5 — KINETICS OF ENZYMATIC REACTIONS
WITH MICHAELIAN BEHAVIOUR

We shall now consider more specifically the kinetic behaviour of reactions catalys-
ed by enzymes. As we have previously remarked for the general case of catalysts,
enzymes are not consumed during the course of the reactions that they catalyse and
they do not alter the equilibrium constant.

Let us study the conversion of A into B:
k
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k.
whose constants k; and k_; are equal to 10~ and 10* respectively. At equilibrium:
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B is ten-fold more concentrated than A whether or not the enzyme is present. The
enzyme accelerates the reaction by the same factor in one direction as it does in the
reverse direction. The efficiency of enzymes is very variable; some are capable of
accelerating a chemical reaction by a factor of 10° or even up to 10'".

Enzyme catalysis facilitates the conversion of a substrate S into a product P:
k

- P

ko

This conversion proceeds through the association of a substrate molecule to the
enzyme, i.e. by the formation of at least one enzyme-substrate complex, ES. Sub-
strate binding takes place in a precise location within the protein, at the active site
of the enzyme. The first authors on the subject (see the introduction) considered
that an enzyme-catalysed reaction comprised two steps, which are the reversible
formation of a stereospecific enzyme-substrate complex, followed by the decom-
position of this complex, the appearance of the reaction products and the regener-
ation of the active enzyme, according to the simple scheme:

E+S

ES —> E+P
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Before going into the details of the kinetic mechanisms, let us first consider the
general phenomenological aspect of these reactions.

5.1. EVOLUTION OF ENZYMATIC REACTIONS:
PHENOMENOLOGICAL ASPECTS

5.1.1. VARIATION IN THE QUANTITY OF PRODUCT FORMED AS A
FUNCTION OF TIME

Figure 5.1 shows how the quantity of product formed evolves over time. The kinet-
ics reveal several phases.

P : : . d

Fig. 5.1 Kinetics of the
appearance of the reaction
products as a function of time
showing the different phases
(a) pre-steady state phase

(b) steady state phase

: : (¢) phase of inhibition by

a/: the products

: : : (d) equilibrium phase.

5.1.1.1. PRE-STEADY STATE PHASE

This is a very short phase during which the first molecules of the ES complex are
formed until the concentration of this intermediate complex reaches a constant
value (steady state phase). The pre-steady phase only lasts a fraction of a second
and is not detectable during kinetic experiments carried out under classic conditions.
Study of this phase requires the use of fast techniques, which we shall look at later.

5.1.1.2. STEADY STATE PHASE

During the steady state phase the rate of appearance of the product P is constant.
The MICHAELIS-MENTEN theory predicts that under these conditions the concen-
tration of the enzyme-substrate complex, ES, is constant.

5.1.1.3. PHASE OF INHIBITION BY THE REACTION PRODUCTS

In this phase the concentrations of the reaction products are no longer negligible
and, consequently, the reverse reaction tends to lower their concentrations. Of
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course, if the equilibrium constant is large, i.e. hugely in favour of the formation of
P, the reverse reaction will be negligible.

5.1.1.4. EQUILIBRIUM PHASE

During this phase equilibrium is reached. The quantities of S and P are constant. In
these conditions:
ki(S) = ka(P)

The amount of P formed is equal to the amount of S converted.

5.1.2. MICHAELIS-MENTEN THEORY

The MICHAELIS-MENTEN theory accounts for these phenomena in conditions
where the enzyme concentration is very low compared to the substrate concentra-
tion. Consider the following simple reaction:
k k
E+S =—= ES =<—= E+P
k. ko,
e s (ES) p

The respective concentrations of the species E, S, ES, and P are e, s, (ES) and p.

While the concentration of P is low relative to that at equilibrium, i.e. while in the
initial conditions of the steady state phase, we may consider the rate of catalysis to
be equal to the product of the concentration of the ES complex and the rate con-
stant for its conversion:

_dp  d[s+(ES)]

&t w - ES) [1]

The rates of formation and disappearance of ES are as follows:
» rate of formation: kes,
» rate of disappearance: (k_; + ky)(ES).

Throughout the steady state phase, the concentration of the intermediate ES is con-
stant, thus:
d(ES)
dt

0

Consequently, the rate of product appearance is equal to the rate of substrate
disappearance:

dp _ _ds

dt dt

and the rates of formation and disappearance of ES are equal.
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Thus, we obtain: kies = (k. + ky)(ES)
k
which can be written: (ES) = s
k_;+k,
The MICHAELIS constant is defined by the relation:
_ky+k,
es
iving: ES) = —
giving (ES) K_

Under conditions where the enzyme concentration is low compared to the con-
centration of substrate to be transformed, the concentration of free substrate in the
initial phase of the reaction is: s = sy. The free-enzyme concentration is:

e = ¢ —(ES)
so and e, are, respectively, the total concentrations of substrate and enzyme. By
substituting into the previous equation, we have:

[eo — (ES)]

m

(ES) =

By solving this equation we obtain the value of (ES):

(ES) = ¢y—"— = ¢,
148 s+K,,
I<1'1'1
Substituting into equation [1], gives:
]
v = k,eg— 2
0K (2]

The maximum rate of the reaction V,, is reached when the active sites of the en-
zyme are saturated by the substrate, which is ensured when s is much larger than
K. In this case, the relationship s/(s + K,,,), which represents a function of satur-
ation of the enzyme Y, tends towards 1 (Fig. 5.2 opposite). The maximum rate is
Vi = koeo. By substituting this value into equation [2], we obtain:

]

v =V, 3
Ts+K,, 3]

This is the MICHAELIS-MENTEN equation.

The saturation function is thus:
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Thus, the fraction Y of active sites occupied by the substrate is equal to v/V,,. The
maximum rate V,, is therefore the maximum capacity of the enzyme to catalyse the
reaction, i.e. the maximum quantity of substrate that can be converted per unit
time. The ratio V /e, represents the molar activity or turnover number. Never-
theless, depending on the reaction and the substrate(s), it is possible that this value is
never attained experimentally (due to K,, being too high, poor substrate solubility
etc.). The MICHAELIS constant, K,;,, represents in all cases the substrate concentra-
tion at which the rate is half maximal; indeed, for s=K,,, v=V,/2 (Fig.5.2).
However, the significance of these kinetic parameters depends essentially on the
reaction scheme.

Enzyme reactions are, in fact, more complex than the original authors on the sub-
ject were able to foresee. Generally, they comprise more than one substrate and
involve more than one intermediate complex. We shall tackle the study of kinetic
schemes of increasing complexity and for each, the significance of the kinetic par-
ameters will be discussed.

5.2. ENZYMATIC REACTIONS WITH A SINGLE SUBSTRATE
AND A SINGLE INTERMEDIATE COMPLEX

Most enzymatic reactions involve at least two substrates. However, there are bor-
derline cases in which the concentration of one of the substrates is in excess and
the system behaves mechanistically like a single-substrate enzymatic reaction. Let
us take the example of enzymatic hydrolysis reactions in aqueous solution. Water,
the second substrate, is in vast excess and plays no part in the reaction Kinetics.

A great number of concepts that remain valid today were established after studying
enzymatic reactions with a single substrate and a single intermediate complex. This
is why this topic is particularly well developed.
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5.2.1. REVERSIBILITY OF ENZYMATIC REACTIONS

Let us consider the simplest borderline case involving a single substrate and a sin-
gle intermediate complex:
ki ks
E+S =—— X =<=—= E+P
k. ko

Enzymatic reactions, like all chemical reactions, are reversible. Nevertheless, the
equilibrium can be strongly shifted in favour of the formation or, conversely, the
degradation of a given metabolite, such that the reaction is practically irreversible.
In certain cases, the reaction products undergo transformations (ionisations for
example) that render the reaction quasi-irreversible. Thus, in peptide bond hydroly-
sis reactions at a pH conducive to protease action:

R-CO-NH-R'+ H O ——> R-COOH + R'-NH,
where R—COOH is dissociated and R'-NH, becomes protonated:

R-COOH RCOO +H"

and: RNH, + H' RNH;"

and so the reverse reaction becomes impossible.

If we consider the reaction scheme under equilibrium conditions, we can write the
following equations:
ki(E)(S) = ka(X)

and: k(X)) = ko(E)(P)
The equilibrium constant, K., is defined as follows:
ch = (P)/(S) = klkz/lelLl

We can show that a relationship exists between the equilibrium constant and
the parameters of both the forward reaction (S — P) and the reverse reaction
(P — S). Indeed, the kinetic parameters of the forward reaction are written:

Ve = koeo 5 Kinr = (ki1 +ko)/ky
The kinetic parameters of the reverse reaction are:

Vir = keo 3 Ko = (kg +k)k,
Therefore: Keq = Kur Vit /Kt Viur

This expression is known as the HALDANE relationship.
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5.2.2. RATE OF ENZYMATIC REACTIONS: APPROXIMATION
TO THE STEADY STATE, APPROXIMATION TO A QUASI-EQUILIBRIUM
SIGNIFICANCE OF THE KINETIC PARAMETERS

Let us now consider the previous scheme but under conditions of quasi-irreversibility:
E+S ES ——> E+P

These conditions are practically attained when the equilibrium strongly favours the
formation of P, or in the initial reaction conditions when the concentration of P is
zero or practically zero, or even when P undergoes subsequent conversions pre-
cluding the reverse reaction, as described above.

This scheme, a highly simplified case, was historically the first scheme proposed
(V. HENRI, L. MICHAELIS and M. MENTEN), and which J.B.S. HALDANE resolved
in 1925 for the general case that assumes a steady state. Indeed, the general equa-
tion for enzymatic reactions, i.e. the MICHAELIS-MENTEN equation described
above, rests on two assumptions:

» a low enzyme concentration,

» the presence of a steady state.

When the enzyme concentration becomes too high, (ES) is no longer negligible
relative to s. There is no longer a first-order reaction with respect to the enzyme,
but a more complex form that leads to a second-degree equation with respect to the
enzyme, as analysed by STRAUSS and GOLDSTEIN in 1943. The rate equation can
no longer be put in a linear form. The simplest procedure, whenever possible in in
vitro studies, is to work with an enzyme concentration that ensures linearity be-
tween the reaction rate and this concentration. Again, it is worthwhile checking this
(see later). In reactions that take place in a cellular environment (see Part VI), how-
ever, frequently the enzyme concentration becomes high relative to the substrate
concentration.

The MICHAELIS equation assumes a steady state, but the steady state is not reached
immediately; everything depends on the time-scale of the reaction. If it is possible
to work in a zone of small time constants, we can follow the establishment of a
steady state system. This topic will be explored in the following sections.

5.2.2.1. KINETICS IN THE PRE-STEADY STATE

The study of reaction kinetics in the pre-steady state involves estimating the reac-
tion product during the very short time preceding the steady state, which is charac-
terised by a constant concentration of the ES complex. There is an initial accelera-
tion that lasts only a fraction of a second before the system reaches a steady state.

When the appearance of the reaction product is measured using a rapid kinetics
device, we obtain a curve that has the form indicated in Fig. 5.3 below.
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P
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1.50 | Fig. 5.3 Appearance of
the reaction product over time
1.00 The initial curvature represents
050 - the pre-steady state; the linear
’ part that follows corresponds to
0.00 . . . . arrival at the steady state
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From the scheme: E+S ES ——> E+P

k.
the rate equations for the formation of ES and P can be written:
d(ES)/dt = ki[eo — (ES)]s — (k-1 + ka)(ES)
v = dp/dt = ky(ES)
and the acceleration: d’p/dt* = k,d(ES)/dt
By combining these different expressions, we derive a second-order differential

equation:
dzp/dt2 + dp/dt (k]S + 1L1 + kz) — k]kzegs =0

The solution to this equation is valid for both the pre-steady state and the steady
state in the first period of the reaction as long as the concentration of s is little dif-
ferent from s,, the initial substrate concentration:
k)epsg t+ kik,e080 [e—(klso+k,1+k2)t _IJ
k +k,  (kso+k_ +k,)?
ot
1
I II

p:

If we expand (II) as an exponential series, which has the form:
e™ = 1 —ax + (a’x/2) - (@x*/3) + ...
and by ignoring all the terms for low values of t beyond the third degree, we obtain

an expression that simplifies to:
P = k1k26050 t2/2

This simplified equation is only valid for the initial part of the acceleration period.
Thus, by measuring p in this initial period, it is possible to obtain k;k,e,. As kyey is
determined by measuring V,, at the steady state by the previously described
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methods, we know the value of k, and consequently we can calculate k;. Having
the value of K,;, by the same study at the steady state, we can also calculate k ; and
afterwards the true dissociation constant for the enzyme-substrate complex.

The complex equation obtained by integration can also be used in a different way.
If we plot p as a function of time, we obtain a curve whose initial curvature is due
to the exponential term. As t increases, the exponential term can be ignored since
the steady state is reached. The straight line obtained arises from:

B kik,eps,t k,eps
PR +s, K(sg+K, )

And if sy is large compared to K, (conditions of saturating substrate concentration),
we have approximately:
p = keeot — (kaeo/kiSo)

And for p =0, i.e. where the linear part of the curve intersects the horizontal axis
(see Fig. 5.3), then t = 1/k;s,.

Therefore, the value of t gives k; directly. The validity of these expressions natur-
ally implies the existence of a single intermediate complex. If several intermediate
complexes are formed, these expressions become more complicated and depend on
the rate-limiting steps.

5.2.2.2. REACHING THE STEADY STATE

Let us look again at the expression for p which comprises a first Michaelian
term (I) followed by an exponential term (II). When time becomes very large, the
exponential term cancels out. We rediscover the MICHAELIS equation by deriving
dp/dt.

Figure 5.4 represents the changes in s, p and (ES) at different phases of the reac-
tion. It shows clearly that a linear change in p over time is only obtained when (ES)
is constant, i.e. when the steady state is reached.

(ES)

Fig. 5.4 Changes in s,
(ES) and p over time

Time t
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Under conditions approximating the steady state with the simplified scheme that we
have already considered, the kinetic parameters have the following significance: the
maximum rate, Vy, is equal to k.e; and the MICHAELIS constant, K, is equal
to (k; + ky)/k;. It is a complex constant that does not reflect the inverse of the
enzyme's affinity for the substrate, but depends on all the rate constants.

5.2.2.3. APPROXIMATION TO A QUASI-EQUILIBRIUM

Whereas the steady state approximation involves no assumption as to the respect-
ive values of the specific rate constants, the approximation to a quasi-equilibrium is
based on such an assumption. It assumes that k, <<k i, i.e. that the equilibrium
between E, S and ES is attained rapidly and that the chemical reaction is the limit-
ing step. In these conditions, we always have:

v = ky(ES)
but the concentration of ES is given by an equilibrium relationship:
(E)(S/(ES) = k 1/k; = K,

Under these conditions, the experimental MICHAELIS constant, K, is equal to K,
i.e. to the ratio k ,/k;, the dissociation constant of the enzyme-substrate complex. In
this extreme case, it represents the inverse of the enzyme’s affinity for its substrate.
In other words, K, for a given substrate can be likened to a constant of the sub-
strate’s dissociation from the ES complex. This approximation is only valid if the
catalytic constant, ky, is much smaller than k ;, which is justified for certain enzy-
matic reactions, but it is always necessary to show it. Never must K., immediately
be likened to a dissociation constant.

5.2.2.4. ORDER OF ENZYMATIC REACTIONS

As for chemical reactions (see Chap. 4) we must consider, on the one hand, the
order with respect to time, and on the other, the order with respect to concentration
or the initial order.

Order with respect to time

It is possible to follow the kinetics of an enzymatic reaction until the amount of
substrate is exhausted. Only the substrate is consumed, the enzyme concentration is
the same at the end as at the start of the reaction. The kinetics are intermediate be-
tween zero and first order. Indeed, starting with an initial substrate concentration s,
with s being the concentration at time t, we may write:

ds  koeys

dt K, +s

By integrating and taking into account the initial conditions, we obtain:
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koeot = K 1ns—0+(so—s)
s

which contains a first-order term followed by a zero-order term.

This equation can be simplified in certain cases. If sy and consequently s are small
compared to K,,,, the reaction is first order:

k—zeot =23 logs—O
m ]
Conversely, if sg is large compared to K,;, and the product concentrations, i.c. at the
beginning of the reaction when the substrate concentration is saturating (s >> K,),
we have:
kz €t = 5sy—s

This corresponds to the portion of the curve that is zero-order and observed at the
start of the reaction when the substrate concentration is sufficiently high.

Order with respect to concentration or initial order

As for chemical reactions, in order to determine the reaction order, we must vary
the initial substrate or enzyme concentration and then determine the initial reaction
rate at each concentration.

Study of the changes in the reaction rate as a function
of the enzyme concentration

One of the experimenter’s primary objectives is to determine the change in the
initial reaction rate as a function of the enzyme concentration. The curve obtained
generally contains a linear part, before curving to reach a plateau (Fig. 5.5).

v
Proportionality
zone
Fig. 5.5 Change in an
enzymatic reaction as a
function of the enzgyme
concentration e

The simplest procedure whenever possible is to work in a range of enzyme concen-
trations that ensures proportionality between the reaction rate and the enzyme con-
centration. In this range, the reaction is first order with respect to the concentration.
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It is important here to emphasise that care must be taken in determining the initial
rate. Indeed, some enzymatic reactions cannot be followed by continuous-flow
methods (see Chap. 6), and so only one method, “point by point”, is at our disposal.
This involves taking samples and then stopping the reaction after a certain time. It
is advisable, therefore, to choose carefully the time period otherwise the initial rate
risks being underestimated. Thus, if an experimenter titrates, relative to a control
solution, an enzyme solution of unknown concentration for too long a time inter-
val that no longer respects the conditions of linearity, an error AP will be made
(Figs. 5.6 and 5.7a). It is essential, therefore, at least in an initial series of trials to
obtain several points in order to check at what time there is a deviation from the
initial rate (Fig. 5.6).

