2, reacts with catalyst NO, forming an intermediate compound NO2:

O2 +
2NO
=>
2NO2 


   (A)
         (CAT)

(A-CAT)


Then intermediate compound NO2 reacts with the other initial compound SO2, forming the final product SO3 and regenerating the catalyst:


NO2

+
SO2
=>
SO3
+
NO


(A-CAT)

  (B)

(AB)

(CAT)

IV. HETEROGENEOUS CATALYSIS

Heterogeneous catalysis is a case of catalysis, when the reactants and catalyst are in different phases.
In most cases, the reactants are gases and the reaction occurs on the surface of a solid catalyst. The most common catalysts are metals, having an incomplete d elec​tron sub-level, such as Fe, Co, Ni, Pt, Pd, V, Au, and their oxides.

IV.1.SPECIFIC PROPERTIES OF HETEROGENEOUS CATALYSIS

Specific properties of heterogeneous catalysis are:

1) Formation of activated complex and its decay to the reaction products occurs in an adsorbed (bound to the surface of catalyst) state.

2) Not the whole surface of the catalyst is involved into the process, but only the so-called active sites, that are able to adsorb molecules from gas phase.

3) The reaction rate is proportional to the surface area of catalyst (or, to be more precise to the number, of active sites, that, on its turn, is proportional to the surface area).

IV.2.STAGES OF HETEROGENEOUS CATALYSIS

Let us imagine a reaction, having an overall equation

A + B => AB

As a heterogeneously catalyzed reaction occurs on the surface of catalyst, it in​cludes the following stages:

1) At the beginning, at least one of the initial compounds is adsorbed (bound) to the surface of catalyst :

A + CAT => A(CAT)

(Symbol A(CAT) is used for a molecule A, that is bound to the surface of catalyst)

2) When a molecule of the other initial compound (B) hits the adsorbed molecule of A, an activated complex is formed, which is also bound (adsorbed) to the surface of catalyst :

A(CAT) + B => (A...B)(CAT)

3) Activated complex decays forming a molecule of product, that is initially also bound to the surface of catalyst :

(A...B)(CAT) => AB(CAT)

4) Reaction product AB is desorbed and leaves the surface of catalyst:

AB(CAT) => AB + CAT

Here one can notice, that different stages of the process are affected by different factors: the rate of stages 1 and 2 is limited by the transport of molecules A and B to the surface of catalyst, stage 3 is limited by the rate of reaction itself, stage 4 is limited by the transport of product AB from the surface of the catalyst.

For this reason, if the concentrations of initial compounds A and B are low, the reaction rate is dependent on the concentrations of initial compounds, because at low concentrations of initial compounds part of catalyst’s surface remains free and, if more molecules of A and B are transported to it, the reaction becomes faster.

If the concentrations of A and B are high, all the surface of catalyst is already occupied by the molecules of initial compounds and the rate of overall process will be limited by stage 3 - the reaction stage. In such conditions the reaction rate is constant and doesn’t depend on the concentrations of initial compounds A and B. Finally, when the concentration of product AB becomes high enough, the reaction rate will be limited by the desorption of product AB and its transport away from the surface of catalyst.

An interesting question about heterogeneous catalysis is - why is the activation energy lowered (when compared to a non-catalytic process), if the reaction occurs on the surface of a catalyst in an adsorbed state. In a very simplified explanation, the ability of solid catalysts to increase the reaction rate (to lower EA) can be un​derstood approximately as follows, see fig.9.2
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Fig.9.2. Length of a bond in a normal  molecule in  gas phase (l ) 
and in an adsorbed molecule (l’)

The bond in a molecule of initial compound is carried out by an electron pair, that is common for both atoms (let us imagine the molecule of initial compound as a diatomic molecule). When the molecule is adsorbed (bound to surface of cata​lyst), the between molecule and the surface of catalyst is carried out by the same electron pair, therefore electron density between the atoms becomes lower, the re​pelling forces between the nuclei become less shielded and, as the result of nuclear repelling, the length of bond increases (compare lengths of bonds of a molecule in gas phase and the ones in an adsorbed molecule in fig.9.2.).

In other words, the bond in the adsorbed molecule is weakened and, con-sequently, activation energy is lowered.

[image: image14.wmf]
Fig.3. Places with a non-compensated electric field 
in the surface of catalyst.

It was found out, that not all the surface of solid catalyst is involved in catalysis. The molecules of initial compounds can be bound (adsorbed) only on the so-called active sites in the surface of catalyst. An active site is a places in the surface of the solid catalyst, in which the electric field is not compensated.

