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4.1 INTRODUCTION

The oldest and the important approach to understand enzyme mechanisms is
the discipline known as enzyme kinetics. Kinetics is the study of reaction
rates, their quantitative measurement and a systematic study of the factors
influencing the activity of enzymes. In this unit, you will gain an insight of the
enzymatic mechanisms as well as role played by enzyme activity in regulating
metabolic pathways. Enzymes convert substrates to products through a
series of steps known as enzymatic mechanism. Therefore the effect of
substrate concentration on enzyme activity is one of key concepts in enzyme
kinetics. Several models have been proposed to explain the kinetics of enzyme
catalyzed reactions. Classical experimental work for single enzyme catalysed
reactions is Henri-Michaelis-Menten plot, Briggs Haldane equation,
Lineweaver-Burk plot, etc.

Objectives

After studying this unit, you should be able to:
%+ derive Michaelis-Menten equation;
% explain the mechanisms of enzyme catalysis;

+* draw Lineweaver-Burk plot; and

** describe K, and Vmax.
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4.2 ENZYME KINETICS

Kinetic analysis helps to disclose the number and order of the individual steps
involved in the transformation of substrates to products. In the past, data
generated from the experiments of enzyme catalyzed reactions was collected
and analyzed to determine the rate of a reaction. It was found out that at low
concentrations of substrate, the reaction was of first-order with respect to the
substrate. However, at the higher concentrations of substrate, the reaction
became zero-order. Please recall from your chemistry books regarding the
zero order or first order enzyme catalyzed reactions. Generally all single
substrate enzyme catalyzed reactions and even multi-substrate reactions
where concentrations of all but one were kept constant follows the same order.
At constant enzyme concentration, graph of initial velocity [v ] (on y-axis)
against substrate [S] concentration (on x-axis) exhibit a hyperbolic curve

(Fig. 4.1).

zero-order
reaction

first-order
reaction

[S]
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Fig.4.1: Graph of initial velocity against substrate concentration for a single
substrate enzyme catalyzed reaction.

The general equation from the graph is
vo — Vmax[So]
[So]+b

V__.= Maximum velocity = maximum value of v,

m

b = constant = value of [ S, ] where v__72 V,

max

In general terms, in a mono substrate enzyme catalyzed reaction and
considering just one substrate binding site per enzyme molecule, substrate [S]
comes in physical contact with enzyme [E] to form an enzyme substrate
complex [ES] complex which eventually undergoes a further reaction and leads
to the formation of product [P]. It can be represented as:
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rate constant k, rate constant k,
E+S ES — E+P
rate constant k

k, = rate constant for the association of substrate and enzyme
k, = rate constant for the breakdown of enzyme and product
k_, = rate constant for the dissociation of [ES] complex to form free enzyme

and substrate
The overall rate of reaction is limited by two factors:
1) The amount of concentration of enzyme
2) The breakdown of enzyme-substrate complex

At low substrate concentrations, the overall rate of reaction is limited by the
rate at which enzyme and substrate molecules react to form enzyme-
substrate complex. At constant enzyme concentration the rate of reaction is
proportional to the substrate concentration (first-order reaction). However, at
high substrate concentration enzyme gets saturated with the substrate and
therefore no free enzyme remains available. So the overall rate of reaction
becomes independent of the substrate concentration. The maximum initial
velocity possible is given by the expression.

V .=k, [E] E, = Total enzyme concentration

m

The rate of reaction is limited by two factors. Name the factors.

4.2.1 Michaelis-Menten Equation

Kinetic models used to explain above mentioned findings were proposed by

Michaelis and Menten (1913). The Michaelis-Menten equation demonstrates

the relationship between initial reaction velocity and substrate concentration.