P .
“iap
X’ V< Vg
A VO Fig. 5.6Er.ror f'n
S ; the determination of the rate
: by measuring p at time t,
t t
P v
1.0 a 10.0 b
8.0 | v (t1)
6.0 - v (t2)
4.0 +
20
0.0 N : L 1 1 ] 0.0 : L : : L L 1 ]
0.0 0.5 1.0 15 20 00 2.0 4.0 6.0 8.0 10.0
1 t t E; E; E;j (enzyme)

Fig. 5.7 (a) kinetics of the appearance of P over time for different
engyme concentrations: Ej, E; and E;. Evaluation of the rate at times t; and t,
(b) change in the reaction rate as a function of the enzyme concentration
at times t; and t,, taken from the data in the preceding curve
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Indeed, when no longer working under the initial-rate conditions, the MICHAELIS
equation is no longer satisfied and the change in reaction rate with respect to the
enzyme concentration is no longer linear (Fig. 5.7a and b). The rate expression
given previously is only applicable in these conditions. For the same reasons, it is
wise to ensure that the pH of the reaction medium stays constant for the duration of
the measurements (see Chap. 9).

Study of the changes in reaction rate as a function of the substrate concentration

For a given enzyme concentration, changes in the reaction rate as a function of the
initial substrate concentration follow the hyperbolic law given by the MICHAELIS
equation:
_ koep8g
K, +sg

This relation also expresses a kinetic intermediate between zero and first order.
Under conditions of extreme substrate concentrations, there is a tendency to lean
either towards zero-order kinetics or towards first-order kinetics.

When s, is large relative to K, (so >> K,,), this expression simplifies to:
vV = k260 = Vm

The rate tends towards the maximal rate and Y, becomes practically equal to 1.
Therefore, the reaction rate becomes practically independent of the substrate con-
centration. These conditions are important from an experimental point of view.

When s, << K,,,, the MICHAELIS equation becomes:

k
K

m

The reaction rate is proportional to the ratio k,ey/K,,, which is the first-order rate
constant for the reaction. The rate varies linearly as a function of s,. Now, we can
write:

k, _ kk

K k, +k_;

m

The limit of the constant k,/K,, is therefore determined by k;, the rate constant for
the formation of the ES complex. This rate is limited by molecular diffusion. It
cannot be faster than the speed with which the molecules of E and S meet, which is
controlled by diffusion. This is clearly a physical barrier that cannot be exceeded.
At physiological temperatures, the magnitude of diffusion is between 10°® and
10° mol ™" .s™', implying that:

k
—2 < 108-109 M~L.s!
K

m
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Certain enzymes such as catalase or carbonic anhydrase have k.,/K;, values that
are this order of magnitude. These enzymes have attained catalytic perfection and
hence their activity rates are only limited by diffusion (see Chap. 11). Biological
systems have found a way round this physical limit by creating multi-enzyme com-
plexes in which the reaction product is transferred directly to the catalytic site of
the enzyme catalysing the subsequent reaction. In Part V, we shall see examples of
these multi-enzyme complexes, which catalyse several successive reactions on the
same metabolic pathway.

In summary, under extreme conditions when the substrate concentration is low
compared to the MICHAELIS constant, the kinetics are first order; conversely, if s is
large relative to K, the kinetics are practically zero order. The reaction rate tends
towards a maximum value V,, = kse.

5.2.3. METHODS TO DETERMINE KINETIC PARAMETERS

In order to obtain with satisfactory precision the experimental parameters K,, and
Vi, it is important to determine the initial reaction rate for a sufficient number of
substrate concentrations situated either side of the K, value. Several linear graph-
ical plots are available for determining these parameters.

5.2.3.1. SEMI-LOGARITHMIC PLOT

The first graphical plot used by MICHAELIS involved plotting the reaction rate as a
function of the logarithm of the substrate concentration, for a given enzyme con-
centration (Fig. 5.8). The inflexion point corresponds to log K, on the horizontal
axis. This method is very imprecise as a result of the difficulty in reliably determin-
ing Vp,.

Vi 30.0
25.0

20.0

Vi/2 150
10.0

Fig. 5.8 Determination of

the MICHAELIS constant and

i o 05 02 V[m by the semi-logarithmic
log Ky log s plot

5.2.3.2. EADIE PLOT

The rate equation can be written in the following linear form:
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v = Kuv/s+V,

If we plot v as a function of v/s, we obtain a straight line whose slope is equal to
—K,» and the vertical-axis intercept, V,, (Fig. 5.9).

v

Vi

Fig. 5.9 EADIE
plot Vi/Ky  v/s

5.2.3.3. LINEWEAVER-BURK PLOT

A linear plot can also be obtained when using the inverse of the MICHAELIS equation:

1 K, 1
v Vs V.,

The slope of the straight line obtained by plotting 1/v versus 1/s is equal to Ky,/V,
and the vertical-axis intercept, 1/V,,. The intercept on the horizontal axis gives the
value —1/K,, (Fig. 5.10).

1/v
Slope K,/ Vi
1V,
Fig. 5.10 LINEWEAVER- e
BURK plot - 1/Kpy 1/s

5.2.3.4. HANES-DIXON PLOT
Another equivalent form of the rate equation is:
s/v = s/Vp + Ko/Vi

The plot of s/v as a function of s leads to a straight line whose slope directly gives
1/Vy, and the vertical-axis intercept is equal to K,,/Vy, (Fig. 5.11 below).
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s/v
Slope 1/Vy,
Kin/Vim
/ Fig. 5.11 HANES-DIXON
-Kn s plot

5.2.3.5. PLOT DERIVED FROM THE INTEGRATED RATE EQUATION

The integrated rate equation written above can be put in the following form:
23logsy/s  V,  (sy—9)

m

t K, Kt

m

s and (sy — s) are measured in a series of defined time-points and on a graph we plot
(2.3 logso/s)/t as a function of (sp— s)/t; a straight line should be obtained if the
kinetics follow the classical law well. This line has a slope of —1/K,, and the hori-
zontal-axis intercept is Vy, (Fig. 5.12). This plot is therefore applicable in principle
even for cases where the previous plots are not suitable as a result of the impreci-
sion in the estimation of the initial rates. Furthermore, only a single experiment is
required in principle, although it is necessary to check that the same straight line is
obtained with several substrate concentrations.

2.3 log (sg/s)
t

Vin/Km
Slope 1/Ky,
Fig. 5.12 Graphical
plot from the
integrated
Vo, (so—s)t MICHAELIS equation

5.2.3.6. DIRECT PLOT OF EISENTHAL AND CORNISH-BOWDEN

This method involves plotting, for each experiment, v on the vertical axis versus
—s on the horizontal, then drawing the corresponding lines. According to the
MICHAELIS equation, these straight lines intersect at the same point having coord-
inates of V,, and K,,,. Figure 5.13a illustrates the graphical procedure. However, the
effect of experimental error means that the intersection point is not unique. The
number of intersection points is 1/2n(n— 1). For the five experimental curves
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presented in Fig. 5.13b there are 10 intersection points. Each of these points gives
an estimation of K,;, and V,,, and then the average value of these is determined.

v

Vi

Vs

V4

V3

V2

Vi
—S5 —S4 —S3 —-Sp —s; O K
b
—S5 —S4 —S3 —Sp —s; O K

Fig. 5.13 Direct plot of EISENTHAL and CORNISH-BOWDEN
(a) determination of V,, and K,,. Each straight slope represents one experiment for a
substrate concentration s, giving an initial rate v. The intersection point gives V,, and
K,, — (b) the intersection point can regress if there is an error in the straight line. Each
intersection gives an estimation of K,, and V,,. For each group, the average value is
considered to be the best value for the parameters



120 MOLECULAR AND CELLULAR ENZYMOLOGY

5.2.3.7. VALIDITY OF THE DIFFERENT GRAPHICAL PLOTS

The problem of which method is the best to analyse the experimental data and evalu-
ate the kinetic parameters from the MICHAELIS equation is a very old problem. The
direct plot of v against s, is an equilateral hyperbola passing through the origin and
having the asymptotes v =V,, and sy = —K,,. But it is practically impossible to ob-
tain V,, and K, with precision from this plot because:

» only finite and positive values of s are measurable,

b it is rarely possible to use sufficiently high substrate concentrations to determine
precisely the plateau corresponding to the maximal rate.

In the MICHAELIS-MENTEN plot (or semi-logarithmic plot) there is an inflexion
point at s = K,;,, and the maximum slope at this point is 0.576. This method is statis-
tically correct, however, the maximum rate must be measured experimentally with
great precision. Consequently, most enzymologists prefer to use one of the linear
plots that have just been described. The validity of the kinetic constants estimated
from these diverse plots has been widely discussed, in particular by WILKINSON
(1961), JOHANSEN and LUMRY (1961), DOWD and RIGGS (1965), COLQUHOUN
(1971), and CORNISH-BOWDEN and EISENTHAL (1974).

As analysed by DOWD and RIGGS, the frequency distribution of the K, and V,,
values derived from the three linear plots show clearly the great inferiority of
the LINEWEAVER-BURK plot. This is evident by examining the diagrams in
Fig. 5.14a opposite, which give the frequency distribution of V,, and K,, for these
three plots, based on 500 identical experiments; the error in v is assumed to be
constant and relatively high. 40 values estimated for V,,, and 35 values for K, were
superior to 100 or inferior to 0 in the LINEWEAVER-BURK plot. An analogous con-
clusion can be drawn from the same diagram, but making the assumption that the
error in v increases practically proportionally to v (Fig. 5.14b). Even allowing a
small error in v, the LINEWEAVER-BURK plot leads to the least correct evaluation,
since in this case the authors obtained a non-negligible number of negative values
in estimating the parameters.

The two other linear plots: v against v/s, or sy against sy/v, are therefore superior to
the LINEWEAVER-BURK plot. Nevertheless, they do not permit a statistically signifi-
cant analysis since the values plotted on both axes are not independent variables.
For this reason, as shall be analysed in the last paragraph of this chapter, we pre-
fer to employ statistical methods of analysis based on the non-linear MICHAELIS-
MENTEN plot and then to evaluate the parameters by a non-linear regression
method, especially since today’s computer programs enable direct data processing.

Whatever the case, the marked inferiority of the LINEWEAVER-BURK plot com-
pels us to advise against its use for the estimation of kinetic parameters.
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Fig. 5.14 Frequency distribution for K,, and V,, values for the three linear plots
(a) frequency distribution based on 500 identical experiments — (b) same diagram, but
with the assumption that the error in determining the rate increases along with the rate
value. (From J. Biol. Chem., 240, DOWD J.E. & RIGGS D.S., 863. © (1965) with permission from The American
Society for Biochemistry and Molecular Biology)
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5.3. KINETICS OF ENZYMATIC REACTIONS IN THE PRESENCE
OF EFFECTORS (INHIBITORS OR ACTIVATORS)

5.3.1. KINETICS OF ENZYMATIC REACTIONS IN THE PRESENCE OF INHIBITORS

The kinetics of enzymatic reactions can be considerably modified by the presence
of inhibitors in the reaction medium. The phenomenon of inhibition is very frequent
in enzymology and the most diverse chemical components are capable of inhibiting
enzymatic reactions; this, of course, depends on the enzyme and reactant.

As we shall see in Part VI, the regulation of cellular metabolism relies for the most
part on physiological mechanisms of inhibiting enzyme activity.

Furthermore, it is interesting to provoke inhibition of an enzymatic reaction using
substances of known structure in order to obtain information about the mechanism
of enzyme action. The inhibition of enzymes in vivo increasingly underpins the nu-
merous chemotherapeutic procedures. The study of inhibitory phenomena is there-
fore of primary importance in enzymology.

Some types of inhibition result from the reversible association of an inhibitor to an
enzyme. Others are the consequence of irreversible binding; the action of irreversi-
ble inhibitors will be considered in Parts I1I and V.

Different types of reversible inhibition exist. The most simple and the most classic
are competitive inhibition, non-competitive inhibition and uncompetitive inhibition or
inhibition by blocking the intermediate complex. In these types of inhibition, the
presence of the inhibitor on the enzyme totally abolishes its activity, although partial
inhibition also exists. We shall now examine successively total and partial inhibition.

5.3.1.1. TOTAL INHIBITION
Competitive inhibition

There is competitive inhibition when the binding of an inhibitor molecule, I, to the
enzyme prevents substrate binding, and reciprocally, the inhibitor cannot practic-
ally bind to the ES complex; there is exclusive binding of either the inhibitor or
the substrate. Competitive inhibition occurs in particular when the inhibitor and
substrate are structurally analogous and bind to the same site on the enzyme, but
this is not the only example. The scheme for an enzymatic reaction subjected to
competitive inhibition is written thus:

k; ks,

E+S ——= ES ——> E+P
k.
ki

E+I —=—— EI
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with the respective dissociation constants:

K =k o BO g ok ED
k) (ES) k; (EI)

1

There is competition between substrate and inhibitor molecules with respect to the
enzyme; an excess of substrate displaces the inhibitor. The rate equation at steady
state is obtained by taking the equation for enzyme conservation:

ey = (E)+ (ES) + (EI)

Furthermore, when (I) >> e, the free-inhibitor concentration is practically equal to
the total-inhibitor concentration; this condition generally arises in experiments in
vitro in which the inhibitor, like the substrate, is in excess relative to the enzyme
concentration.

The rate equation is:

k,eqs, _v S

0
Km{l+§)}+so Km{1+§)}+so

vV =

1

1

It shows that, in this type of inhibition, only the apparent MICHAELIS constant for
the reaction varies as a function of the inhibitor concentration:

K, =K, {1 + Q}
K.

1

The maximal reaction rate, V,,, remains unchanged whatever the inhibitor concen-
tration. An excess of substrate displaces the inhibitor.

If we use the EADIE plot to determine the kinetic parameters, we obtain a series of
straight lines whose slopes increase in absolute value as a function of the inhibitor
concentration by a factor of [1 + (I)/K;], but which converge to the same point on
the vertical axis, i.e. V,, (Fig. 5.15a below). The LINEWEAVER-BURK plot also leads
to a beam of straight lines coinciding at a point on the vertical axis that has the
value 1/V,, (Fig. 5.15b). From these K’ values for different inhibitor concentra-
tions, it is straightforward to obtain K,, and K; with a secondary plot (Fig. 5.15¢).

Another graphical plot, suggested by DIXON, to determine directly the constant
K involves plotting 1/v as a function of (I) according to the equation:

Km{1+g)}+so

1

v V.80

For different concentrations of sy, we obtain the graph depicted in Fig. 5.15d.
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Vi a 1/V1 b

1/s

Km c d
K
/
K ) \_Ki[HL} ®
Km

Fig. 5.15 Competitive inhibition
(a) EADIE plot — (b) LINEWEAVER-BURK plot — (¢) secondary plot of K',, as a function of
(1) permitting the determination of K,, and K; — (d) DIXON plot of 1/v; as function of (I)

for two substrate concentrations. In (a) and (b) unbroken lines: reactions in the
presence of inhibitor, dashed lines: reactions in the absence of inhibitor

When K is very small relative to (I) and K, i.e. when the inhibitor has a high af-
finity for the enzyme, it can be difficult to determine the nature of the inhibition.
Indeed, in the expression for v, we have (I)/K; >> 1 and K(I)/K; >> s.

The rate expression is thus simplified to the following:

_ kyepsg

~ K
K.

1

In this case, it is indistinguishable from non-competitive inhibition (see the next
paragraph).



5 — KINETICS OF ENZYMATIC REACTIONS WITH MICHAELIAN BEHAVIOUR 125

Non-competitive inhibition

In this type of inhibition, substrate and inhibitor binding are not exclusive; they
are independent. The inhibitor binds without altering the affinity of the enzyme
for its substrate. A ternary ESI complex can thus be formed, but it is inactive. The
presence of the inhibitor alone may also lead to the formation of an inactive EI
complex. This can be represented by the following scheme:

K, ky

E+S ES — > E+P
K;

E+1 El
K;

ES+1 ESI
K

EI+S ESI

This scheme may also be written as follows:

ES —> E+P

P
N

The equation for enzyme conservation is:
eo = (E) + (EI) + (ES) + (ESI)
with (I) >> ey as before. Solving the system at steady state leads to the rate equation:
_ kyegs 1

Km+SO 1_}_@

i
The apparent MICHAELIS constant does not change; only the maximum reaction rate
as a function of the inhibitor concentration:

Vi
RO)

i

vV, =
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The EADIE plot gives rise to a series of parallel lines with decreasing values for the
vertical-axis intercept as the inhibitor concentration increases (Fig. 5.16a).