Such places with a non-compensated electrical field can be the defects of crystall​ine lattice of the catalyst: vacancies (places, in which an ion is missing) and places, in which an ion is placed in the next, incomplete ion plane, see fig.9.3.

V. ENZYME - GOVERNED REACTIONS (biocatalysis)
V.1.GENERAL features OF ENZYME CATALYSIS

Practically all the biochemical reactions are catalytic. Biocatalysts are specific compounds, called enzymes. All the regulation of reaction rates in living organisms is carried out by change of the catalytic activity of enzymes.

Enzymes themselves belong to proteins. Some enzymes are just proteins, some are composed of a protein another - non-protein component.

Proteins, as all polymers, are very large molecules - their size is in between 1 and 100 nanometers (1 nm =  10-9  m), while the size of non-polymer compound molecules is between 0.1 and 1 nm. As the size of an enzyme molecule is so large, not all the molecule of enzyme is involved into catalysis, but only the special active sites, that are present in the molecules of enzymes.

The compounds, that are changed by means of biochemical reactions are called substrates. We will use abbreviations E for enzyme and S for substrate (the react​ing compound) in the further text.

As the size of an enzyme molecule is much larger, than the size of substrate molecule, some of the properties of enzyme catalysis are similar to the ones of het​erogeneous catalysis. At the same time, as the molecules of enzyme and the molecules of substrate exist in the same solution, some of the properties of enzyme catalysis must be similar to the ones of homogeneous catalysis.

Common properties of enzyme and homogeneous catalysis are:

1) substrate and enzyme molecules appear in the same solution,

2) reaction rate is proportional to the concentration of enzyme.

Common properties of enzyme and heterogeneous catalysis are :

1) size of enzyme molecule is much larger, than the size of substrate molecule, therefore the reaction begins with adsorption of a substrate molecule on a molecule of enzyme,

2) Not all the molecule of enzyme is able to adsorb molecules of substrate. The adsorption of substrate occurs on the active sites of enzyme molecule. For most of the enzymes there is one active site in each molecule of enzyme. Nevertheless, in some cases experimental data show evidence of existence of several active sites in one molecule of enzyme.

Besides these properties, enzyme catalysis has some more properties, that are specific to it and differ from both homogeneous and heterogeneous catalysis.

 specific properties of enzyme catalysis :

1.Catalytic activity of enzymes is much greater, than the catalytic activity of all other catalysts. For instance, 1 mole of enzyme called catalase is able to decompose 5 millions moles of H2O2 molecules per minute, while, at the same time, 1 mole of colloidal platinum, that is used to catalyze the decomposition of H2O2 outside the living organisms, is able to decompose just 2000 peroxide moles per minute.

2.The action of enzymes is very specific - each enzyme acts to one specific sub​strate and, in most cases, helps in cracking of just one bond in the molecule of substrate. If further changes in the molecule of substrate are required, than the molecule of substrate molecule is transferred to another enzyme, which cracks the next bond, etc. For this reason there are many different enzymes in the living or​ganism, each of them catalyzing just one transformation of a substrate.

3. Enzymes are active in a very narrow temperature interval, mostly, 
37-42°C. At lower temperatures the reaction rate is low (as the number of active molecules is decreasing at lowering of temperature), at higher temperatures the enzyme as all proteins starts to be denatured and the reaction rate drops down again (note, that the ordinary catalysts increase the reaction rate even more, when temperature is higher).

4. Each enzyme is active in a narrow pH interval. If pH is shifted from the value that is characteristic for the given enzyme, H+ or OH- ions from the envi​ronment can change the structure of active site and activity of enzyme is lowered.

V.2. AN IDEA ABOUT THE EXPLANATION OF THE SPECIFIC ACTION OF ENZYMES

A given enzyme is specific to just one kind of substrate, because the active site of enzyme molecule is inversely symmetric to the molecule of substrate, just like a lock and a key are inversely symmetric to each other - every “hill” in the key cor​responds to a “valley” in the lock and vice versa, see fig.9.4.
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Fig.9.4. Inverse symmetry of key and lock.

The so-called key-lock principle states, that the active site of enzyme and the molecule of substrate are inversely symmetric to each other. In comparison to just a key and a lock, in the case of enzyme and substrate not only an inverse geometri​cal symmetry takes place: also the polar groups in the active site of enzyme molecule are situated opposite to the polar groups in the molecule of substrate in such a way, that opposite charges are situated against each other, see fig.9.5.

Such a case of inverse symmetry, in which two molecules are geometrically anti-symmetric and the opposite charges are situated against each other, is called complementarity.