Derivation of this equation begins with the generalized scheme of events

considering a single substrate enzyme catalyzed reaction as stated earlier; 47
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Substrate [S] interacts with enzyme [E] to form an enzyme substrate complex
[ES] complex which eventually breaks down to free enzyme [E] and the
formation of product [P]. The Michaelis and Menten set out the following
scheme as given below:

K, k,
E+S ES » E+P
k-1

The term k, denotes the rate constant for the formation of ES complex. ES
complex has two fates, it can dissociate back to enzyme and substrate with
rate constant k , or proceed to form product and release the free enzyme with
a rate constant k.. In any enzyme catalyzed reaction, the concentration of
substrate should be five or six orders higher than that of enzyme. The above
model also assumes that k, << k,. There is every possibility that reaction can
go backward but if we consider only the initial rate of a reaction, we can ignore
the backward reaction.

The overall rate of reaction is termed as initial velocity (v,) and it will depend on
two factors — the rate of formation of product (k,) and the concentration of
enzyme bound with the substrate i.e [ES]

SO vo=koES]T e equation 1

Michaelis and Menten made two assumptions in their model. First, the
availability of excess substrate [S] >> [E]. Secondly a rapid equilibrium is
established between the reactants ([E] + [S]) and [ES] complex. Moreover, the
breakdown of enzyme-substrate complex is too slow to cause any change in
equilibrium. Hence Michaelis and Menten model is also known as “Rapid
equilibrium model”. Thus at the equilibrium state:

K[EI[S1=k-[ES]T equation 2
[E)S] _k-1_ |
[ES] i equation 3

K. is the dissociation constant. If E_is the total enzyme concentration, it is
equal to the sum of free enzyme [E] and enzyme bound to the substrate [ES]
as represented in the following equation:

Eo=[ET+[ES] equation 4
E =[Eo]-[ES]

Substituting the value of E in equation 3

([E£]-[ESDIST _ &
[£S]
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([Eo]=[ESDIS]= KA ES]
[£.][S]-[ES][S]= K[ES]
[E0][S]= K{ES]+[ES][S]

[Eo][S]=[ES](K:+[S])

_ B8]

ES
- (Ks +[S])

Substituting the value of [ES] in equation 1 we get

[£0][S]

So VOZkZ(Ks+[S]) .......................

equation 5

Maximum rate of enzyme reaction will be achieved when all the enzyme
molecules are bound to the substrate molecules.

SO Vax=k2[Eo] e equation 6
Substituting this value in equation 5 we get

vo I ~=lS]
(Ks +[S])

Michaelis and Menten also made the supposition that initial substrate
concentration [S ] is much higher than the initial enzyme concentration [E ], in
such a scenario the formation of enzyme-substrate complex will have no such
big change in free substrate concentration. The expression for v_ will be:

V max[So]

Vo = m .......... equation 7

The above equation equation 7 is well known as Michaelis-Menten equation

Briggs Haldane modified Michaelis-Menten Plot:

The Michaelis-Menten equation is dependent on the assumption of rapid
equilibrium approach in any enzyme catalyzed reaction. It limits the applicability
of the equation to only rapid kinetic reactions which might not be the case with
many of the other enzyme reactions. Most of enzyme catalyzed reactions
assume a constant concentration of enzyme-substrate complex [ES].

Generally if an enzyme is mixed with high concentration of a substrate, there is
an initial period expressed as pre-steady state (lasts in micro seconds) where
concentration of [ES] slowly builds up. Eventually the concentration of [ES]
builds up and attains a steady state, remains constant over time. The steady-
state concept was introduced by Briggs and Haldane in 1925, a modified
Michaelis-Menten equation. This concept was considered more valid

assumption than the earlier ones. The Michaelis-Menten equation gave
49
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importance to the formation of [ES] while Briggs-Haldane method focuses on
the consistency of [ES] complex, its maintenance at constant concentration
and breakdown to products.