Vi a 1/v; b
Vin 1
1+ 0) Vin
K;
1Ky
1V’ ¢ 1v; d
1
—| 1+
1/Vi - V. |:
-Kj @ -Kj @

Fig. 5.16 Non-competitive inhibition
(a) EADIE plot — (b) LINEWEAVER-BURK plot — (c) secondary plot of 1/V'm as a function
of (I) — (d) DIXON plot. The symbols are the same as in Fig. 5.15

The LINEWEAVER-BURK plot gives a series of straight lines which converge at a
point on the horizontal axis whose values is —1/K,, (Fig. 5.16b). The changes in
apparent maximum rate as a function of the inhibitor concentration permits deter-
mination of the constant K; with a secondary plot (Fig. 5.16c¢).

1 K _+ I
Based on the equation: ~ = 2mT% 1+Q
v V.80 K,

1

the DIXON plot, 1/v against (I), produces the graphs indicated in Fig. 5.16d. The
straight lines thus obtained for different values of s converge at the point —K; on the
horizontal axis.
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“Uncompetitive” inhibition or inhibition by blocking the intermediate complex

A type of inhibition called “uncompetitive” inhibition exists which involves a mech-
anism of inhibition by blocking the intermediate complex. In this case actually,
the inhibitor binds to the enzyme-substrate complex and not to the free enzyme, giv-
ing an inactive ternary complex. The reaction scheme can be represented as follows:

K ky
ES ——> E+P

E+S

K;

ES+1 ESI

The equation for enzyme conservation is:
e = (E) + (ES) + (ESI)

k 1
and the rate equation: v = 2%0%
K +s, 1+ Q)
n 0 TR
1+ i
K.

1

The apparent MICHAELIS constant, K';,, and the apparent maximum rate, V'y, vary
as a function of the inhibitor concentration; they become proportionately smaller:

’ _ Vm
Vim =
1+

1

and K'_, =

Km
1+Q

1

It seems as though the presence of the inhibitor facilitates the formation of an inter-
mediate complex, since K';, decreases as (I) increases, yet at the same time the re-
action is prevented from taking place.

In this type of inhibition the EADIE plot produces a series of straight lines whose
slopes decrease while the inhibitor concentration increases (Fig.5.17a below).
These lines converge to a point on the horizontal axis whose value is equal to the
ratio V,/K,, and which does not alter. The LINEWEAVER-BURK plot gives a series
of parallel lines since the slope is equal to K,,/V,, (Fig. 5.17b).

The DIXON plot also gives rise to a series of parallel lines according to the equation:

K, +so{l+(1)}
K.

1

v V.80

The intercept with the horizontal axis is —K;(1 + K,/sg) and with the vertical,
(K + 80)/Vmso; its slope is 1/V K (Fig. 5.17d).
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Fig. 5.17 “Uncompetitive” inhibition
(a) EADIE plot — (b) LINEWEAVER-BURK plot — (c) secondary plot of 1/V'm or 1/K'm as a
function of (I) — (d) DIXON plot. The symbols are the same as in Fig. 5.15

Inhibition by the binding of the inhibitor to the substrate

In some enzymatic reactions, in particular in proteolysis reactions where the sub-
strate can be a molecule with large dimensions, the inhibitor may bind to the sub-
strate and not to the enzyme. This does not happen frequently, but ought to be borne
in mind. The inhibition may either be competitive or non-competitive. For each of
these types of inhibition, we end up with the same rate equation whether the inhibi-
tor binds to the enzyme or the substrate, on the condition that free (S) stays large
compared to ¢y (YON, 1961).

Consequently, it is not always enough to know the type of inhibition in order to
determine the inhibitor’s mode of action. Sometimes it is necessary to do a study
with different substrates and possibly with other enzymes that recognise the same
substrate.



5 — KINETICS OF ENZYMATIC REACTIONS WITH MICHAELIAN BEHAVIOUR 129

Inhibition by high substrate concentrations

Some enzymatic reactions obey the law of HENRI-MICHAELIS at low substrate con-
centrations, but at high concentrations the rate, after having reached a maximum,
diminishes. For such reactions, the plot of the initial reaction rate as a function
of the substrate concentration gives rise to the curves shown in Fig. 5.18. This
occurs when the enzyme is liable to bind several substrate molecules in the active
site. Only the complex to which the substrate binds in a favourable orientation is
active. We might imagine that, when the substrate concentration increases, two or
more molecules may bind at each of the enzyme’s sub-sites, and since none at
this point is in a favourable orientation to ensure a reaction, the ternary (or higher
order) complex remains inactive.

Vi a 1/vj b
UV |
] /s
Vi c 1/v; d
1/VyKin
UV |7
vi/s -K’ s

Fig. 5.18 Inhibition by excess substrate
(a) change in the rate as a function of the substrate concentration — (b) LINEWEAVER-
BURK plot — (¢) EADIE plot — (d) change in 1/v as a function of s

This situation, which is a true case of non-competitive inhibition by the substrate
itself, has been theoretically studied by HALDANE, and corresponds to the follow-
ing scheme:

K k>
ES ——> E+P

E+S

K

ES+S ES,
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K's represents the dissociation constant of the ternary complex.
kyeg
Km So

I+—+
S0 Ks

The rate equation is: vV =

In this case, however, it is possible to determine the MICHAELIS constant of the
system by using sufficiently low substrate concentrations that the inhibition is neg-
ligible. Furthermore, we can determine the inhibition constant K if we use condi-
tions in which the substrate concentration is sufficiently high relative to K,, such
that the term K,,/sy becomes negligible. In these conditions, the rate equation sim-

plifies to: ,
o = VaK,

K,S +Sp
or:
1 So 1

v KVm Vi

The plot of 1/v as a function of s, leads to a straight line in the region correspond-
ing to high substrate concentrations where this simplification is valid. The horizon-
tal-axis intercept gives a value of —K'; (Fig. 5.18d). When the substrate concentra-
tion diminishes, the equation ceases to be valid and we observe a curvature lead-
ing to a minimum and 1/v increases. This sort of inhibition arises with urease or
acetylcholinesterase, for example.

Inhibition by the reaction products

Another frequently observed case in enzymology is inhibition by the reaction
products, even when the reverse reaction cannot take place. Indeed, the reaction
products often have very similar structures to that of the substrate or a part of the
substrate, and thus are capable of forming a specific complex with the enzyme.
Again, this is competitive inhibition, but none of the plots described above are able
to show this. In fact, these diagrams rely on the determination of initial rates, and
under the initial reaction conditions the inhibition is not yet apparent, as the prod-
uct concentration is negligible. However, if the reaction products were to be added
at time zero (t = 0), then inhibition would be observed. Inhibition by the reaction
products can be schematised as follows:

K ky
ES ——> E+P

E+S

K;

E+P EP

with (P) =sy—s and e, = (E) + (ES) + (EP), and K; being the dissociation constant
of the enzyme-product complex, EP. The solution of this system leads to the fol-
lowing rate equation:
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k,epsy

vV =
(sp —5)
Km[1+‘k +s,

1

The equation in its integrated form is:
[ sy s, (K )
k,eot = 23K 1+-2% | xlog-L —| —m 1 (sg—s)
" L KiJ S L Ki J

If K = K, the kinetics are first order throughout the reaction:
k,ept = 2.3(K,, +5y)X logS—O
S

and yet the first-order constant varies with the initial substrate concentration. If
K =K, the plot obtained from the integrated rate equation gives a series of lines
whose slopes vary as a function of the initial substrate concentration.

The integrated rate equation can be written:

23, s v, 1 [ K, )(sy—s)

logl = m -  [— 1
() o)

If we plot 2.3/txlog (s¢/s) as a function of (sp— s)/t, we obtain a series of straight
lines. The intercept of these on the horizontal axis decreases as s, increases and the
absolute values of their gradients diminish as a function of s, (Fig. 5.19).

2—'3 log s/sg

. oy o e Vm
Fig. 5.19 Inhibition by K
the reaction product ]-—m
Plot based on K;
the integrated MICHAELIS
equation for different
substrate concentrations
(sp—s)/t

The slope of these lines can, incidentally, be positive or negative depending on the
respective values of K, and K;. If K;;, > K, then the value of [1 — (K,,/K})] is nega-
tive and the slope is positive. If K;, < K, the slope is negative, which represents the
most general case — the enzyme more often than not has a greater affinity for its
substrate than for the reaction products. The different curves obtained converge to
the same point on the horizontal axis whose value corresponds to:
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Vv

m
-
K;
HARMON and NIEMANN demonstrated inhibition of this type for the tryptic hy-
drolysis of benzoyl-L-arginine amide. One of the hydrolysis products, benzoyl-
L-arginine, inhibits the reaction. If this product is added to the reaction at time 0, it

behaves like a classic competitive inhibitor, as would be the case in general, and
benzoyl-L-arginine has a K; value of 6.5x 10 M (BECHET et al., 1956).

When we come to study two-substrate reactions, we shall analyse in detail inhib-
ition by the reaction products, as it provides important information about the reac-
tion scheme and often enables distinguishing between two possible schemes.

5.3.1.2. PARTIAL INHIBITION

¥ To address partial inhibition, we shall present first of all a generalised formulation
for diverse types of reversible inhibition, in the case of an approximation to a quasi-
equilibrium, i.e. when all complexes are in rapid equilibrium with their components.
We always assume conditions where ey << sy and (I). The general scheme is written:

ES —> E+P

7N

ESI —> P + EI

\/

o represents the change in the dissociation constant of the enzyme-substrate com-
plex under the effect of the inhibitor, or in the dissociation constant of the enzyme-
inhibitor complex under the effect of substrate binding. The coefficient B is the fac-
tor of change in the rate constant when the inhibitor is present. The constants of
dissociation equilibrium are as follows:

Kk = B _ (EDS)
£ (ES) ¢ (EIS)
k = BEDO ok, = ESD
' (ED) ' (ESI)
From the following relationships:
¢o = (E)+ (ES) + (EI) + (ESI)
v = ky(ES) + Bky(ESI)
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we derive the rate equation:
so[0K; +B(1)]
"y (D+a[Ks,+K (D+K K]
with the apparent parameters:

vV, =

m

Vi [0K; +B(D]
K; +B(1)
] _ Ks [(X’Kl + B(I)]
; K +B(I)
For the diverse types of inhibition, generally o > 1 and B < 1, although the first con-

dition is not absolutely necessary; the rate may decrease even if oo < 1 on the condi-
tion that B is sufficiently small.

Partial competitive inhibition

1/v;

1/s

1/vi c

Fig. 5.20 Partial competitive inhibition
for different values of
the coefficient o
(a) LINEWEAVER-BURK plot
(b) EADIE plot — (¢) DIXON plot.

In total competitive inhibition o0 — oo and we have the expression given previ-
ously (see the paragraph on competitive inhibition). In partial competitive inhibition
oo >0 > | and B = 1. The inhibitor only partially prevents substrate binding and does
not affect the degradation rate of the complex. The rate equation is:

v=V S
o(I)+akK,

' (D+oK,;

So
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o(I)+ oK,

K’ = K,
" (D+oK;

The maximum rate remains identical in the presence of inhibitor. Only the apparent
MICHAELIS constant varies. The graphs obtained using the EADIE or LINEWEAVER-
BURK plots do not differ from those when the inhibition is totally competitive. How-

ever, the DIXON plot of 1/v against (I) is no longer linear, but gives a series of curves
(Fig. 5.20 above).

Partial non-competitive inhibition

In total non-competitive inhibition, o= 1 and B = 0. The equations are as previously
indicated. In partial non-competitive inhibition oo=1 and 0 < 3 < 1. The rate equa-
tion is:

BH+K, s,
" (D+K, s, +K,

K',, alone varies as the inhibitor concentration increases. As before, 1/v as a function
of (I) is no longer linear. Figure 5.21 illustrates how 1/v changes as a function of (I)
for different values of .

1/v; a Vi b

Fig. 5.21 Partial non-competitive
inhibition for different values of B
(a) LINEWEAVER-BURK plot

(b) EADIE plot — (c) DIXON plot
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Mixed inhibition
1/v; a

- m/ Ym
T 1/V
S+ OLKm 1/s
s+ K,
horizontal axis: - ——1—
{ Ki(o—1)
T . . o
vertical axis: V,, ——
m o-—1
Vi/Ky vi/s
c
+K
s+aK,,

Fig. 5.22 Mixed inhibition
(a) LINEWEAVER-BURK plot — (b) EADIE plot — (¢) DIXON plot
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In general, there is mixed inhibition when o> 1 and B < 1. The apparent affinity of
the enzyme for its substrate is reduced in the presence of inhibitor and the rate of
degradation of the ESI complex is less than that of the ES complex. At the same
time, V', and K';, are modified by the presence of inhibitor. The behaviour is inter-
mediate between partial competitive and partial non-competitive inhibition.

If 0 < B < 1, the inhibition is partially mixed. If B = 0, the inhibition is totally mixed.
The ESI complex can no longer be converted. The reaction rate is given by the rela-
tionship:

_ v oK, S
" . D+K,
(D+aK,  y olD+K]
(D +oK,
The apparent parameters are as follows:
( (XKi
m = \/m T~
(D + oK,
K =K. o(I) +aK;
(D +aK;

Figure 5.22 above indicates the determination of these parameters by the diverse
graphical methods. V'

We have outlined above the different types of simple inhibition, either total or par-
tial. In very general terms, we term competitive inhibition all those types that
only modify the MICHAELIS constant, and non-competitive inhibition all those
that modify the maximum reaction rate. The importance of this generalisation
will be revealed in the analysis of inhibition by the reaction products, for reactions
with several substrates.

5.3.2. KINETICS OF ENZYMATIC REACTIONS
IN THE PRESENCE OF AN ACTIVATOR

While certain effectors have an inhibitory effect on enzymatic reactions, converse-
ly, others are able to activate them. Diverse types of activator exist: metal ions,
anions, various natural molecules and the substrate itself can behave as an activator.
These phenomena also arise in the regulation of cellular metabolism; in particular,
they help to coordinate the regulation of several metabolic pathways. Coenzymes
have sometimes been considered to be activators. Bearing in mind the kinetic
mechanisms involved, we shall treat dissociable coenzymes as second substrates.

It is also important to consider the activators’ modes of action. The mechanisms by
which a substance is capable of activating an enzyme reaction can be as varied as
the inhibitory mechanisms: either there is total activation (the enzyme has no activ-
ity in the absence of the activator), or there is partial activation (the enzyme has a
low, but non-zero, activity in the absence of the activator); this only serves to in-
crease the reaction rate.



5 — KINETICS OF ENZYMATIC REACTIONS WITH MICHAELIAN BEHAVIOUR 137

5.3.2.1. TOTAL ACTIVATION

We shall distinguish several cases depending on whether the activator and the sub-
strate bind to the enzyme randomly or in a sequential manner.

Independent binding of the substrate and activator

This situation is described by the following scheme:

K
E+S ES
K.
E+A EA
K ks
EA+S EAS — > EA+P
Ka k2
ES+ A EAS — > EA+P

The ES complex is inactive; only the ESA complex is capable of giving rise to the
reaction products. In this case, there are no interactions between the substrate and
activator binding sites. K, represents the dissociation constant of the enzyme-acti-
vator complex or the enzyme-substrate-activator complex:

(EXA) _ (BSXA) _
(EA)  (ESA) a

Similarly, the dissociation constant of the enzyme-substrate complex, K, is the
same as the dissociation constant of the enzyme-activator-substrate complex:

(EXS) _ (BAXS) _

(ES) (EAS) s
The rate equation becomes: vy = Kaeso 1
K, +5g L+ K,
a

where a is the activator concentration, having the condition that a >>e;. Only V',
increases as a function of the activator concentration.

Dependent binding of the activator and substrate

In this case, the binding of one of the ligands, activator or substrate, affects the
affinity of the enzyme for the other. Assuming a quasi-equilibrium, we have the
following relationship:

K

E+S ES

Ka

E+A EA
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K's ks

EA+S EAS —> EA+P
Kla k2

ES+A EAS —> EA+P

This system could be treated as a two-substrate reaction (see further on) approxi-
mating a quasi-equilibrium and with a single reaction product. It would therefore
exhibit a random Bi-Uni mechanism. The rate equation is exactly the same:

V,

m
1} i ’
1+Ka +—K5+KaKS
a So as

vV =

but the activator is not converted during the reaction.
Sequential binding of the activator and substrate to the enzyme

The following reaction scheme describes this scenario:
Ka

E+A EA
K, ks

EAS —> EA+P

EA+S

The rate, in a state of quasi-equilibrium, is given by the relationship:

k,es,

K
Km(1+a]+s0
a

Only the apparent MICHAELIS constant, K',,, varies with the activator concentration.

vV =

Sequential binding of the substrate and activator to the enzyme

In this instance, the activator can only bind to the enzyme-substrate complex, which
is described by the scheme:
K

E+S ES
K, k,

EAS —> E+A+P

ES+A

The rate, in a state of quasi-equilibrium, is:
v = ky(ESA) with ey = (E) + (ES) + (ESA)
k,e, 1

and so: v =
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Both of the parameters K';, and V', are affected by the presence of the activator.