If a substrate molecule and the active site of the enzyme are complementary to each other, the formation of an enzyme-substrate complex can be easy understood, see fig.9.5.

If each “hill” in the molecule of substrate corresponds to a “valley” in the active site of the molecule of enzyme and opposite charges of both molecules are situated against each other, then the molecule of substrate can be easily adsorbed on the active site of enzyme molecule. The reaction, for instance, a decomposition of sub​strate, occurs in adsorbed state and then the the reaction products (for instance, fragments of the former substrate molecule) leave the active site of enzyme molecule.
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E    +     S [image: image17.wmf]                      ES     (                 E +  Products
Fig.9.5. An idea about the role of key-lock principle in 

an enzyme-governed reaction.

Nevertheless, if the substrate molecule is completely complementary to the active site of enzyme, it is easy to explain, that a molecule of substrate can be ad​sorbed on the active site of enzyme, but a complete complementarity doesn’t give any explanation, why the substrate molecule is becoming more able to react, when it is adsorbed on the active site of enzyme.

In fact, to increase the reactivity of substrate, the complementarity between the molecule of substrate and the active site of enzyme has to be slightly distorted.

To understand it better, let us imagine, that both the molecule of substrate and the active site of enzyme are linear. All the positively and and negatively charged groups of the two molecules, except one, are situated against each other. Just in one place (marked by a starlet in fig.9.6), a positive group of substrate is not situated precisely opposite to the negative group in the active site of enzyme.

As the oppositely charged groups of the two molecules electrically attract each other, a force appears that tends to shift this particular group in the molecule of substrate (in fig.9.6 the force acts from the left to the right). As the result of this, the bond between the marked group and its left neighbor will be weakened.

From all, that was said above, one should understand, that for a good adsorption of the substrate on the active site of enzyme, they must be complementary to each other, but the complementarity must be distorted and the bond, closest to the distortion area is the one, that is weakened.
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Fig.9.6. A distorted complementarity of the active site of enzyme and a molecule of substrate. 
The bond, marked by a starlet, is weakened.

This also explains, why a given enzyme works only with one substrate - any other substrate will have other geometry, it will not be complementary to the active site of enzyme, therefore it cannot be adsorbed and no enzyme-substrate complex can be formed.

V.3. KINETICS OF ENZYME-GOVERNED REACTIONS. MICHAELIS - MENTEN’S EQUATION.

An enzyme-governed reaction can be expressed as:
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(9.1)
V.3.1. DEPENDENCE OF THE REACTION RATE ON THE CONCENTRATION OF SUBSTRATE

At the beginning of an enzyme-governed reaction, the molecule of substrate is adsorbed on the active site of enzyme, forming an enzyme-substrate complex (activated complex). The rate of this process is characterized by a rate constant k1. The activated complex can decay, forming back enzyme and substrate (rate con​stant k‑1) or by forming of the reaction products and liberating the enzyme (rate constant k1). Let us plot the rate of an enzyme-governed reaction versus concen​tration of substrate, fig.9.7.
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Fig.9.7. Dependence of the rate of an enzyme-governed reaction 
on the concentration of substrate.

Let us take into account, that the amount of enzyme in the organism in the entire duration of reaction remains constant, but the concentration of substrate can change - it can accumulate as a product of another reaction. While the concentration of substrate is very low (CS << CE ), a great amount of free enzyme is present.

As there are many free molecules of enzyme in the system, appearance of a new molecule of substrate immediately leads to formation of enzyme-substrate complex (because there is enough the enzyme), therefore the reaction rate at small substrate concentrations is proportional to CS and the 1-st part of the plot is a straight line. In other words, at small concentrations of substrate the reaction occurs as a first-order reaction (part I in fig.9.7).

If the concentration of substrate is increasing, the amount of free enzyme grows smaller, therefore the molecules of substrate have to seek for a free molecule of enzyme. As the result of this, at greater CS a deviation from linearity is observed (part II in fig.9.7).

When CS is very great, all the molecules of enzyme are already occupied by molecules of substrate , therefore the reaction rate reaches its maximum and remains constant at further increases of the concentration of substrate (because now the rate of the overall reaction is limited by the decay of ES complex, and not by the concentration of substrate ), see part III in fig.9.7.

In these conditions the reaction rate has reached its maximal value (as all the enzyme is already working) v = vmax and the reaction occurs as a zero-order reaction.

