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When enzyme-catalyzed reactions are studied, it is necessary to take into account the contribution of
the chemical (non-enzymatic) conversion of the substrate to the product, which is carried out together with
the enzyme-catalyzed conversion of the substrate. It is generally believed that the difference of the product
concentration that was formed in the presence of the enzyme and in its absence (during the same time interval)
is the concentration of the product that was formed directly in the enzyme-catalyzed reaction, i.e. that there is
additivity of the product concentrations at each time point. In this paper, we have analyzed when there is addi-
tivity and how to correctly take into account the contribution of chemical (non-catalytic) substrate conversion
when the enzyme-catalyzed reactions are investigated. We have shown that the additivity of product concen-
trations and initial rates is observed only for a period when the product concentration increases linearly with
time. The longer the reaction proceeds the more the deviation from the additivity. Under equilibrium condi-
tion, there is no additivity of equilibrium product concentrations but under conditions of detailed balance the
equilibrium product concentration of the overall reaction, including the enzyme-catalyzed and chemical (non-
enzymatic) conversion of the substrate, is also at the same time the equilibrium concentration of the product
of the enzyme-catalyzed conversion of the substrate.

Keywords: kinetics of the enzyme-catalyzed reactions, initial rate, equilibrium state, cyclic reactions, de-
tailed balance, cyclic equilibrium, catalysis, rate constant, equilibrium constant, dissociation
constant.

hen investigating catalytic (including
enzyme-catalyzed) reactions, as a rule,
only the pathway of catalytic conversion

of initial substances into reaction products is con-
sidered neglecting the pathway of chemical (non-
catalytic) conversion of the substrate in the reac-
tion mechanism [1, 2]. This can be explained by the
obvious fact that catalysts (enzymes) significantly
increase the rates of the chemical processes, so cal-
culating the rate of the catalytic process can neglect
the rate of the chemical (non-catalytic) process. It is
believed that the catalyst must accelerate both the

forward and reverse reactions equally and therefore
can not affect the equilibrium state of a reaction, i.e.
addition catalyst to the reaction medium does not
lead to a change in the thermodynamic equilibrium
constant of the reaction [3]. Thus the state of thermo-
dynamic equilibrium is independent of the path by
which the state has been reached.

However, it is not always possible to neglect
the rate of the non-catalytic reaction in comparison
with the catalytic reaction. Due to the fact that the
chemical reaction proceeds simultaneously with the
catalytic reaction, and it is impossible to avoid the
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influence of the chemical (non-catalytic) reaction
during the investigation of the catalytic reaction,
in experimental studies, in particular enzyme-cata-
lyzed reactions, the contribution of the non-catalytic
conversion of the substrate is always taken into ac-
count. Since the chemical (non-catalytic) reaction
taking place in the absence of the enzyme can be
investigated independently, control experiments are
performed to take into account its contribution to the
amount of the reaction product formed. The differen-
ce in product concentrations that was formed in the
presence of the enzyme and in its absence (during
the same time interval) is taken as the concentra-
tion of the product that was formed directly in the
enzyme-catalyzed reaction [4], i.e. it is believed that
there is additivity of the concentrations of the reac-
tion product at any given time period.

Using a simple mechanism (1) as an example
we will investigate the validity and correctness of
such actions, i.e. is it possible to calculate the product
concentration of the enzyme-catalyzed conversion of
substrate as the difference in the concentrations of
the product of the overall reaction (including chemi-
cal and enzyme-catalyzed reactions) and the chemi-
cal conversion of substrate.

k—l k72
E+S = ES === E+P

N H ‘. k, k, )

P

The mechanism (1) is the simplest scheme that
takes into account the possibility of conversion of
substrate simultaneously in two directions: along the
reaction pathway of the enzyme-catalyzed conver-
sion of the substrate into the product (ECC)

k] k]
E+S<_—,ES<T—>E+P @)

1 2

and along the reaction pathway of the chemical (non-
enzymatic) conversion of the substrate into the prod-
uct (ChC)

k
N 3)
IIn the mechanisms (1)-(3) the following nota-
tion is used: £ — enzyme, S — substrate, £S — en-
zyme-substrate complex, P — product of chemical
and enzyme-catalyzed conversion of substrate S,
k, and k, — rate constants of forward reactions of
the first and second steps of overall reaction (reac-
tion pathway of the enzyme-catalyzed conversion

of substrate into product), M''s”; k  and k , — the
rate constants of the reverse reactions of the first and
second steps of overall reaction (reaction pathway
of the enzyme-catalyzed conversion of substrate
into product), s™; k, and k , — rate constants of the
forward and reverse reactions of the third steps of
overall reaction (reaction pathway of the chemical
conversion of substrate into product), s.

The reactions proceeding by the mechanism (1)
are described by the following system of differential
equations:

%z—km[snk][ES]+k2[ES]—
kLIEI[P) =T, + W, @
d[js] KIEI[S]-k [ES]—k,[ES]+
VLENP)=W, — W, ©)
LAk (ENP)+LES) -k [P+
+k,[S]1=W,+W, ©6)
c[,] K[EI[S]+ k. [ES]+k [P~
{
K [S)= T, -, @

where W is the rate of the n-th step, i.e. the differen-
ce between the forward and reverse reaction rates of
the n-th step.