5.3.2.2. PARTIAL ACTIVATION

There are a great number of enzyme reactions in which the ES complex reacts only
weakly but whose turnover rates can be considerably enhanced by the presence of
an activator. As before, for inhibition in which both the catalytic constant and the
affinities are affected, the situation can be described in a general way using the
following scheme:

ES —> E+P

7N

ESA —>P+EA

N A

As for partial inhibition, assuming that the system is in a state of quasi-equilibrium,
the reaction rate is given by:

_ VmSO [aKa + B(A)]
 so(A)+ oK, s, + K (A)+ KK, ]

with B> 1; o can be > 1 if BB is large enough for the rate to be increased in the pres-
ence of the activator. The apparent kinetic parameters are as follows:

v =y, @Ka +BA)
oK, +(A)
. aK, +a(A)
N = KS T /A~

K, +B(A)

If oo = 1, the kinetic parameters become:

v =y, KatBA)

K, +(A)

' Ky +(A)

T KB

and thus: V'uxK's = Vi XK,

Furthermore, if B is very large, then Bk, >> k,, which becomes again a case of inde-
pendent substrate and activator binding.
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5.3.2.3. EXAMPLES OF ENZYMATIC ACTIVATION

P We shall give the example of the activation of B-galactosidase from E. coli by Mg
ions although its properties are a little more complex than in the simple systems de-
scribed in this section. The enzyme is a tetramer with a molecular weight of
540 000 daltons, formed from four identical protomers, and catalyses the hydrolysis
of B-D-galactosides. B-galactosidase is sensitive to the action of diverse cations. Na"
ions are indispensable for its activity. Certain divalent cations, in particular Mg™"
and Mn™", are activators; on the contrary, others like Be™ and Ca'", are inhibitors.
The enzyme possesses a weak activity, yet significant in the absence of Mg'". The
properties of the enzyme deprived of Mg™ were determined by TENU et al. (1972).

This quantitative study of activation by Mg was carried out at the optimal reaction
pH, in well-controlled conditions, in particular by keeping the Na“ concentration
(0.145 M) and the ionic strength (0.17 = 0.02) constant. Phenylgalactoside was cho-
sen as the substrate; with this substrate, the first chemical step is rate-limiting, which
facilitated the interpretation. Additionally, the conditions were chosen such that the
substrate concentration was much above K,,. Figure 5.23 shows the activation by
different concentrations of Mg™". The latent phase observed when Mg"" is added to
the reaction at time 0 shows that activation by magnesium is a slow process. After a
variable time-period dependent on the Mg™" concentration, the reaction reaches a
steady state, which corresponds to the linear kinetic phase; the rate becomes con-
stant. If the enzyme is first incubated in the presence of magnesium, this latent phase
is no longer observed. The slow activation by magnesium is independent of the sub-
strate’s nature. Therefore, the activation must result from the binding of Mg"" to the
enzyme.

In this section, we shall only present the results obtained when the steady phase of the
activation is reached, as represented by the linear parts of the curves in Fig. 5.23.

B Fig. 5.23 Activation of

g p-galactosidase from E. coli
++

'g by Mg

2 Enzyme concentration:

< 3.26 uM;

substrate concentration:

10 mM; pH 7.0 at 5°C;

Mg"" concentration:

(1) 78 nM, (2) 202 nM,

(3) 317 nM, (4) 420 nM,

(5) 670 nM, (6) 1.23 uM,

(7) 7.03 uM, (8) 50 uM.
(Reproduced from Eur. J. Biochem., 26,
TENU J.P. et al., Activation of B-galac-
tosidase by Mg, 110. © (1972) with

permission of Blackwell Publishing
Ltd)
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By studying the change in the catalytic constant as a function of the Mg~ concentra-
tion (M), we can determine an apparent dissociation constant for the enzyme-Mg"
complex, using this type of representation:

Akcat = (Akcat)max ﬂ

(M +K)

Ak, represents the difference in values of the catalytic constant k., for a givenMg"™
concentration and for zero Mg++ concentration (kg, being different from 0 under
these conditions); (Akea)max is the corresponding difference at saturating Mg K is
the dissociation constant of the enzyme-Mg'~ complex. Figure 5.24 reveals that the
saturation curve is Michaelian. The constant K has a value of (0.65 +0.05)x 10° M,
which corresponds to a strong apparent affinity of the enzyme for the metal ion.
Direct measurements of Mg binding to the enzyme showed that a single Mg ion
binds per enzyme protomer.

Fig. 5.24 B-galactosidase ~50 -
activation by Mg"™" ions o . .
Changes in the catalytic g 40 "
constant for the hydrolysis E
; s
of phenylgalactoszde by the REN)
enzyme as a function of the
Mg"" concentration. Dashed 20
line: residual activity in the
++
absence of Mg . (Reproduced 10
from Eur. J. Biochem., 26, TENU J.P.
et al., Activation of B-galactosidase 0 g LT T T
by Mg"™, 110. © (1972) with permis- 0 10 20 30
sion of Blackwell Publishing Ltd) Mg™) (LM)

5.3.2.4. ACTIVATION BY THE SUBSTRATE

There are numerous examples of substrate inhibition described in the literature,
much rarer are cases describing activation. However, this phenomenon has been
observed for some enzymes. ALBERTY et al. (1954) noted the activation of fuma-
rase by its substrate. BECHET and YON (1964) described a similar phenomenon for
the hydrolysis of several substrates by trypsin (Fig. 5.25 below).

The activation by the substrate can be described by a phenomenological rate equa-
tion of the form:
_ ey(as+Dbs?)
1+cs+ds?

where a change in s to the second degree appears in the numerator and denomin-
ator; a, b, ¢, and d are constants that depend on the experimental kinetic parameters
of the reaction.

If this phenomenological equation remains valid, diverse mechanisms may be in-
volved in the apparent activation of an enzyme by high substrate concentrations.
Clearly, the significance of these parameters depends on the mechanisms involved.
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In this paragraph, we shall only explore the simplest mechanism, involving the
existence of two substrate-binding sites. One is the normal site where the substrate
is converted and the other is an activator site where the substrate undergoes no
modification. The scheme is shown below:

Kk,
ES —2» E+P

7N

SES —>P+SE

\/

If oo =1, the sites are equivalent and independent. This scheme thus reminds us of
the general scheme given for inhibition; but with activation, B > 1. The reaction
rate is:

so (0K o +Bsg)

m o
sg+ (K so +Ks) + KK )

v a v b
40 40 +
30 30
20 20
pH 8 35°C
10 pHO 10 + 25°C
pH 7 15°C
H 6
0 1 1 1 p O 1
0 10 20 30 0 10
[v/(S)]x 103 [v/(S)] x 103

Cc
Fig. 5.25 Activation by the substrate during

hydrolysis by trypsin
(a) of tosyl-L-arginine methyl ester at 35°C
and different pH values — (b) of the same sub-
strate at pH 8.5 and different temperatures

pH 8 (c) of tosyl-L-arginine methyl ester at 35°C
and at two different pH values; enzyme concen-

tration: 0.02 uM.
pH7 (Reprinted from Biochimica and Biophysica Acta, 89, BECHET

10 20 30
[v/(S)] x103

J.J. & YON J.M., Mise en évidence d’un effet allostérique lors
de I’hydrolyse d’un ester par la trypsine, 117. © (1964) with
permission from Elsevier)
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Figure 5.25 illustrates the activation by an excess of substrate during the hydrolysis
of benzoyl-L-arginine methyl ester by trypsin. The EADIE plot is no longer linear.
It is possible to define two values for V,,, and K, in the zones of extreme substrate
concentrations.

It is important to note that other types of mechanism lead to kinetic profiles of this
sort as we shall see later on, and this is particularly true with, for example, mne-
monic, hysteretic and allosteric enzymes.

5.4. ENZYMATIC REACTIONS WITH ONE SUBSTRATE
AND SEVERAL INTERMEDIATE COMPLEXES

5.4.1. KINETICS AT THE STEADY STATE

The numerous data currently available, studied in detail for diverse enzymatic reac-
tions, in many cases generally show that the enzymatic reaction pathway includes
several intermediate complexes. However, the number of intermediate complexes
remains limited.

By way of example, we shall discuss the following scheme, for the general case of
a reversible reaction. We shall then turn to the reaction in a single direction when
the reverse reaction is negligible:
k k ks
E+S =—— X =<—=Y =<=—= E+P
k. ko k3

Several methods exist for determining the rate equation at steady state, i.e. when
d(X)/dt = d(Y)/dt = 0. The equations for the system under these conditions are:

d(X)/dt = ki(E)s = (X)(k.1 T ko) +ko(Y) = 0
d(Y)dt = ks(E)p + ka(X) = (Y)(ko +k3) = 0
B + X o+ ¥ =0
S + p =Sy

The last two equations are, respectively, the equations for the conservation of en-
zyme and substrate.

Under conditions in which only the two intermediate complexes are present, these
equations are readily solvable. However, when the number of intermediates in-
creases, the equations become more complex but there are adequate methods to
solve them. In particular some simple methods for kinetic analyses exist, such as:

» by determinants,

» by graphical methods, including that of KING and ALTMAN.
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These methods allow the determination of the reaction rate which, in the direction
of product appearance, is given by the relationship:

v = dp/dt = k3(Y)—k;(E)p
It is useful to determine (X), (Y) and (E).

5.4.1.1. KINETIC ANALYSIS BY DETERMINANTS

The rules of CRAMER enable the determination of (X), (Y) and (E) by writing the
determinants of X(Dy), Y(Dy) and E(D.) and the determinant of the coefficients (D).

We have: (E)=D/D ; X)=DJ/D ; (Y)=Dy/D
The determinant of the free enzyme is written below as an example:
0 —(k +k,) k.,

0 k, —(k, +kj3)
D € 1 1
ks -k +k,)  k,
1 1 1

Solving this system leads to the following equation:
k_ ks +k,ky+k_ ko, +kj(k, +k_, +ky)s+k_5(k_; +k, +k_,)p

5.4.1.2. ANALYSIS BY THE GRAPHICAL METHOD OF KING AND ALTMAN
X

/\

Y

To solve this system, we write that (E)/eo, (X)/ey and (Y)/e are the sums of all al-
lowed combinations leading to E, X and Y respectively, divided by the total num-
ber of all combinations. A closed loop is a forbidden loop. Thus, for the free en-
zyme the allowed combinations are the following configurations:

A
N\ N
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k_k:+kk, +k .k
Then, we have: @ _ KK KKtk kK

ey bX
X _ kkps+k ik ptkkss
€ 2
@ B kk,s+k_k_sp+k,k_s;p
ey b3

X represents the sum of the numerators of the three expressions above. Solving this
system, of course, leads to the same rate equation as before.

5.4.1.3. ANALYSIS BY OTHER GRAPHICAL METHODS

P Other graphical methods have been suggested for deriving rate equations for com-
plex kinetic schemes. The theory of graphs has been applied to solve enzyme kinet-
ics at steady state and to problems involving simple inhibition by VOLKENSTEIN and
GOLDSTEIN (1966). CHOU and FORSEN (1980), and CHOU (1980, 1981) applied the
method to solve enzyme reactions composed of branched schemes. With all these
methods, including that of KING and ALTMAN, there is a fundamental formula that
expresses the concentration of the mth form of the enzyme in the reaction:

N
(E,) = —"e,
XN,
n being the total number of enzyme forms in the reaction scheme. The different
methods involve obtaining N; (i=1, 2,3 ... m ... n) in the simplest way.

Let us consider the scheme comprising the two intermediates X and Y. In the first
step, we draw a graph of the enzyme’s states in which each point represents one spe-
cies of the enzyme; the arcs joining them up represent the paths for going from one
species to another (Fig. 5.26a below). In the second step, cach point on the graph is
associated with a loop whose weight is equal to the sum of the arcs that leave that
point. Next, the sign is changed for each arc on the graph. Graph D is thus trans-
formed into graph D* (Fig. 5.26b). In the third step, we take a reference point, for
example the species Y, and we trace every graph that comprises a path going from Y
to E and all cycles which neither have an intersection with them nor with the paths
(Fig. 5.26¢). For each sub-graph, we take the weight of all the points multiplied by
the sign (—1)""!, n being the number of points, and ¢, the number of cycles in the
corresponding sub-graph.

Thus: Ng = (1) (ko)(ko) + (D7 (k) + ko)
= kk, +ks(k ko)
In the same manner we have:
Nx = kikss + k»(k;s + k 3p)
Ny = kikos + ksp(k | + k)
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a
X
kls kz
k| k
m
k3

X
k.3
E Y E «—@Y

Fig. 5.26 Solving a system comprising two reaction intermediates
by the graphical method

(k1 T ko) b

C (k7] + k2)

In the last step, to avoid omitting a sub-graph and to facilitate verification, the au-
thors recommend the use of methods that involve construction of a matrix A = a;;
from the transformed graph D'

| ajj | =1 if a path exists between E; and E;,
| ajj |= 0 if a path does not exist between E; and E;.
Thus, for a point E,, if we take E, as a reference point, the number of sub-graphs is:
7" = A(D g
a(D") is the sub-matrix obtained by eliminating the nth row and the qth column from
A(D"). Thus, in the scheme:

A(D*) = =2

[e e —
—
—

it is clear that there are two sub-graphs. The rate expression is given by the relation-
ship:
v = kyy —k;(E)p
( N, N, )

v=|lk—Y %k e
L N+ N +N, ’3pNE+NX+NYJ 0

and we find once again the rate expression obtained by the previous methods.
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The graphical method is useful because it enables a certain number of simplifica-

tions by direct operations on the graphs. Thus:

» parallel branches can be added. The value of the resulting branch is equal to the
sum of the values of the branches;

» the graph can be simplified if some branches fuse together by using the graph’s
symmetry;

» the number of nodes can be reduced.

In order to illustrate these operations, let us look again at the example of the action

of a modifier M (a partial inhibitor or activator) on the enzymatic reaction that we
discussed in the previous section. Taking the scheme:

ki ks

E+S ES —> E+P
ke
ks

E+M EM
ks
ky Pk,

ES+M =<—= EMS —> EM+P
k4
ks Pk

EM + S EMS —> EM+P
ks

Let E; be the free enzyme, E, the ES complex, E; the EM complex and E, the ter-
nary complex EMS. We can sketch the schema D (Fig. 5.27a). The first property
—addition of parallel branches— can be used to write a simplified form of the graph
(Fig. 5.27b). The number of nodes can be reduced.

P a b
ko ks
Ei@ ks [ 3) B~ TAE
N o G
ksM K K 4 KM kM k3 k4 KM
k s kss + Bky
@< Bk ~~gF, B, 4« ~E,
\k_ss/r \ES/Y

Fig. 5.27 Graph of an enzyme system containing a modifier, M

To calculate E; by taking E, as a reference point, two paths exist to go from one
to the other: one is E; —» E; ——> E;, the other E, —> E; —> E;, which, by
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applying the principles outlined above from the transformed graph (Fig. 5.28a),
would give the two sub-graphs indicated in Fig. 5.28b. However, each of these paths
can be condensed into a single point as indicated in Fig. 5.28c. As a result:

Ngs = (kis + ksM)(ks + k) + (ks + kok 4)(k; + k Dk sM

In the same way, we would determine Ng;, N, and Ng,.

— kls a
/\
(kys +k3M) @ @ (ky+k 1 +k4M)
—(kyt+k )
~ kM “k; ke ~kqM
— (kss + Bky)
VR
stk @) pEyGestBlatiy
— k5S
(ks + k3M) —(katkyp) b
E; E, E;
~kqM ~ kM
— (ks + Bky)
E;<«—— " F, E;
(ks + Bky+k4)
1 3,2,1 c
(kis + ksM) (ks + Bky + k4)
3,42 4
Fig. 5.28 Simplification of the graph in Fig. 5.27 A

5.4.1.4. RELATIONSHIP BETWEEN THE PARAMETERS OF THE RATE EQUATION
IN REACTIONS WITH A SINGLE SUBSTRATE AND TWO INTERMEDIATE COMPLEXES

The general rate equation can be written in a more expressive form:
v = eo(N;s—N,p)
Cy+C;s+Cyp
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In this expression: N; = kikok;
Ny = kkok;
Co = kk; +k 1k, +kk;
C; = kiky +k +k3)
Cy = ks(ky t ko +ky)
It is interesting to note that the reaction parameters are related to the complex con-

stants. So, the equilibrium constant K.q = N/N,. The kinetic parameters of the for-
ward reaction are related to the constants by the relationships:

Keaa = Vma/eo = Ny/Cy
Kns = Co/Cy
and those for the reverse reaction:
Keatr = Vmpr/€o = No/Cy
Kinp = Co/Cy
The kinetic parameters of the forward reaction are obtained from the general rate equa-
tion when p is zero; those of the reverse reaction are obtained when s is zero.

The expression for K, clearly shows that this parameter has a complex value; thus
the MICHAELIS constant with respect to the substrate S is:

_ k_ks+k_ ko, +koks

K. =
m$ k,(ky +k_, +k3)

It is clear that this parameter, which experimentally always represents the
substrate concentration that leads to the half-maximal reaction rate, is a
complex parameter; it does not reflect the inverse of the enzyme’s affinity
for its substrate.