V.3.2. MICHAELIS - MENTEN’S EQUATION

Kinetics of enzyme-governed reactions is described by Michaelis-Menten’s  equation, which is derived, using the idea, that activated complex ES cannot be accumulated - the rate of its formation must be equal to the rate of its decay, or :

v = v-1 + v2 or
k1CECS = k-1CES + k2CES
The final form of Michaelis-Menten’s equation  looks like :
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where:

v - reaction rate,

vmax - maximal reaction rate,

KM - so-called Michaelis’s constant, which is related to all the three reaction rate constants from scheme (9.1):
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V.3.3. APPLICATION OF MICHAELIS - MENTEN’S EQUATION TO DIFFERENT PARTS OF THE KINETIC CURVE

Let us prove, how well the Michaelis-Menten’s equation can describe kinetics of an enzyme-governed reaction in all three parts of graph, shown in fig.9.7.

1) part I. When the concentration of substrate is so low, that it is neglible, when compared to KM, one can ignore CS in the nominator of Michaelis-Menten’s equation KM + CS ≈ KM. Then the equation (9.2) obtains a mathematical form:
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As KM and vmax are constant values for a given reaction, their ratio is also a constant value and this value is the proportionality coefficient between the argu​ment (CS) and function (v). This means, that at low concentrations of substrate Michaelis-Menten’s equation really describes the direct proportionality between CS and v, therefore the graph in part I is a straight line, as it must be, according to the considerations, discussed in chapter V.3.1.

2) part III. When CS becomes so great, that it is much greater, than KM , the nominator of equation (9.2) can be written, ignoring KM :

KM + CS ≈ CS.

In such a case, the mathematical form of equation (9.2) becomes:
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This means, that Michaelis-Menten’s equation is able to describe a constant maximal value of reaction rate at high concentrations of substrate. This again suits well the considerations, discussed in chapter V.3.1.

3) part II. In this case neither KM nor CS can be ignored and the reaction rate has to be calculated from equation (9.2).

V.3.4. MEANING OF MICHAELIS’S CONSTANT

As one can see from equation (9.2), in the nominator a sum of KM and CS is calculated. A sum of two values can be calculated only, if both values have the same measuring units. This means, that KM has the same measuring units, than concentration, therefore it must have a meaning of some special concentration of substrate.

Let us find out, what concentration of substrate corresponds to KM. To do this, let us insert CS  =  KM into the equation (9.2). In that case we can insert CS  instead of KM into the nominator of equation :
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Now we have found the meaning of KM:

Michaelis’s constant is equal to the concentration of substrate, at which the reaction rate reaches 1/2 of its maximal value.

V.3.4. GRAPHIC DETERMINATION OF KM AND vmax
When kinetics of an enzyme-governed reaction are studied experimentally, finally the two constants of Michaelis-Menten’s equation - KM and Vmax have to be determined. If these constants are known, it is always possible to restore all the kinetic curve (like the one in fig.9.7), using Michaelis-Menten’s equation. This means, that it is not any more necessary to store all the data about the curve, but just these two numbers.

To determine the constants of Michaelis-Menten’s equation, one has to linearize it (to change its mathematical form in such a way, that an equation of a straight line is obtained). In this particular case linearization can be carried out, taking the reverse values of both sides of equation (9.2):
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As one can see, that now an y = ax + b type equation of a straight line is obtained, where 1/v plays a role of y, the ratio of the two constant values KM/vmax plays a role of a, 1/CS is the argument x and 1/vmax plays a role of b.

Thus, if the reaction rate is studied as the function of CS, the results have to be plotted in coordinates 1/v versus 1/CS.

According to the equation of straight line:

y = b   if   x = 0,

therefore 1/vmax, that plays the role of coefficient b can be determined as the value of 1/v at 1/CS = 0.

Constant a of the usual straight line equation can be determined as tangent of the angle, which is formed between the graph of function and x-axis. In our case a = KM/vmax and, as vmax is already determined independently, KM can be calculated, see fig.9.8.
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Fig. 9.8. Graphic determination of KM and vmax.

V.4. INHIBITION OF ENZYME-GOVERNED REACTIONS

The reaction rates are regulated both in the living organisms themselves and during invasion from outside. As it is impossible to stimulate action of an enzyme any more, therefore all the regulations in the living organisms are carried out by inhibition - slowing down of a reaction. If it is necessary to make one of the pro​cesses dominating, it can be done by slowing down another process, that is compet​ing with it. Four main cases of inhibition of enzyme-catalyzed reactions are known.

V.4.1. IRREVERSIBLE INHIBITION.