Considering the single substrate enzyme catalyzed reaction one more time. In
this reaction at steady state rate of formation of [ES] will be equal to the rate of
its decomposition to products. Therefore

K[EI[S]=k - [EST+k[EST e equation 8

Separating the constant from variables:

[E][S] Kk -1+k>
[ES] ki

= K, equation 9
Where K = Michaelis constant
Substituting K with K in the above equations (4-7)

E =[E,]-[ES]

Substituting the value of E in equation 9

([E]-[ESDIS] _ 5
[£S]

([E]=[ES]IS]= K[ ES]
[Eo][S]-[ES][S]= K, [ES]
[£0][S]= K [ES]+[ES][S]

[E0][S]=[ESI(Ky, +[S])

(s LEIS]
(K, +[SD

Substituting the value of [ES] in equation 1 we get
[E-][S]
(Ko +[S1)

Since 1 max = k2 [Eo]

Substituting this value in above equation

bV mlS]
(K +[SD
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Since substrate concentration is much higher than the enzyme concentration
[S]~[S.]so

V max[ So]
Vo= m ................. equation 10
The above equation equation 10 is similar to well known Michaelis-Menten
equation. The only change is the K instead of K_ in the denominator. So the
equation retains its previous name of Michaelis-Menten equation and constant
K., is known as Michaelis-Menten constant.

A graph of v_at y-axis vs substrate concentration [S] at x-axis will be in the
form of a hyperbolic curve (Fig. 4.2).

Vmax/2

Reaction velocity (V)

/m

[Sol
—>

Fig. 4.2: Michaelis-Menten plot of a single substrate catalyzed enzyme reaction

SAQ 2

Explain how the rate of an enzyme-catalyzed reaction reaches a maximum
value at high substrate concentration in a Michaelis-Menten equation?

4.2.2 Lineweaver Burk Plot

If you look at the Michaelis-Menten plot, you will observe that v, approaches
V__ inatangential manner at higher substrate concentrations. So if you want
to determine V__ and K_from the plot, it will be difficult and unsatisfactory. A

hyperbolic curve nature of the graph makes it difficult to determine the accurate 51
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value of V. and K . Therefore, to overcome this difficulty, Lineweaver and
Burk (1934) suggested a straight line graph for enzyme catalyzed reactions
obeying Michaelis-Menten equation. They did not made any new assumptions
and derive the Lineweaver-Burk plot, which is also known as double reciprocal
plot. Lineweaver and Burk took the Michaelis-Menten equation and inverted it.
o = V max[ So]
(Ko +[So])

1 (K, +[S0)
VoV max[So]

L__(S) , Kn
Vo V max[S()] V max[Sa]

11 K,

= +
Vo V max V max[So]

This equation is known as Lineweaver-Burk equation. It is in the form of
v=mx+cumm | BB 4 BAah 4 equation 11
which is the equation of a straight line graph. Plot of 1/v against 1/S_ is linear
and obeys Michaelis-Menten equation (Fig. 4.3). It is known as Lineweaver-
Burk plot or double reciprocal plot.

1 sloe-K
_T pe =Y,

m

Fig. 4.3: Double reciprocal plot of the Michaelis-Menten equation.

4.2.3 Significance of K_and V__

X

K., is also called as Michaelis constant. It is expressed as the substrate
concentration at which velocity is half of V _ (maximal velocity) (Fig. 4.2). Here
you must note that K_has the units of concentration but it is independent of the
enzyme and substrate concentration. As you know K is equal to the substrate
concentration at 2 V. And since at V__ all the enzyme molecules are bound
with substrate to form ES complex, thus the substrate concentration (K )
required to convert half of the enzyme molecules into ES complex signifies the
affinity of the enzyme for the substrate. When K value is small, it signifies that
enzyme has very high affinity for that substrate i.e. low concentration of
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substrate is needed to saturate the enzyme. Similarly, a large value of K
indicates a relatively high concentration of substrate required to saturate the
enzyme, thus signifying a low affinity of the enzyme for substrate. This is why
K, is also known as affinity constant.

V... the maximal rate represents the rate at which number of substrate
molecules is being converted into product by an enzyme molecule in a unit
time when the enzyme is fully saturated with substrate.