5.4.2. EXAMPLE: ENZYMATIC REACTIONS CATALYSED BY SERINE PROTEASES

It has been demonstrated that hydrolytic enzymes possessing a serine in the active
site form an acyl-enzyme intermediate with the substrate, an acyl-serine (see
Chap. 12), according to the scheme:

SerOH + R—C\ e Ser—O— C R + X
Acyl-enzyme

This is a covalent complex between part of the substrate and a serine, the other part
of the substrate or “leaving group” is liberated after this step in the reaction. In the
following step, the acyl-enzyme is hydrolysed with the incorporation of a water
molecule and the enzyme is regenerated.
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The reaction scheme is written as follows:
k, k, k;
ESy =—=ES, ——> E+P,

k., k, +P

E+S

ES, corresponds to the classic MICHAELIS complex, ES; is the acyl-enzyme, P is
the leaving group and P, the second reaction product. The leaving group can be a
non-specific part of the substrate as in the case of trypsin, chymotrypsin, elastase,
or a specific part as seen in acetylcholinesterase.

Letting p and q be the respective concentrations of ES; and ES,, at steady state we
can write the following equations:

ki(eo—p—qs+tkoq = (ki +ky)p
kyp = (ks tks)q

The reaction rate is v = k;q. We end up with the rate equation below:

kokseg
B k, +k_, +k;
1k ko, +k ks +kok,

1+—-x—
s k;(k, +k_, +k3)

5.4.3. SIGNIFICANCE OF THE KINETIC PARAMETERS

The kinetic parameters of the MICHAELIS equation, K, and V,,, become the appar-
ent parameters that we may determine experimentally and which correspond to
these complex expressions:

vV _ _ kokseg
AP k) + ko, + kg
_ koko, +k kg +koks
mAP Tk (ky +k k)

If k., is very small relative to ks, i.e. if the acylation process is practically irrevers-
ible under the experimental reaction conditions, these expressions may be simpli-
fied to:
_ kokseg
m,app
k, +k;
_ ksy(k_; +k,)
mapp k;(k, +k5)

with Vi, app/€0 = Kear and Ky app = Kin ks/(ks + k3).
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Two extreme cases can thus arise depending on which of the two processes, acyla-
tion or deacylation, is limiting.

5.4.3.1. ACYLATION IS LIMITING: K; << K3

Vm,app = kZGO and kcat =k,
Km,app = (lLl +k2)/k1 S Km

5.4.3.2. DEACYLATION IS LIMITING: K, >> K;

Vm,app = k3eO and kcat = k3

k. .+k,) k k
Kinapp = Lok ) = = Km_3
ky k, k,
In the most general case, a simple relationship exists between the parameters k.,

and Ko, app:

5.4.4. DETERMINATION OF THE ELEMENTARY KINETIC CONSTANTS

Generally, the studies carried out under steady state conditions do not permit the
determination of experimental parameters with a complex significance. The param-
eters of individual steps can only be obtained in extreme cases. It is however pos-
sible for particular enzymatic systems, e.g. reactions catalysed by serine proteases,
to determine all system parameters including the individual rate constants by using
a range of carefully chosen substrates.

P Let us take the reactions catalysed by trypsin as examples. In the biological context,
this enzyme hydrolyses peptide bonds where the amino acid at the position o to the
carboxyl is L-lysine or L-arginine. But it can also hydrolyse ester and amide bonds
requiring the same specificity. The tryptic hydrolysis of ester and amide derivatives
of L-benzoyl arginine and tosyl-L-arginine has been studied:

@CONHCHCQOCH3 CH3@SOZNHCHCOOCH3
\ |

(CHy)3 (CHy)3

I\‘IH I\|IH

C C
AN AN
NH NH NH NH

Benzoyl-L-arginine methyl ester Tosyl-L-arginine methyl ester
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The corresponding ester and amide, e.g. benzoyl-L-arginine ethyl ester (BAEE) and
benzoyl-L-arginine amide (BAA), give the same acyl-enzyme intermediate, ben-
zoyl-L-arginine trypsin. These two substrates will, therefore, have the same rate
constants for deacylation, k.

A kinetic study of the ester and amide hydrolyses gave the following kinetic par-
ameters for the two substrates:

For BAEE: ke = 23s'  and  Kpgp = 2.6X10°M
For BAA: kg = L1s'  and  Kpap = 24%10° M

It is of note, upon inspection of these values, that:

» the deacylation step cannot be rate-limiting for the hydrolysis of these two sub-
strates because the values of k,; are not identical;

» the acylation step does not seem to be rate-limiting for the two substrates. If this
were the case, then K, ., would be equal to K. Now, there is a difference of
10° between the Ky, values of the two substrates whose structures differ ex-
tremely little. Nevertheless, no conclusions can be drawn and further experiments
are necessary.

Complementary information was obtained by studying the inhibition by the reaction
product, benzoyl-L-arginine:

@CO—NH—CH—COO
(Arg)*

Benzoyl-L-arginine behaves as a competitive inhibitor with respect to the enzyme,
with an inhibition constant K; =2.5x 10 M. Comparing the K,, of the amide to the
K; of the inhibitor analogue, which has the same value, it is reasonable to think that
for amide hydrolysis K, =K, and therefore that acylation is rate-limiting; conse-
quently, key = ks.

On the other hand, the difference between K, and K., ., for ester hydrolysis is a fac-
tor of 10°, suggesting that deacylation is rate-limiting, and so:

K k

m,a _
PP _ _3=103

K k,

N

Thus, it is possible to obtain the kinetic parameters for all the elementary steps; kj is
identical for the two substrates and k, = 1 000 k; for the ester. Table 5.1 summarises
the results of this study.

Table 5.1 Values for the kinetic parameters corresponding
to the tryptic hydrolysis of a benzoyl-L-arginine ester and amide

Substrate ke (s7) ko (s7) ks(s)  KiorK;  Kuap(M)
(10° M)
BAEE 23 23 000 23 2.4 26x10°
BAA 1.1 1.1 23 2.4 24x107
BA 2.5
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5.4.5. STUDY OF NUCLEOPHILIC COMPETITION

A large number of hydrolytic enzymes do not possess a very narrow specificity for
their second substrate, namely, water. In certain cases, it is possible to substitute
other more potent nucleophilic agents for water. Analysis of the reaction products
therefore provides a means to understand how these nucleophilic agents participate
in an enzymatic reaction. This method suggested by KOSHLAND and HERR (1957)
has been applied with success to a great number of systems such as ribonuclease
(FINDLAY et al., 1960), diverse cholinesterases (WILSON et al., 1950), papain and
subtilisin (GLAZER, 1966), chymotrypsin (BENDER et al., 1966), and to trypsin and
B-galactosidase (YON et al., 1967; 1973).

We have just seen that during reactions catalysed by trypsin and chymotrypsin a
covalent acyl-enzyme intermediate is formed. This entity reacts with water to liber-
ate the second reaction product, the first product having been liberated during
the formation of the acyl-enzyme. Such a mechanism, involving a covalent inter-
mediate, has been established for several enzymes, including serine proteases and
esterases, cysteine proteases and glycosidases. YON and co-workers demonstrated
this mechanism in reactions catalysed by [3-galactosidase (1973).

For serine proteases, competition between water and other nucleophilic agents takes
place at the acyl-enzyme step; for B-galactosidase, the competition arises with the
galactosyl-enzyme. The nucleophile acts as an acceptor, the part of the substrate
covalently linked to the enzyme can thus be transferred to this acceptor. This prop-
erty is used industrially in peptide synthesis, in which the nucleophile is an amino
acid or a peptide that can be linked to a part of a protein or to another peptide.

In kinetic studies of nucleophilic competition we must distinguish two situations
according to whether or not the enzyme presents a significant affinity for water and
the acceptor.

5.4.5.1. STUDY OF NUCLEOPHILIC COMPETITION IN THE CASE WHERE NO BINDING SITE
EXISTS FOR WATER AND ITS ANALOGUES

BENDER et al. (1966) studied the kinetic consequences of nucleophilic competition
in hydrolysis reactions of esters using chymotrypsin. The kinetic scheme that was
proposed is shown below:

E+P
K 3
Kg k) 4(V
E+S === ES == ES'_ _p
k,z k’
3\*Eﬂ)z

where S is a substrate of the form: R—CO-X-R’ with X = O in the case of esters, or
X =NH in the case of amides and peptides. If the substrate is a peptide bond and
the nucleophile another amino acid, a transpeptidation reaction occurs. Such reac-
tions, as well as transglycosylations, take place in a biological environment. P, the

Scheme 5.1
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first reaction product, is R'—XH; P, is the hydrolysis product of the acyl-enzyme,
R-COOH; P;, the deacylation product from the nucleophilic agent, N =R"YH,
has the form: R—CO-Y-R". K is the dissociation constant of the ES complex, k; is
the acylation constant and k4 is the deacylation constant from the nucleophile N.
If P, is itself utilised as a nucleophile, k4 is identical to k ,, the reverse acylation
constant. The constant k'; is assumed to be equal to k;(W), (W) being the water
concentration and may be considered to be constant if, in the reaction medium, it
changes negligibly.

General equations

Solving the system at steady state, for the initial rates of product appearance
P;(i=1, 2, 3), leads to the following equations:

ﬁ — kcat—’ieo [4]
dt I+ K app
]
The rate of appearance of P is:
ko[k's +k4(N
Keatt = o[ : 4(N)] (5]
k2 + k3 + k4 (N)
and of P,: Keatn = Kok [6]
’ k2 + k’3 + k4 (N)
and of Ps: Keatz = kaks(N) [7]
’ k, +k'5 +k4(N)
The apparent MICHAELIS constant, identical in the three cases, is written:
k's +k4(N
I<m,app = K 2 ; +(N) [8]
kz +Kk 3+ k4 (N)
dp dp, dP
We note that: —1 =243 [9]
dt de dt

From the previous equations, it is possible to distinguish three important cases de-
pending on the relative values of the rate constants, k, and k';, and assuming that
k4(N) is the same order of magnitude as k';, which is always achievable by choos-
ing a suitable concentration of the added nucleophile N.

Case I — If k, >> k'3, i.e. if the deacylation step is rate-limiting, expressions [5], [6],
[7] and [8] can be simplified. The apparent MICHAELIS constant is written:

e k's +k4(N)

Km,app k2
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The catalytic constant for the appearance of the product P; (case I-P1) is:
kcat,l = kr3 + k4(N)
with kea1 and K. ,p, being linear functions of (N) and possibly (W). The rate of
appearance of product P; increases with (N) when s >> Ky, 4pp; When s << Ky, 4pp, 10
further effect is observed.
The rate of appearance of product P, (case I-P2):
kcat,2 = k’3
is independent of (N). This is strictly identical to competitive inhibition with:
KI = (k4/k'3)71
The rate of product appearance P; (case 1-P3):
kcat,3 = k4(N)
increases linearly with (N).
Case II — If k'; >>k,, i.e. if the acylation step is rate-limiting, the expressions [5],
[6], [7] and [8] may also be simplified. The apparent MICHAELIS constant K., ., be-
comes equal to K, the dissociation constant of the first enzyme-substrate complex.
The rate of appearance of product P, (case II-P1) is:
kcat,l = k2

In this case, (N) has no effect on kea,; nor on Ky, app.

The rate of appearance of product P, (case 1I-P2) is:
kok;
k'3 +k4(N)

cat,l =
Kinapp being independent of (N):
3] (2o
The inverse of the appearance rate of product P, is a linear function of (N), irre-

spective of the concentration of s. This case is identical to non-competitive inhib-
ition with:

Ki = (koK)
The appearance rate of product P; (case 1I-P3) is:
_ _koks(N)
" Ky ke(N)

The appearance rate of product P; increases with (N), and tends towards the limit
value k, when ky(N) >> k's.
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Case III - If k’5 ~ ks, i.e. if both acylation and deacylation are partially rate-limit-
ing, the previous expressions can no longer be simplified, and (N) affects both K, 4
and Keae. Kinapp 18 @ complex function of (N) which tends towards a limit value equal
to K when ky(N) becomes very large relative to k.

The rate of appearance of product P; (case III-P1), ke, increases with (N) and
tends towards a limit value equal to k, when k4(N) >> k. For s << Ky, 4pp, dP1/dt is
independent of (N).

Regarding the appearance of product P, (case III-P2), 1/k., is a linear function of
(N):
11 1 N k4(N)

Kez ko K3 koks

The inhibition is a maximum when s << K, 4, S0 We have:

RN I S P 910
S€p dt k2 k'3

The inhibition decreases when the concentration of s increases, but does not cancel
out, even when the enzyme is saturated by the substrate, which distinguishes it
from what is observed in case I-P2. This form of inhibition is formally identified as
partial competitive and partial non-competitive inhibition.

The appearance rate of product P; (case I1I-P3), k43, increases with (N) and tends
towards a limit value equal to k, when k4(N) becomes very large relative to k; and
k';. Case III-P3 is interesting as it is possible to obtain all of the system’s kinetic
constants by studying the effect of the concentration of (N) on the kinetic parameters
of the reaction. For example, in case IlI-P2, we can determine all of the system’s
kinetic constants from the experimental parameters.

Interpretation of experimental data

Thus, by studying the initial rate of product appearance P, in the presence of an
added nucleophile as well as water, and depending on the kinetic characteristics of
the hydrolysis reaction of the substrate studied, it is possible to observe various
types of inhibition. These range from competitive pseudo-inhibition to non-com-
petitive pseudo-inhibition. By following the release of product P, under the same
conditions, we observe a more or less complex activation of the reaction in favour-
able cases; this activation disappears when s << Ky, app.-

Figure 5.29 below summarises the effect of (N) on the kinetic parameters Kea, 1, Keat2
and K, ., for the different cases I, II and III. The corresponding expressions for
these parameters are given in Table 5.2 opposite.



157

5 — KINETICS OF ENZYMATIC REACTIONS WITH MICHAELIAN BEHAVIOUR

ATy N+ A+, Rk S D DU P
“dil e e AT o A= A -t ——+—= T ¢ 2
(N + 5 b NS+ (NS 1 1 dp 1~9
uone|Aoeap pue
N (N)™+54+ Y NS+ 4+ P uone|koy
i 0 juapuadapur —= = - L I -— :
[N 3o suopuadapes 5 3 LT [(N) P+ S5 ! dp
4T T, Eul z il L) P
. AN b : PR | b
il — "= (N) Jo yuspuadaput 3 = "y —_———— 7
(N)™+ N N 11 dp
B >> Ty
“ )
il | [N 3o wwspuadapur —2- | (N) jo wuapuadopur *y =y | (N) jo apuadopur 1™y ﬂﬂ uoneoy
b |
€ yT T, [
A b | b s - - P
d1 T Sy= T — Yy = (N) Jo yuapuadapur Ty 7
O+ oy oy R IR dp 2 >> £
'l | (N)Jo uapuadapur 2 ki =" N +50=""y LA
Ty (N) ™+ 5 ‘ dp

£

) |
\.).Q punv VI
¥

UPINIDG SUOIID]Y

(N) pun 'y
UIIMIAG HONDIIY

q..?; punp :‘.-.4_
Haamjaq uonvjady

2104 (s)das

Panspagy Sy

(PYT Surystiqng [asmyaelg jo uotssiuiad Yim (L961) @ T ‘siasa sanbjanb ap anibisdAn asKjospAy,| ¢ uoneordde 10 anbnpuis asA[euy
:anbnewAzua asKjo1pAy,p suonodess saf suep afiydogonu uonnadwo) “f NOA % 1 XNOAATS ‘€ “wayoorg f g wolj paonpoiday)
VIPULIIUL JUIIDA0D D Sulajoaul uo1Ivad sisdjoaply ayy 4of (s)days Suynuip-aa ayy uo suipuadap

wyy pun CTwry 1wy syagawnand ngaury ayy uo uonaduod ypydoajonu fo affy 7 aqvL



158 MOLECULAR AND CELLULAR ENZYMOLOGY

k'3 <<ky k'3 ~ky k'3 <<ky

kcat, 1 kcat, 1 kcat, 1
(N) (N) (N)
k_éat,2 k_éat,Z 7éat,2 /
(N) (N) (N)

Km Km Km
(N) (N) (N)

Fig. 5.29 Change in kinetic parameters as a function of the nucleophile concentra-
tion and depending on the rate-limiting step of the reaction

5.4.5.2 DETERMINATION OF THE KINETIC PARAMETERS IN THE CASE WHERE A BINDING
SITE EXISTS FOR WATER AND ITS ANALOGUES

P In Scheme 5.1 (pp. 153), it is assumed that the deacylation reactions are bimolecu-
lar, i.e. of the form k3(ES")(W) or ky(ES")(N). It may, however, be necessary to take
into account non-covalent interactions between the enzyme and the water molecule
or its analogues preceding the actual reaction event. This would imply the existence
of a binding site for water and other nucleophiles in the active site of the enzyme.

It is reasonable to think that these sites are not independent. In this instance

Scheme 5.1 becomes:
*

Nz ESN — 4 > E+P;

Ks k2

ES —> EY’ Scheme 5.2
k*3

ESW—>E+P,

E+S

+P1 \%%

In this scheme ES'W and ES'N are the complexes formed, respectively, between the
acyl-enzyme and water, W, and the acyl-enzyme and the nucleophile N. k*; and k*,
are the monomolecular deacylation constants relating to the degradation of the com-
plexes ES'W and ES'N, respectively.