Irreversible inhibition takes place, if the organism is poisoned by agents, that change the structure of enzyme, for instance, with ions of heavy metals like Pb or Hg or by organic agents, that react with the functional groups of enzyme. In these cases the structure of enzyme is irreversibly distorted and the enzyme becomes inactive.

The other kinds of inhibition are reversible and therefore can be used for self-regulation processes in the living organisms or for medical treatment.

V.4.2. INHIBITION BY REACTION PRODUCTS.

Inhibition by reaction products is a kind of self-regulation of the reaction rates in living organisms.

When discussing the scheme of an enzyme-catalyzed reaction (scheme (9.1)), we considered, that the formation of enzyme-substrate complex is reversible, but the decay of ES complex is irreversible. This is true until product concentration reaches very great values.

In fact, the decay of ES complex is reversible, too, but the rate constant of the reverse reaction k-2 (see scheme (9.3)) is much smaller, than the one of direct reaction k2:

E + S [image: image31.png]
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 E + Products (9.3)
At high concentrations of reaction products, the rate of the reverse reaction
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becomes measurable. This means, that decay of ES complex becomes reversible and therefore the rate of product formation becomes lower.

Thus, when the concentration of reaction products becomes high enough, a fur​ther formation of products is slowed down, until the reaction products are used in further reactions or leave the organism - the reaction rate is self-regulated.

V.4.3. COMPETITIVE INHIBITION.

Competitive inhibition takes place, if an inhibitor, having a structure, that is very similar to the one of substrate, is infused into the organism.

Such an inhibitor is called pseudo‑substrate, it forms a reversible complex with enzyme, but is not transformed to any products.

For instance, it can be a compound, that is ideally complementary to the active site of enzyme. Such a compound is very well adsorbed on enzyme, but no bonds are weakened.

The reaction scheme for the competition of substrate and inhibitor for a molecule of enzyme looks as follows:
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The inhibitor is infused into the organism in a certain amount, but the concen​tration of substrate is changing (because it is formed in another reaction inside the organism).

Expressing the ratio between rates of enzyme-substrate and enzyme- inhibitor complex formation, we have :
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As the ratio between kS and kI  is a constant value, the ratio between the rates of ES and EI complex formation is determined only by the ratio between CS and CI.
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Fig.9.9. Rate of an enzyme catalyzed reaction at competitive inhibition.

While CS is low, a great part of enzyme is involved therefore in the complex with inhibitor and the rate of product formation is lowered. At great concentra​tions of substrate the rate of ES complex formation becomes much greater, than the rate of EI complex formation, therefore EI complex dissociates, liberating enzyme and the reaction will continue, as if inhibitor was not present at all.

This means, that at a presence of inhibitor the same maximal reaction rate can be reached, but the difference is, that at a presence of inhibitor the maximal reaction rate is reached at a greater concentration of substrate.

As one can see from the curves in fig.9.9., Michaelis’s constant, (note, that KM has the meaning of a substrate concentration at which the reaction rate reaches 1/2 of maximal), will grow in presence of an competitive inhibitor.

If another concentration of inhibitor c" > c' is used, Michaelis’s constant will grow still more.

The main conclusion about the competitive inhibition is, that competitive inhibition  causes an increase of the value of Michaelis’s constant, but doesn’t affect the maximal rate of reaction.

V.4.4. NON-COMPETITIVE INHIBITION.

At non-competitive inhibition, the inhibitor, as well as in the previous case, forms a complex with the enzyme and doesn’t react further, but in this case the formation of EI complex can be treated as irreversible. Understanding of “irreversible” here is relative - it means, that the inhibitor is so well bound to enzyme, that the EI complex doesn’t dissociate in all duration of reaction. Scheme of reaction at non-competitive inhibition looks as follows:
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Note, that the only difference from the scheme of competitive inhibition is, that at non-competitive inhibition there is no arrow back at EI complex, i.e. the inhibitor doesn't behave as a competitor, but instead it acts as a robber - it simply takes part of the enzyme leaving a smaller share to the substrate.

If EI complex doesn’t dissociate, an increase of substrate concentration cannot cause liberation of enzyme from EI complex and therefore the situation is equiva​lent to one, in which the concentration of enzyme is lower, than it actually is.
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Fig.9.10. Rate of an enzyme catalyzed reaction at non-competitive inhibition. 

In that case the reaction is not any more able to reach the same maximal rate at great substrate concentrations, than without inhibitor, and, the greater is the concentration of inhibitor, the lower becomes the maximal reaction rate.

Michaelis’s constant in this case can be changed or can remain the same, as without presence of inhibitor (actually these two cases are classified more in detail, when mechanisms of inhibition are studied).