SAQ 3
Do as Directed

a) Michaelis-Menten equation relates the rate of an enzyme-
catalyzed reaction to substrate concentration/product

concentration. (Choose one option)
b) Ahyperbolic curve gives an accurate value of V. _ and K| (True/False)
c) Lineweaver-Burk plotis linear/hyperbolic (Choose one option)

d) K _isequal/moretothe substrate concentrationat’2V _ (Chooseone option)

ax

4.2.4 k.. and Turnover number

To determine the enzyme efficiency in enzyme kinetics, we are interested to
determine how many maximum molecules of substrate can be converted into
product per catalytic site of a given concentration of enzyme per unit time.

kcat B Vmax/Et
where
k... = Turnover number,

V.= Maximum rate of reaction when enzyme catalytic site is saturated with

substrate E, =Total enzyme concentration or concentration of total enzyme
catalytic sites.

The k_, is a direct measure of catalytic production of product under optimal
conditions. The units of Turn over number (k__) = (moles of product/sec)/
(moles of enzyme) or sec™.

Metalloenzyme carbonic anhydrase catalyzes interconversion of carbon
dioxide and water to form bicarbonate ions and protons. A turnover number of
400,000 to 600,000 s~' of carbonic anhydrase enzyme suggests that each
enzyme molecule can produce up to 600,000 molecules of product
(bicarbonate ions) per second.

53
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SAQ 4

Do as Directed:

a) K, is independent of the enzyme and substrate (True/False).
concentration

b) What are the units of turnover number?
c) Kea is known as turnover number. (True/False)

d) Each enzyme generally catalyzes .................... reaction. (Specific/Any).

4.3 SUMMARY

1) Enzyme Kinetics is the basis for enzyme catalyzed biochemical
reactions. Therefore, understanding of enzyme kinetics is important
to understand the biological processes as well as several enzyme
assays being carried out.

2) Kinetics provides a rationale for the complex behavior of enzymes.
The rational is based on simple chemical principles.

3) For single substrate reactions, at constant E, increasing S results
in increased product formation to a point where product formation
no longer increases. This saturation is presumed to reflect the fact
that all E is now in the form of ES.

4) Kinetic model proposed by Michaelis-Menten used equilibrium
assumption for deriving Michaelis-Menten equation.

5) The equilibrium assumption was later modified to introduce a more
valid steady state assumption. The equation remains the same
except the definition of Michaelis constant (K ).

6) The substrate concentration at which velocity is half of V.,
(maximal velocity) is known as Michaelis constant (K,,). This
constant gives an idea about the affinity of the enzyme for its
substrate.

7) The hyperbolic graph of v versus S obtained by Michaelis-Menten
equation proved inadequate for determining the accurate value of
V,.ax@and K. Lineweaver and Burk plot provides the solution by
inverting the Michaelis-Menten equation to obtain double reciprocal

54 plot.



4.4 TERMINAL QUESTIONS

1)  Why is the rate of an enzyme-catalyzed reaction proportional to
the amount of ES complex?

2)  Explain the maximal velocity V... in the v, vs S graph?

3) Derive Lineweaver-Burk equation from Michaelis-Menten equation
and give its importance.

4) How a value for K,, can be obtained from the v, vs S graph when
Vo= 112 V,0i?

4.5 ANSWERS

Self-Assessment Questions

1) The rate of reaction is determined by
i) The amount of the concentration of enzyme.
i) The breakdown of enzyme-substrate complex.

2) At high substrate concentration S , Km <<<< §_(numerically), so the
term K_+ S_in the Michaelis-Menten equation becomes equal to
SO. v = (v SO)/SO, and S0 cancels. Therefore, at high SO, v = 74

3) a) Substrate concentration, b) False, c¢) Linear, d) Equal.

4) a) True, b) sec, c) True, d) specific.

Terminal Questions

1)  The product formation takes place after ES complex formation in
an enzyme catalyzed reaction [Refer to section 4.2].

2) At high substrate concentrations, enzyme E will be bound to
substrate S. So the maximum amount of E.S is formed under
these conditions. Since the rate is proportional to the amount of
ES, the rate is at a maximum value under these conditions.

3) Referto section 4.2.2

4) When v, = VmaX/2, then VmaX/2 = Vmax.S/Km + S
cancelling Vmax,
112 = S/(Km +S)
K +S8=28
or K=Satv =V /2

Enzyme Kinetics
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