Kyw and Ky are the dissociation constants for the complexes ES'W and ES'N, respec-
tively. The kinetic analysis of this scheme at steady state leads to the following
equations for K 1, Keat2, Kears and Ko, app.
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K (N
k2|:k*3+k*4 w( )}
. Ky (W)
cat,] r 7
’ K K (N K (N
k[ 1+ + w(N) +k*3+k*4M
L (W) Ky(W) ] Ky (W)
k,k*,
Kawa = = K, K, (N)] K, (N)
k| 1+ +—Y +k* +k*, =¥
(W) Ky(W) | Ky (W)
kk* Ky (N)
k B 2 4KN(W)
cat3
' K K (N K (N
k{l+w+ w )}+k*3+k*4 w(N)
(W) K(W) Ky (W)
Kinapp 18 the same in all three cases:
K
k*3+k*47W(N)
 _ Ky (W)
e K, Ky(N K, (N
k{1+w+ w )}+k*3+k*4 w (M)
(W) Ky(W) Ky (W)

The expressions dP,/dt, dP,/dt and dP5/dt can be explained as for the previous ones.
In general, the forms of the functions keae; = fil(W),(N)] and Ky, app = g[(W),(N)] de-
pend on the order of magnitude of the quantities Ky/(W) and Kw(N)/Kn(W) com-
pared to unity. One particularly interesting case arises where these quantities are
negligible relative to 1, when Ky << (N) and (N) ~ Ky, the molar H,O concentration
of an aqueous solution being about 55.5 M and the concentration of N rarely exceed-
ing 5 M. If the structure of the nucleophile N resembles that of water, we have add-

itionally, Ky ~ Ky. In this case, the equations are written:
K, (N
k,|k* +k*, w(N)
A Ky (W)
cat,] K N
k, +k* +k*, w(N)
Ky (W)

. Kk *,

cat2 K N
k, +k* +k*, w(N)
K (W)

ckr Xw@)

3 4KN(W)
cat,3 K N
k, +k* +k*, w(N)
K (W)
Ky (N)
F K (W)

k* +k*

m,app s K N
k, +k* +k*, w(N)
Ky (W)
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If the water concentration (W) can be considered as a constant, these expressions are
identical in form to the expressions obtained in the Scheme 5.1. It is possible to pass
from one scheme to the other by using the relations:

— L% I<W

4 = 4KN(W)

and k3 = k*3

If (W) is likely to vary, for example, when the nucleophile concentration becomes
very high, the variable (N) must be replaced by the ratio (N)/(W). Thus, even if a
binding site exists for water and its analogues in the enzyme’s active site, it may
not be possible to observe an effect of analogue saturation in a wide concentration
range. This can be explained by the fact that the water concentration in the reaction
medium is very high and the water and analogue sites are not independent.

The significance of the kinetic constants experimentally attained differs however be-
tween the reaction Schemes 5.1 and 5.2. With an equal intrinsic reactivity (identical
k*, values), two nucleophiles would be able to display different apparent reactivities
if their affinities for the enzyme’s receptor site are not the same (different Ky values);
in this case, Schema 5.1 is insufficient. Thus, for example, the apparent reactivities
of a series of normal primary aliphatic alcohols towards acyl-trypsins and
chymotrypsins can vary considerably as a function of the hydrocarbon chain of the
alcohol, whereas their “intrinsic” reactivities, evaluated by means of non-enzymatic
alcoholysis reactions, remain appreciably constant.

If we use a nucleophile that reveals no saturation effect in a wide concentration range,
we can apply the relations from Table 5.2, which give the graphs seen in Fig. 5.29.
The analysis of these parameters as a function of nucleophile concentration enables
the determination of the rate-limiting step of the reaction and allows us to obtain the
values of the elementary rate constants for each reaction when no step is rate-limiting.

This method has been used successfully during the study of tryptic hydrolysis of
some substrates (SEYDOUX & YON, 1967). Along with the previously described
method this has made possible the determination of the elementary steps corres-
ponding to the tryptic hydrolysis of various substrates as indicated in Table 5.3.

Table 5.3 Kinetic parameters corresponding
to the tryptic hydrolysis of different substrates

MOLECULAR AND CELLULAR ENZYMOLOGY

Substrate K, Kot k../K,, K k; k;
M s st.m?! M s s
(a) Bz-L-ArgNH, [2.7x107°| 054 |2.0x10* |2.7x107| 0.54 24
(a) To-L-ArgNH, |7.5x107| 0.75 | 1.0x10* |7.5x10°| 0.75 95
(b) Bz-L-Arg OEt |2.6x10°| 24 92x10° [22x107° | 2.0x10* | 24
(b) To-L-Arg OMe | 1.5x10°| 95 6.4x10° | 7.5%107° | 48x10* | 95
(¢) L-LysOMe |28x10*| 6.7 2.6x10% | 1.4x107% | 3.4%x10* | 6.7
(¢) L-LysOEt [49x10*| 6.7 1.3%x10* | 1.4x1072| 1.9%x10* | 6.7
(b) Ac-L-Tyr OEt |4.7x107%| 36 7.6x10% | 47x10° 36 193
(b) Ac-L-Phe OMe | 1.1 x 107! 55 5.0x10% | 1.1x10™ 55 173
(b) To-L-Orn OMe | 1.6x107%| 5.4 34x10% | 1.6x107%| 54 >5.4
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Substrate kot kot K,

st st
(b) Bz-D-Arg OEt |7.4x107*|9.1x107%| 1.2x10% [22x10°| 0.28 0.14
(¢) L-Tyr-OMe|1.8x107"| 0.7 3.8 1.8x10"| 0.68 | >0.68

(b) Ac-Gly OEt 8.8x107" | 1.9x107%|3.6x107%|8.8x107"|32x1072| 0.6

(a) parameters determined at the optimal pH and at 35°C and extrapolated to 25°C (from
CHEVALLIER & YON, 1966); (b) kinetic parameters determined at the optimal pH and at 25°C
(from SEYDOUX & YON, 1967); (c) (from SEYDOUX, 1967).

A comparable analysis undertaken by VIRATELLE and YON (1973) for reactions cata-
lysed by the E. coli B-galactosidase demonstrated for the first time that these reactions
also proceed via the formation of an intermediate chemical component which may
degrade by reacting with water or another nucleophilic component. Figure 5.30 below
indicates the change in the parameters ke, and K, ., for the hydrolysis of two sub-
strates, o-phenyl galactoside and m-nitrophenyl galactoside as a function of the nu-
cleophile methanol. This profile is characteristic of a reaction in which k, and k; are of
the same order of magnitude. By an analogous study, it was possible to determine the
kinetic parameters, including the rate constants for the elementary steps, for diverse
substrates that were more or less specific to the enzyme. Table 5.4 lists these values.

Table 5.4 Kinetic parameters corresponding to the hydrolysis
of different substrates of E. coli f-galactosidase at pH 7.0,
25°C, 107° M MgSO0,, 0.146 M NaCl (from Yov, 1976)

Substrate Kear K, keat/Kon K;

s M sLm! M

p-D-galactosides

Phenyl 45 107 45x%10° 107 45
0-NO,-phenyl 750 | 1.1x107* | 6.8x10° | 3.1x107* | 2100 1200
mNO,-phenyl 800 | 1.5x107* | 53x10° | 3.6x10* | 1900 1 400
pNO,-phenyl 90 | 03x10*| 3.0x10° | 03x107" 90
oNH,-phenyl 56 | 45%x10* | 12x10° | 45%x10* 56 1200
pNH,-phenyl 90 | 33x10* | 2.7x10° | 33x10* 90 1135
2,4-diNO,-phenyl 1200 | 1.6x107* | 7.5x10° >5 000
3,5-diNO,-phenyl 1135 | 63x10* | 1.8x10° >5 000
Cinnamyl 230 | 1.2x1072 | 1.9x10* | 1.5x107 285 1200
Methyl 61 8.0x10° | 7.6x10° | 8.0x107 61

Naphtyl 280 | 1.6x107° | 1.75x10* | 1.6x10™* 280
O-L-arabinosides

0-NO,-phenyl 44 43%x10° | 1.0x10* | 43x10° 44
B-D-fucoside

0-NO,-phenyl 4 3.0x10° | 13x10° | 3.0x10° 4

B-D-glucoside
oNO,-phenyl 0.14 | 62x10° | 22x10" | 6.2x10° 0.14
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5.4.6. KINETIC STUDY OF THE PRE-STEADY STATE:
TITRATION OF ENZYME ACTIVE SITES

The analysis of the preceding kinetic scheme (Sect. 5.4.1) assumed a steady state,
i.e. d(ES))/dt = d(ES,)/dt =0. In pre-steady state conditions, P, appears before P,.
When the steady state is reached, the rates of appearance of P, and P, are the same,
as indicated in Fig. 5.31.

Py
P,
I Fig. 5.31 Appearance of
P; and P, over time
in the pre-steady state and

steady state phases
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Let us recall the general scheme:

k; k> ks
ESl _— ESQ —> E+ Pz
1L1 1L2 + P]

E+S

The kinetic treatment at the pre-steady state for the appearance of product P, in con-
ditions where s >> e, i.e. s = sy with k, < ky, leads to the following expression:

(k. )

cat

k...€0S k
P = —@t00 i | —3—|(1-ek)
I<m,app + So 1+ Km,app
So
k,k k
with: =23 and K =K 3
@k, +k, e “ky +ky
the constant of the exponential is:
k k ,+k
k = ky+—2 with K =——2
1+ Km k
So

As t becomes large, the exponential term becomes negligible and the expression for
P, can be written:

2 2
cat cat
k. .e.s k . k
P, = KC"“¢‘L+60 — 3 | with IM=e, 3
m,app T S0 | 4 —m.app |4 ~m.app
So So

IT represents the initial burst of the product extrapolated to time O of the reaction.
When sy >> K., 4pp and ks << ky, then: IT = e.

In these conditions, the initial burst of the product P; represents the quantity
of enzyme that has effectively reacted with the substrate. This provides a means
for stoichiometric titration of the active enzyme.

Such active-site titrants of trypsin exist: p-nitrophenyl acetate and p-nitrophenyl
guanidinobenzoate. To titrate the active sites, the nitrophenol burst phase is fol-
lowed by spectrophotometry.

When it is impossible to reach conditions of saturating substrate concentration, for
example, when the substrate’s solubility is low relative to Ky, upp, it is still possible to
evaluate the number of active sites by determining the initial burst of P; at several
substrate concentrations. Indeed, the relation:
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simplifies, when kj is limiting, to:

m=|—2 —
8o

and can be written: \/IET \/i_o {1 + Kr:(,)appj

The change in 1/ JIT as a function of 1/s, gives a linear plot, which, upon ex-

trapolation to the vertical axis, yields the value 1/ \/€p - It is however desirable to

obtain a sufficient number of points in order for the extrapolation to be precise.
When k; is not really rate-limiting, analysis of the coefficient k from the exponen-
tial as a function of the substrate concentration allows the rate constants to be ob-
tained for each individual step, by using the plot shown in Fig. 5.32.

k

Fig. 5.32 Change in

the exponential constant
as a function of

the substrate concentration

S

By way of example, the kinetics for the appearance of paranitrophenol during the
titration of a B-galactosidase mutant are presented in Fig. 5.33a opposite. The ini-
tial burst is analysed as a function of the enzyme and substrate concentrations as
shown, respectively, in Fig. 5.33b and c.

These few examples illustrate the diverse experimental approaches that enable the
rate constants to be obtained for the elementary steps in a single-substrate reaction
involving two intermediates. When the reaction products appear in a sequential
order, the appearance of P; under pre-steady state conditions can incidentally lead
to the stoichiometric titration of the active site. This method is of the utmost im-
portance as much in fundamental studies as in applied aspects of enzymology.
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Fig. 5.33 Hydrolysis of p-nitrophenyl galactoside
by a point mutant (13P0) of B-galactosidase from E. coli
(a) kinetics of the appearance of p-nitrophenol — (b) analysis of the initial burst as a
function of the enzyme concentration — (¢) analysis of the initial burst as a function
of the substrate concentration. (Reprinted from PNAS, 75, DESCHAVANNES P.J. ef al., 1892. © (1978)
National Academy of Sciences, USA)

5.4.7. GENERALISATION FOR N INTERMEDIATES

The rate equation can be generalised for the case of n intermediate complexes. Let
us take the following reaction scheme:

E+S == ES;, == ES;, == ES; == ... == E§, == E+P

We can show by an iterative method that the kinetic parameters are given by the
following relationships:

2 of all allowed combinations of n constants not containing k;

maPP 3 of all allowed combinations of (n — 1) constants not containing ky, k_; ork_g,,;,

IT of all allowed combinations of n constants, excluding k;

¥ of all allowed combinations of (n— 1) constants not containing ki, k_y ork_g.

Disallowed combinations are those that contain subscripts whose algebraic sum
is equal to 0 or 1; i.e. constants having equal subscripts, opposite signs or consecu-
tive subscripts (e.g. kik | or k k;). The number of intermediates, n, is never very
large, but it can exceed 2. We see, therefore, the usefulness of the graphical method
to solve the rate equation when the reaction scheme involves more than two inter-
mediates.
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5.5. ENZYMATIC REACTIONS WITH TWO SUBSTRATES

Enzymes nearly always catalyse reactions having several substrates, frequently two:
A+B <«=—> P+Q

Certain enzymes require the presence of a dissociable coenzyme. For kinetic analy-
sis, the coenzyme can be formally considered as a second substrate. For example,
alcohol dehydrogenase catalyses the reaction:

ethanol + NAD" <—> acetaldehyde + NADH + H'

Creatine kinase uses creatine and ATP as substrates:
creatine + ATP -«——> creatine phosphate + ADP

Commonly, the concentration of one of the substrates is in large excess and will not
be significantly modified over the course of the reaction. In this case, when analysing
the kinetics, only a single substrate need be taken into account. Enzymatic hydrolysis
reactions use water as a second substrate. When they take place in aqueous solution,
the second substrate does not contribute to the kinetics, as has been previously men-
tioned. In another solvent, the water concentration may be limiting and the kinetic
analysis must take this into account.

Enzyme reactions that involve several substrates can follow very different reaction
pathways. Their kinetics thus differ, and their analyses may reveal information
about the reaction scheme.

5.5.1. NOMENCLATURE

Before commencing study of these reactions, we shall indicate some elements of
the nomenclature employed. A scheme is first of all defined by the number of sub-
strates and the number of products:

» a Uni Bi mechanism corresponds to one substrate and two products;

» a Bi Bi mechanism has two substrates and two products;

» a Ter Bi mechanism has three substrates and two products;

» a Ter Quad mechanism has three substrates and four products.

Sequential mechanisms are those in which the reaction substrates associate to the
enzyme in a defined order; for random mechanisms, there is no defined order. A
ping-pong mechanism refers to a reaction scheme in which the enzyme oscillates
between two forms. Furthermore, Iso designates a mechanism that involves en-
zyme isomerisation. Here, the discussion is limited to mechanisms involving two
substrates.

Before detailing these systems, it is appropriate to define the various kinetic par-
ameters. There is one MICHAELIS constant with respect to substrate A and another
with respect to substrate B; these are complex parameters. A dissociation constant
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can also be defined for the first substrate, equal to (E)(A)/(EA). Different rules of
nomenclature have been suggested to define these parameters and they are given in
Table 5.5. Throughout the remainder of this book we shall adopt the nomenclature
of CLELAND (1963).

Table 5.5 Nomenclature rules

Author DALZIEL ALBERTY  BLOOMFIELS  CLELAND
MICHAELIS constant for A D,/D, Ka Kap/Ka K,
MICHAELIS constant for B D,/D, Kz Kap/Kg Ky

Dissociation constant for A D,,/D, Kap/Ka Ka Kia
Vmax EO/ q)O Vf VAB Vl
Keat 1/®, VE, Var/Eo V/Eq

In reaction schemes involving two substrates A and B and two products P and Q, it
is useful to distinguish linear and branched schemes. For the sake of simplicity and
because they are the most frequently encountered, we shall only look at a few ex-
amples of these types. The discussion is not exhaustive, but the general principles
raised may be applied to solve other reaction schemes. According to the CLELAND
plot, different states of the enzyme are represented by a horizontal line and the sub-
strates and products by vertical arrows.

5.5.2. LINEAR SCHEMES

5.5.2.1. ORDERED BI BI MECHANISM

Substrates associate to the enzyme in a defined order; B can only bind to the
EA complex and the reaction products are released in a defined sequence:

A B P Q

v v * '

E EA EAB EQ E
EPQ

5.5.2.2. ISO-ORDERED BI BI MECHANISM
This is the same mechanism as before, but during the reaction the enzyme undergoes
isomerisation. In the final step it once again adopts its initial, active conformation:

A B P Q

v v * *

E EA EAB FQ F E
FPQ

In these two types of mechanism the ternary complex is the reactive complex.
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5.5.2.3. PING-PONG BI BI MECHANISM

In this mechanism the enzyme oscillates between two states, E and F:
A P B Q

v 1 v *

E EA F FB E
FP EQ

5.5.2.4. THEORELL-CHANCE MECHANISM

This mechanism was proposed by CHANCE and THEORELL to account for the kin-
etics of reactions catalysed by alcohol dehydrogenase. Substrate B, upon binding,
ejects the first reaction product and converts it:

A B P Q
N t
EA

EQ E

E

In the last two schemes the reaction complex is a binary complex between the en-
zyme and a single substrate.

5.5.3. BRANCHED SCHEMES: RANDOM BI BI MECHANISM

In this scheme, the two substrates can bind independently to the enzyme. The reac-
tive complex is the ternary complex EAB:

Lo d ? o 1
E—QEAB

£ e p I

B A Q P

5.5.4. KINETIC STUDY OF SOME TWO-SUBSTRATE REACTIONS
5.5.4.1. ORDERED BI BI MECHANISM

In order to solve this system under steady state conditions, we shall use the rules of
KING and ALTMAN. The scheme can be written:

kla kzb
E ——— EA ——— EAB
k4 ko,
k_4q Kl k
k4
k_3p

—~
3
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Considering the general case where the reverse reaction is not negligible, under
steady state conditions we obtain the following rate equation:
v N,,ab—N, . pq

¢ Dy +D,a+D,b+Dyab+D p+D.q+Dggb+ D, pq+D

abpabp + Dbpq bpq

The values of the coefficients are given in Table 5.6. The values of the rate param-
eters are:

Vi = Na/Dap 5 Va2 = Npg/Dpq
V. and V, are the maximal reaction rates for the forward and reverse reactions, re-
spectively, using CLELAND’s nomenclature.

Table 5.6 Parameter values for the ordered Bi Bi mechanism

Nao = kikokksky

Ny, = kakokksk,

Dy = kkksks +k koksks + ko kok'ky

D, = kikksks + kikoksks + kik ok'ky

D, = kokkiky

D, = kikoksky + kikokkys + kikok'ks + kikokks
D, = kik,kk;

D, = kukksk4+k koksk 4 +k kok'k 4
D, = kkokk;

qu = kokksk 4

D,y = kok'kskg+k kkk+k k'’ksk,+k koksky

Dabp = k]kzle3 + klkzk,lL3
Dypq =  kokk sk 4+ kok'k 3k 4

The different MICHAELIS constants are given by the following relations:
» K,, MICHAELIS constant with respect to A = Dy/D,y,
» K, MICHAELIS constant with respect to B = D,/D,y,
» K, MICHAELIS constant with respect to P = Dy/D,,,
» Ky, MICHAELIS constant with respect to Q = Dp/Dyq.

The dissociation constant of the first substrate is:
Kia = Dy/D, = D,/D,s = Ki/ky
and that of the second product:
Kiq = D¢/Dgq = Dy/Dyq = kulk4
The equilibrium constant is defined by:
(P N,

4 (A)y(B)yy N

pq
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From these diverse relationships, the HALDANE equations can be formulated:

VKK _(V\ KK,
AT VKK, (V K, K,

D D
with: Ky, = P and Kip = —ab
b Dy
pq abp
The reaction rate in the forward direction can be deduced from the rate equation by
putting p = q = 0 in the initial conditions of the forward reaction. In its linear form:
1 1 K, K, K;)
— = 2L+
v V1 L a b ab J
Graphical plots
These include both primary and secondary plots.

Primary plots — The primary plots of LINEWEAVER-BURK (1/v versus 1/a or 1/b)
yield concurrent straight lines; both substrates have symmetrical behaviour
(Fig. 5.34). The intersection of the lines may be either above, below or even on the
horizontal axis. The intersection of the linear curve 1/v as a function of 1/a has the
horizontal-axis value of —1/K;,; when the graph 1/v is plotted against 1/b, this value
becomes —K,/K;.Ky,.

1/v a /v b
b a
- 1/Kia 1/a *Ka/KiaKb 1/b

Fig. 5.34 Primary plots for an ordered Bi Bi mechanism at steady state

Secondary plots — From the primary plots, the slopes and ordinate (vertical-axis)
intercepts as a function of the concentration of the other substrate provide second-
ary plots (Fig. 5.35 opposite), which enable the kinetic parameters of the reaction
to be obtained. Thus, the slope of the curves in the plot 1/v versus 1/a is:

LK Kb\

AVL b )

and the ordinate intercepts: 0, = _kl + b J
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Similarly, we have: Py = Vi(l + )
1
a

1( 3
Og V1 LHTJ

ia

é a g b
= :
@ S S| Oa
B S Slope K,/ V
Sa
Ky/ V) 1/Vq Slope K,/ V;
K./ Vi
1/aor1/b 1/aor1/b

Fig. 5.35 Secondary plots corresponding to the mechanism in Fig. 5.34

Under conditions of quasi-equilibrium and no longer at steady state, the rate equa-
tion becomes:

1 (1 K, KiaKib\
v \4 L b ab J

The constants K;, and Ky, are the true dissociation constants for the enzyme-
substrate complexes. The primary plots differ slightly from those in the previous
case (Fig. 5.36) and allow V; and Kj, to be obtained. The secondary plots give the
value of K.

1/v a 1/v b
a
b
1/V,
é 1V
1/b —1/Kj, 1/a

Fig. 5.36 Primary plots in an ordered Bi Bi mechanism
when approximating a quasi-equilibrium
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5.5.4.2. PING-PONG BI BI MECHANISM

Solving a system under steady state conditions is achieved using the rule of KING
and ALTMAN. To this end, we write the scheme in the form shown below:
kla
E —‘ik_ EA
-1

k_4||ks koo |1k

-3
FB ‘——¥ F
ksb

Under conditions that require taking the reverse reaction into account, the general

rate equation is:
v N,,ab— N,Pq

€ B D,a+Dyb+Dgab+D p+D,q+D, pq+D,,ap+Dybq

The values of the coefficients are provided in Table 5.7.

Table 5.7 Values for the parameters in a ping-pong Bi Bi mechanism

Nao =  kikoksks
Npq = 1@11@21@31(_4

D, = kikks+kkks;

Dy, = kksks+k kok;
Dy = kiksks + kikoks

D, = kjkok;+k koks
Dy = koksky+k kisky

D,y = koksks+k koky
D, = kikoks+kikoks
Dyy = koksk 4 +k ksk 4

In the initial conditions of the forward reaction, the rate equation in LINEWEAVER-

BURK form becomes:
11
— = —|1+
\% \A L

Ky Ky

a b J
It contains no term for 1/ab, which is due to the fact that the binary complexes are
the active ones. In this expression, the MICHAELIS constants with respect to two sub-
strates A and B have complex values, respectively equal to:

K



5 — KINETICS OF ENZYMATIC REACTIONS WITH MICHAELIAN BEHAVIOUR 173

k_3 + k_4 kz
ks k, +ky,

Kb=

Graphical representations

As before, we shall consider the primary and secondary plots:

Primary plots — The primary plots of 1/v versus 1/a or 1/b both give a series of par-
allel lines typical for this type of mechanism (Fig. 5.37).

1/v a 1/v b

l/a 1/b

Fig. 5.37 Primary plots for a ping-pong Bi Bi mechanism
Secondary plots — The slopes of the lines in the primary plots are constant:
SA = Ka/Vl ) SB = Kb/V1
All of the parameters can be determined from the ordinate intercepts:

1( K,
VILHTJ

1(, K,)
Op = 71L1+?J

OA:

Figure 5.38 shows the secondary plots.

] a »
Q. 8
2 =
n Sa Ka/Vy _g
o)

Sp Ky/V Slope K5/V1

1V, peta
1/a or I/E 1/aor1/b

Fig. 5.38 Secondary plots for a ping-pong Bi Bi mechanism
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5.5.4.3. A BRANCHED SCHEME: THE RANDOM BI BI MECHANISM

The scheme is represented as follows:
k',

EP =<

———

K’ oq

/

\ /
EAB ‘——‘5 EPQ
} \ / 6 }
k’3||k’3q
K’ _4p
—— EQ =C k’4
4

A scheme of this type represents the superposition of four ordered Bi Bi pathways.
In other words, an ordered Bi Bi mechanism is a special case of this scheme in which
the other pathways have a negligible probability of being followed.

Solving the system under steady state conditions

¥V By employing KING and ALTMAN’s rules, we can solve the system under steady
state conditions, i.c. when:

d(EA)/dt = d(EBYdt = d(EAB)/dt = d(EP)/dt = d(EQ)/dt = 0

Even if we only consider the reaction in the direction of the formation of products P
and Q, and assuming that k4 is negligible, we end up — in the initial reaction condi-
tions— with a non-linearisable rate equation having the general form:

v N,ab+N,a’b+ N,ab’

e, D,ab+D,b+D,a+D,a’>+D,b’>+Dya’b+D,ab>+D,,

The values of the coefficients are listed in Table 5.8 opposite. This complex equa-
tion cannot be linearised. This system therefore leads to an equation that deviates
from MICHAELIS’ law.
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Table 5.8 Parameter values for a random Bi Bi mechanism,
approximating the steady state (forward reaction where ks is negligible)

N, = kkskoks +k kskiks

N, = kikokks

Ny = kokskks

Dy = kikok s +k ksks + kikok 4 + Kk oksky
Ds = K ksk s+ Koksk 4+ K k ok

D¢ = kokok; +k koks+kiksky

D7 = k4lL2k1

Dy = k2k31L4

Dg = k]k2k4

Dy = koksks

Dy = koksk, +k ksky

Solving a system under conditions of quasi-equilibrium

We can readily solve this system by assuming the existence of a quasi-equilibrium

between the free enzyme and the different complexes. For this approximation we

consider that the constants ks and ks are very small relative to all other rate con-

stants in the system. This hypothesis is validated by the experimental results when

the graphical plots (LINEWEAVER-BURK) are linear. Indeed, in this case, the rate

equation takes on a Michaelian form. Two cases must be considered:

» either the binding of A and B to the enzyme is dependent, i.e. the binding of A
modifies the affinity of the enzyme for B and vice versa;

» or it is independent; the binding of one substrate occurs in the same way in the
presence or absence of the second.

Dependent binding

Dependent binding is the most general case. If the binding is dependent, we must
define for the system in equilibrium the following four equilibrium constants:

» K, for the dissociation of the complex EA: K, = (E)(A)/(EA),

» K, for the dissociation of the complex EB: K, = (E)(B)/(EB),

» K’, for the dissociation of A from the complex EAB: K', = (EB)(A)/(EAB),

» K’y for the dissociation of B from the complex EAB: K'y, = (EA)(B)/(EAB).

Since the system is at equilibrium, the four constants are related by the thermo-
dynamic relationship:

KaK'b = K'aKb
The system is therefore entirely defined by three of them.

The rate equation is thus linear and can be put in the form:
1.1 (1+Kval +K—"°+K3K'bj
a b ab

vV
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which is strictly analogous to that describing the ordered Bi Bi mechanism assum-
ing a steady state. These two schemes, which can be represented by the same
phenomenological equation, are said to be “homeomorphic”.

Primary plots — The primary plots, as for sequential mechanisms, are represented
by rays of lines converging to a point whose intercepts with the horizontal axis are
—1/K, and —1/K,; and with the vertical axis, (K, — K'y)/V K, and (K, — K',)/V|K,,
for the graphs 1/v = {(1/b) and 1/v = f(1/a), respectively. Now:
Ka =K' _ Ky =K}
Ka Kb

This shows clearly that when the dependence between the substrate-binding sites
is positive (i.e. when the binding of the first substrate increases the enzyme’s affin-
ity for the second), the linear plots intersect at a point above the horizontal axis
(Fig. 5.39a). On the contrary, if the interactions between the sites are negative, the
lines intersect at a point below the horizontal axis (Fig. 5.39b).

1/v 1/v b

1/a y 48 1/a

/v ¢ Fig. 5.39 Primary plots in a ran-
dom Bi Bi mechanism approxi-
mating a quasi-equilibrium
(a) positive dependence between
the substrate-binding sites

/ (b) negative dependence between

the substrate-binding sites
(c) independent substrate-
binding sites.

Independent binding

If the binding sites of the two substrates are sufficiently distinct and if there is no
interaction between them, the binding of one substrate will not affect the binding of
the other. In this instance, the reaction scheme contains no more than two equilib-
rium constants, K, = K';, and K, = K',. The rate equation is simplified to:
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K, & KK )
ab

The linear plots intersect at points on the horizontal axis whose values are equal to
—1/K, and —1/K,, respectively, in the graphs 1/v = f(1/a) and 1/v=1{(1/b), as indi-
cated in Fig. 5.39c.

5.5.5. HOMEOMORPHIC SCHEMES: HOW IS THE AMBIGUITY OF THE KINETIC
RESPONSE REMOVED?

In the few schemes just described, it clearly appears that a kinetic study, though
necessary and indicative, is not in itself sufficient to determine unequivocally the
type of kinetic scheme. We noted, for example, that the random Bi Bi mechanism
treated under quasi-equilibrium conditions and the ordered Bi Bi mechanism treat-
ed at steady state lead to the same phenomenological expression for the reaction
rate and constitute homeomorphic schemes.

It is useful therefore to choose alternative criteria in order to remove the ambiguity of
the kinetic response. Among the methods used, one relies on analysing the inhibition
kinetics of the reaction products or “dead-end” inhibitors. Another involves studying
the binding equilibria of each substrate; lastly, fast kinetic methods may be used to
study the reaction. The latter will be examined in the following chapter, which deals
with experimental methods for studying kinetics.

5.5.5.1. STUDYING INHIBITION BY THE REACTION PRODUCTS: CLELAND’S RULES

The products that are formed during a reaction are inhibitors of their own forma-

tion by virtue of the microscopic reversibility principle. CLELAND determined sev-

eral practical rules that follow directly from the analysis of the general expression
for the reaction rate in the presence of two reaction products:

» if a reaction product and a substrate bind to the same form of the enzyme, the in-
hibition is competitive (change in the slope of the linear plot v = f(v/s) as a func-
tion of the inhibitor concentration);

» if a reaction product and a substrate bind to two different forms of the enzyme
separated by reversible steps, the inhibition is non-competitive (change in the
value of the vertical-axis intercept).

Let us consider the preceding different schemes. We shall examine successively the
inhibition by the products P and Q with respect to each substrate, A and B. In an
ordered Bi Bi mechanism, inhibition by the product P with respect to A is non-com-
petitive (P binds to EQ; A to E); it is also non-competitive with respect to B. Inhib-
ition by the product Q is competitive with respect to A, yet non-competitive with
respect to B.

In a ping-pong Bi Bi mechanism, inhibition by the product P is non-competitive
with respect to A and competitive with respect to B.
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In a random Bi Bi mechanism, in a state of quasi-equilibrium, each reaction prod-
uct behaves as a competitive inhibitor with respect to each substrate. This is valid if
the diverse states of the enzyme are separated by reversible steps. If one of the
steps separating two forms of the enzyme — one of which binds the substrate, the
other the product — is irreversible, the situation is more complex.

In addition to the reaction products, other terminal or dead-end inhibitors exist that
produce an abortive or dead-end complex with one of the enzyme forms. One part
of the enzyme is thus trapped in an inactive form. If such an inhibitor binds to a
form of the enzyme that has bound one of the substrates, the inhibition is uncompe-
titive with respect to this substrate. If it binds to the same enzyme form as the sub-
strate, the inhibition is competitive. For example, in a sequential Bi Bi mech-anism,
if there is a dead-end inhibitor I such that:

E —= EA ——= EAB

EPQ —— EQ ———= E+Q
+P

+1

El
the inhibition by I with respect to A is competitive.

In the following case:

E EA —<—== EAB —<—== FEPQ —<—== EQ =—= E+Q
+P
+1
EIl

the inhibition by I with respect to A is uncompetitive.

Thus, based on this theoretical analysis, it is possible experimentally to obtain infor-
mation about the kinetic mechanism of an enzymatic reaction by studying the influ-
ence of the reaction products and the dead-end inhibitors. In practice, the latter are
generally substrate analogues. Table 5.9 indicates the types of inhibition by the reac-
tion products for the reaction schemes that have been analysed above.

Table 5.9 Inhibition by the reaction products
for the principal types of kinetic mechanism

Reaction scheme Inhibition by P Inhibition by P Inhibition by Q Inhibition by Q

with respect with respect with respect with respect
to A ] toA 0]
Ordered Bi Bi N-C N-C C N-C
Ping-pong Bi Bi N-C C C N-C
Random Bi Bi C C C C

N-C: non-competitive; C: competitive
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5.5.5.2. STUDY OF SUBSTRATES BINDING TO AN ENZYME

A complementary study to that discussed above involves analysing the equilibrium
of each substrate binding separately to the enzyme. This requires the use of either
equilibrium dialysis or dynamic dialysis developed by COLOWICK and KAPLAN
(see Chap. 2).

5.5.5.3. STUDY OF TRANSITORY STEPS BY RAPID KINETICS

It is clear that the precise determination of a reaction path requires the use of fast
kinetic methods: flow and (or) relaxation. These methods are presented in the fol-
lowing chapter.

5.5.6. SOME EXAMPLES
5.5.6.1. L-ASPARTATE-2-OXOGLUTARATE AMINO TRANSFERASE

P This enzyme, still sometimes called glutamate oxaloacetate transaminase, catalyses
the following reaction:

“00C—CH,—CH—COO~ + ~00C—(CH,),—C—COO™
| |
NH;* ¢}
L-aspartate a-ketoglutarate

~“00C—CH,—C—COO~ + ~00C—(CH,),—CH—COO~
0 NH;"
Oxaloacetate L-glutamate

The enzyme catalyses the transfer of the amino group from L-aspartate to o-keto-
glutarate. As with all transaminases, this enzyme uses pyridoxal phosphate as a co-
enzyme, which is transformed into pyridoxamine phosphate during the reaction. The
majority of these studies initially used the enzyme from pig heart; it was in fact the
first transaminase to be purified. Its sequence and three-dimensional structure are
known, as well as those of transaminases from other organisms. The kinetic studies
were carried out around the 1960s by the teams of BANKS and VERNON in the UK,
VELICK and VAVRA in the USA, BRAUSTEIN in the former USSR, FASELLA in Italy
(Rome), and YON in France (Paris). The total reaction equilibrium was studied and
the value of the equilibrium constant:

Keq = (Asp)(0—KG)/(Glu)(OAA)
is of the order of 3—5. (0—KG) represents the concentration of a-ketoglutarate and
(OAA) that of oxaloacetate.
Different reaction mechanisms could be invoked a priori to describe the reaction;
they imply the formation of either a ternary complex, or a binary complex, with the

associations being sequential or non-sequential. The kinetic studies have permitted
the derivation of a reaction scheme for both the forward and reverse reactions.
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For the forward reaction, the experiments were performed in the initial reaction
conditions by following the appearance of oxaloacetate by spectrophotometry. This
compound is in equilibrium with its enolic form which absorbs strongly:

~00C—CH,—C—CO0O~ “O0C—CH=COO™

]
ol

OH

In the experimental conditions used, the last reaction was not rate-limiting. Fig. 5.40
shows the change in 1/v as a function of the inverse of the o-ketoglutarate concen-
tration for different aspartate concentrations.

v a /v

100 100
0.00125 M

80 2 80

®_—~ 0.0015M

) _/./-,/Q//‘//'aoozsm 60

40 F oorm 40

20 p— 20 b=

0 Il Il Il Il Il 0 L Il L L L

0 20 40 60 80 100 0 20 40 60 80 100
I/(aKG) (mol . L) I/(aKG) (mol. L)

Fig. 5.40 Kinetic study of the forward reaction
catalysed by aspartate amino transferase
(a) 0.1 M imidazole/HCI buffer, at pH 8.0 and 25°C — (b) at pH 7.1 and 25°C,
for different aspartate concentrations. (Reprinted from Chemical and Biological Aspects of
Pyridoxal Catalysis, BANKS B.E.C. et al., Kinetic studies of glutamic-aspartic transaminase, 205, 1963,

with authors’ permission)

Figure 5.41 opposite depicts the change in 1/v as a function of the inverse of the glu-
tamate concentration for different concentrations of oxaloacetate. The parallel nature
of the straight lines obtained for the two series of experiments indicates that the re-
action takes place according to a ping-pong mechanism; the reaction is described by
the corresponding equation and can be split into two half-reactions:

L-Asp + E-PLP == L-Asp-E-PLP === OAA-E-PMP <= OAA + E-PMP
KG + E-PMP === KG-E-PMP <= L-Glu-E-PLP <= L-Glu + E-PLP
PLP and PMP are the pyridoxal and pyridoxamine forms of the coenzyme, respect-

ively.

This reaction scheme has been confirmed by inhibition studies with glutarate which
binds to the pyridoxal form of the enzyme and not to the pyridoxamine form.
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/v
0r 0.2x1074M
03x1074M
0.6x104M
Fig. 5.41 Kinetic study 15x10°4 M
of the reverse reaction 20
catalysed by aspartate
amino transferase at pH 7.8
and 25°C, for different
oxaloacetate concentrations 0 L

(Reprinted from Chemical and
Biological Aspects of Pyridoxal
Catalysis, BANKS B.E.C. et al., Kinetic -
studies of glutamic-aspartic

transaminase, 206, 1963, with 0 | | | | |
authors’ permission) 0 100 200 300 400 500

I/(Glutamate) (mol.L1)

The results are presented in Fig. 5.42a and b. In reality this scheme is further com-
plicated by the existence of other reaction intermediates. The kinetic constants for
the system were determined:

Kip=9%10*"M ; Kgg=10"M ; Ky u=4x10"M ; Koxa=4x10"M

/v a v 0.005 M aKG b
0.002 M Glutarate
40 +
0.01 M Aspartate 30 0.005 M aKG
0.002 M Glutarate
B / 20
10 0.01 M Aspartate 10
O 1 1 1 1 1 0 1 1 1 1 1
0 2 4 6 8 10 x10° 0 2 4 6 8 10 x10?
I/(aKG) (mol.L 1) I/(aspartate) (mol . L)

Fig. 5.42 (a) glutarate inhibition of the forward reaction
catalysed by aspartate amino transferase, with respect to a-ketoglutarate

(b) inhibition of the reaction by a-ketoglutarate with respect to aspartate
(Reprinted from Chemical and Biological Aspects of Pyridoxal Catalysis, BANKS B.E.C. et al., Kinetic
studies of glutamic-aspartic transaminase, 207, 1963, with authors’ permission)

5.5.6.2. YEAST HEXOKINASE

Yeast hexokinase catalyses the following reaction:

glucose + MgATP

glucose-6-phosphate + MgADP

181
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It has been particularly studied in J. RICARD’s laboratory in Marseille (France). The
authors showed that the reaction kinetics can be interpreted according to an ordered
Bi Bi mechanism.

The primary plots for the forward reaction are given in Fig. 5.43. The secondary
plots are given in Fig. 5.44a and b.

;f?. 1 a F b
| |
= =
230t 2
Z 2 Z
20 +
3
10
4
5
10 20 30 10 20 30 40
I/(Glucose) (mM1) I/(MgATP2") (mM1)

Fig. 5.43 Primary plots of the phosphorylation reaction of glucose by MgATP

catalysed by yeast hexokinase
(Reproduced from Eur. J. Biochem., 5, NOAT T.G. et al., Kinetic study of yeast hexokinase 1 steady state
kinetics, 59. © (1968) with permission of Blackwell Publishing Ltd)

0 a 2 b
Q T
% 800 s
Z 2
600 &
(o]
8
400 R=
2
g
200 5
o)
0 1 1 1 0 1 1 1 1
0 10 20 30 0 20 40 60 80
I/(MgATP>) or I/(Glucose) (mM1) I/(MgATP2) or I/(Glucose) (mM1)

Fig. 5.44 Secondary plots obtained from the data in Fig. 5.43
(Reproduced from Eur. J. Biochem., 5, NOAT T.G. et al., Kinetic study of yeast hexokinase 1 steady state
kinetics, 60. © (1968) with permission from Blackwell Publishing Ltd)

These results are compatible with several reaction schemes: either ordered Bi Bi or
random Bi Bi when approximating a quasi-equilibrium. On the one hand, the study of
the inhibition by MgADP indicates non-competitive inhibition with respect to two sub-
strates (Fig. 5.45 opposite). On the other hand, inhibition by glucose-6-phosphate
is competitive with respect to glucose and non-competitive with respect to MgATP
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(Fig. 5.46a and b). The results of these studies of product inhibition indicate an

ordered Bi Bi mechanism.
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Fig. 5.45 Non-competitive inhibition by the reaction product during

glucose phosphorylation catalysed by hexokinase
(Reproduced from Eur. J. Biochem., 5, NOAT T.G. et al., Kinetic study of yeast hexokinase 1 steady state
kinetics, 66. © (1968) with permission from Blackwell Publishing Ltd)
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Fig. 5.46 Inhibition by glucose-6-phosphate of the hexokinase-catalysed reaction
(Reproduced from Eur. J. Biochem., 5, NOAT T.G. et al., Kinetic study of yeast hexokinase 1 steady state
kinetics, 66. © (1968) with permission from Blackwell Publishing Ltd)

5.6. STATISTICAL ANALYSIS OF EXPERIMENTAL DATA

The aim of experimental data processing, in particular with kinetic data in enzymo-
logy, is to estimate the degree of reliability of the constants determined from the
experimental results by using statistical techniques. These are generally based on
least-squares methods. This facilitates the evaluation of the quantitative values in
the interpretation and verification of the hypotheses. This is the case for the analysis
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of the MICHAELIS equation by the method of non-linear regression which was
employed from 1961 (JOHANSEN & LUMRY, 1961; WILKINSON, 1961; CLELAND,
1963). Such an analysis is largely facilitated today by the use of computers and
the existence of appropriate software. We shall recall a few definitions, before suc-
cinctly outlining the principles of linear, multilinear and non-linear regression. For
the reader who wishes to deepen his or her understanding of these aspects, we rec-
ommend the book by M. DESMADRIL: L Analyse des données en C (Data analysis

in C).

5.6.1. A FEW DEFINITIONS

P The arithmetic average of a variable is defined by the relation:
X=1%x [10]
n iz

The variance of the variable x is:
6> = 13 (x —%) [11]
n =y

the standard deviation being defined by 6. The relation [11] can be written:

o> = LY (x2—2x X+x%)
n =1

n n
o’ = l(fo—Zxei+i2)
n \i= i=1

ie. o? = x> -%x?

x2 is the average of the x* values and X is the square of the average of the x values.

The covariance of the two variables x and y is given by the expression:
13 _ _
G,, = cov(x,y) = EZ(xi—x)(yi—y) [12]
i=1

which can also be written: G,, = Xy—X.y

The covariance is nil if the variables x and y are independent. It differs from 0 when
they are linked.

5.6.2. SIMPLE LINEAR REGRESSION

Simple linear regression is applicable to all linear relationships of the formy=ax+b.
For a given value of x, the observable is equal to the quantity Y = By + B1x, plus a
quantity €, which represents the error, i.e. the deviation of the experimental value
from the regression line:

vi = BotPix+te [13]
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The method of linear regression consists of estimating the values of B, and B, that
best account for the experimental results, i.e. the values (x;, y;). The value S, which
represents the spread of the experimental points from the line By + B x, is defined by
the relationship:

S = g"lw,(y,-—ﬁo—ﬁlxi)z - g"lw,(yi—Y)Z [14]

where w; is the statistical weight associated with each value of y;, an experimental
value of the variable Y. It is distributed with a variance 62, independent of the x;
values.
ZWi(Yi—Y)Z ZWi(Yi—Y)Z
GZ(Y) — i=1 — i=1

15
n—p n-2 [15]

p is the number of parameters to be determined, which here is equal to 2.
The estimates by and b; of the parameters B, and 3; which give the best Y values as-
sociated with (x;, y;) are those which lead to the smallest value of S. If we consider

relationship [14] as a function of both By and P, it is a minimum at the point Sy(by,b;)
such that:

5 _Ziwi(Yi_bO_blxi) =0

Py - [16]
aS S

a_Bl = —2§)Wixi(yi_b0_blxi) =0

This is again solved as a system of two linear equations with two unknowns:

n n n

Wy, = b, > w,+b > wx,

i=0 i=0 i=0 [17]
n n n 5

DWYX, = b, Y wx +b > wx;

i=0 i=0 i=0

It can be solved by calculating matrices and applying the rules of matrix multipli-
cation:

n n
WY, TW XWX,
i=0
n
D WYX, DYWX, XWX

i=0 i=0 i=0
leyl \'Wl Wlxl

I I NS

the preceding relationship gives:
b= X'X["x[X"Y]

where X' represents the matrix transposed from X.

By putting: Y =
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Solving this system yields the following expressions for the parameters b, and b,
respectively:

n n n n
(Zwixf X Zwiyi - Zwixi X Zwixiyi]
b — i=0 i=0 i=0 i=0

0 D
n n n n
ZWi XZWiXiYi —Zwiyi XZWiXi]
b — i=0 i=0 i=0 i=0
: D
n n n 2
with: D = Z(:)Wixz(;wixf—[z(;wixi]

5.6.3. MULTILINEAR REGRESSION

The previous analytical method based on the principle of least-squares can be gen-
eralised to all linear relationships of the form:

y = Bo+§Bka [18]

Linear regression with a constant term of the order n + 1 can always be adapted to
regression of the nth order with the constant term by an appropriate transformation
of the variables. We suppose that the observed or transformed variable y; follows the
relationship:

yi = BO+ZBka+€i [19]
k=1
By applying the principle of least squares, the minimum is:
2
S = Zwi(Yi _ZBka) [20]
i=1 k=1

such that dS/dB, =0 for k=1, 2, 3 ... n. Once more we are solving a system of n
linear equations with n unknowns. As before we put:

VWi ¥y, VWX AW Xy o WX
Yy = WW2 Y2 X = [VWaXor yWa Xy, Ay Wa Xy,

Wy, WWoye AW Yea YWY,

5.6.4. NON-LINEAR REGRESSION ANALYSIS

The principle of least squares is only applicable to a linear relationship having be-
tween two and several variables. More often in practice, however, we have to ana-
lyse non-linear relationships, in particular the MICHAELIS equation. In this situation
two approaches are possible. Either, with the help of an appropriate transformation



5 — KINETICS OF ENZYMATIC REACTIONS WITH MICHAELIAN BEHAVIOUR 187

of several variables, we obtain a linear relationship, or when it is impossible to lin-
earise, an iterative method must be used. One of the conditions for using the least-
squares method is that, in the linear relationship, the variables must be independent.
For example, let us take the MICHAELIS equation:
V.s
vV =
K, +s

=Yy

Let AK,, = Kip — K1, the difference between two estimates of K,,, which gives a
value of v such that )" w. (y, —y) is a minimum. We have:

n ay \
=y, F O AKX ——
yl yO 12:; m aKm

K

m0
The expansion as a series can be limited to the first two terms:

VAT V s
i = K - -K, - 2
TS (K_,+s)

If we write: o = Vi X; = s/(Kmi *5)

oy = KV X2 = /(K + )

the expression then becomes: y; = 04;Xj; + 0l Xp;

and we return to the former case. We determine o; and o, by minimising the func-
tion ) w.(y, —y)*, which is again multilinear regression. The values of o are given

by the relationship:
o = XX x|X"Y]

From these o values, the new values of K,;, and V,, are thus used in subsequent
multilinear regression. This iterative process is continued until there is negligible
change in the parameter values between two successive iterations.

5.6.5. CHECKING THE ADEQUACY OF THE FIT

5.6.5.1. EXAMINATION OF THE RESIDUAL VALUES

Analysis of the results requires an initial model, for example, that described by the
MICHAELIS equation, and thereafter those parameter values are determined that ac-
count most appropriately for the experimental results. Before determining the confi-
dence intervals associated with each parameter, it is necessary to test whether or not
the chosen model is correct. This is achieved by inspection of the residual values,
and is a useful test whatever the regression method employed. The residual values
comprise n differences:
&§=Yyi—-Y

y; being the experimental value and Y the calculated value of the function. The ¢;
values correspond to the observed errors if the model is adequate. If so, the residuals
must be independent and distributed randomly, their mean value must be nil and
have a constant variance.
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Let us look at the MICHAELIS-MENTEN equation. Figure 5.47a displays an example
of fitting using a non-linear regression method; Fig. 5.47b gives the distribution of
residues. First, there is good apparent agreement between the experimental and cal-
culated values; second, it is clear that the residuals are distributed randomly.

.—T\ a ._"4-\ 0.03 b
E 0.6 - ] E
g B 0,02 [y
< . < .
a < o.01 Co,
L 04 R iy b
5 2 . .
27 sl 0 ° ° -
2]
A (0] °
~ 001 (]
02 4
20,02 {r e o
-0.03
0 1 1 ] 1 1 1 1 1 1 J
0 0.5 1 1.5 0 0.2 0.4 0.6
(A) (mM) Predicted rate v (AA .min!)

Fig. 5.47 (a) fit to the MICHAELIS-MENTEN equation by a non-linear regression
method. Convergence of the regression function as proved by the correspondence
between the calculated (A ) and experimental (O) values of the reaction rate for
different substrate concentrations — (b) distribution of the residual values

Certain anomalies may arise as depicted in Fig. 5.48. They correspond either to
(a) insufficient parameters, (b) an inadequate model, or (¢) to a variance that de-
pends on Y. It is thus useful to weight the experimental values. Another important
criterion is that, in linear regression, the covariance of x and y must be nil.

€ b € ¢

~—ao
~—a.

Fig. 5.48 Anomalies in the distribution of the residuals

5.6.5.2. THE WEIGHTING FACTOR, W,

The variance is not always constant as can be seen by studying the residual values.
To account for this, a statistical weight w; must be applied to each value of y;. It is
inversely proportional to the variance of y; and even to the square of the absolute
error: w; = 1/(Ay;)”. If Ay; is constant, w; is constant and it cancels out in the various
expressions. This is equivalent to putting it equal to 1. If the relative error Ay,/y; is
constant, w; # K/yiz. If the law that governs the change in error is not known in ad-
vance, it is helpful to carry out a polynomial regression with the pairs (g;,y;) in order
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to obtain the polynomial f(y;) which represents the error change in y;. We then let
Wi = 1/ f(yl) A

5.6.5.3. GENERAL STRATEGY

As a general rule to analyse the kinetics of an enzyme reaction, we must first carry
out a certain number of logical operations, and in a certain order. These are:

» correctly define the problem, for example, the dependence of the rate on the react-
ant concentrations;

» perform adequate experiments under optimal conditions for the intended purpose,
which might be either the determination of parameters, or the choice of a better
kinetic model,;

» collect the experimental data in the order that they are acquired as well as any
information that might reveal systematic errors;

» formulate the problem using a mathematical model, for example, the rate equation;

» analyse the data while considering the agreement between the model and the
results, either in the estimation of parameters, or the choice of a kinetic scheme;

» interpretation of the results must lead to an understanding of the system, and to
the possibility of generalising the conclusions. An important test is the experi-
mental checking of predictions that result from the model.
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