Analyzing this system of differential equa-
tions, it can be established that in an equilibrium
state (when all derivatives are zero) W, = W, = -W..
This indicates that the reactions occurring by this
mechanism are cyclic and the mechanism (1) can be
represented as a cycle,

®®\<7® +(®)

s

although separately taken ChC and ECC proceeding
according to the mechanisms (3) and (2) respectively,
are acyclic reactions and obey the principle of de-
tailed balance.

It is believed that all chemical and catalytic
reactions should proceed in accordance with the
principle of detailed balance, i.e. in the state of ther-
modynamic equilibrium the rate of forward reac-
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tion must be equal to the rate of the reverse reaction
within each step [5, 6].

Most chemical reactions are acyclic: the rate
constants of these reactions can have an arbitrary
value and they always proceed in accordance with
the principle of detailed balance. Catalytic (enzyme-
catalyzed) reactions are cyclic, although many of
them, like acyclic ones, also obey the principle of
detailed balance. However, there are such cyclic re-
actions in which the principle of detailed balance can
theoretically be violated and a cyclic equilibrium can
be established. These reactions will be called true
cyclic reactions [7].

In 1901 Wegscheider [8] analyzing the mecha-
nisms of true cyclic reactions found that in a state of
cyclic equilibrium the thermodynamic equilibrium
constants of reaction or individual steps (calculated
from equilibrium concentrations) do not coincide in
magnitude with the corresponding kinetic equilib-
rium constants (calculated from the ratio of the rate
constants of forward and reverse reactions). This
discrepancy was called the “Wegscheider's paradox”
[6].

Since it is assumed that the equilibrium con-
stants must always remain unchanged (because they
are related to the standard Gibbs energy AG”), in or-
der to avoid the manifestation of the Wegscheider’s
paradox, it is necessary the true cyclic reactions
obey the principle of detailed balance [6].

As a result, the rate constants of true cyclic re-
actions cannot be arbitrary but must obey the Wegsc-
heider condition: the product of rate constants in the
clockwise direction must be equal to the product of
the rate constants in the counter-clockwise direction
(or, in other words, the product of the equilibrium
constants of all steps in a cycle must be equal to one)
[9, 10]. The fulfillment of the principle of detailed
balance ensures that the thermodynamic equilibrium
constant of the reaction will be equal to its kinetic
equilibrium constant [6]. When the principle of de-
tailed balance in the true cyclic reactions is violated,
the cyclic equilibrium is reached. In this case, the
rate constants do not obey the Wegscheider condi-
tion and can take any values, and also the thermo-
dynamic and kinetic equilibrium constants of the
corresponding steps do not coincide.

Thus under the condition of detailed balance
the equilibrium constant of the reaction must always
remain unchanged: it must not depend on either the
mechanism (i.e. the number and sequence of steps
necessary to convert the reactants to the products)
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or the presence of other reactions that can simultane-
ously occur in the reaction system, neither from the
initial concentrations of the reactants nor from the
presence of a catalyst (enzyme) and/or other com-
pounds in the reaction system, including those that
can interact with reactants (for example, inhibitors,
activators, ions of metals and hydrogen).

As can be seen, the reactions proceeding by the
mechanism (1) are true cyclic reactions and they can
reach a cyclic equilibrium when the reaction rates
of all steps are not equal to zero but have the same
value for all steps (W, = W, =-W)).

This result is of fundamental importance. It in-
dicates that a detailed balance can be violated not
only in a limited number of catalytic (enzyme-cata-
lyzed) reactions, but absolutely in all such reactions,
since it is impossible to isolate the pathway of cata-
lytic conversion of substrate from a chemical (non-
catalytic) one: the chemical conversion of substrate
is necessarily carried out at a greater or lesser rate.
Therefore, despite the dominant point of view that
the principle of detailed balance cannot be violated,
it is necessary to carefully consider this possibility
since there are also strong reasons to believe that a
cyclic equilibrium can be realized [7]. In this con-
nection, we will consider both possibilities: a spe-
cial case where cyclic reaction obeys the principle of
detailed balance, and the general case including the
possibility of reaching cyclic equilibrium.

The equilibrium state

We will analyze whether it is necessary to sub-
tract the product concentration of the ChC from the
product concentration formed in the overall reac-
tion proceeding by mechanism (1) to determine the
fraction of the ECC in it, if an equilibrium state is
studied when all three reactions (1-3) have reached
equilibrium (the time for which each reaction can
reach equilibrium can vary significantly).

To derive an equation for calculating the equi-
librium concentration of a product in the case of the
ECC proceeding by the mechanism (2), it is neces-
sary to solve a system of two equations (taking into
account the fact that in the equilibrium state the rates
of both steps are zero):

k(E], — [ESDAS], — [ES] = [PD -k [ES]=0 (8§
k,[ES] -k ,(IE], - [ESD[P] =0 ©

The solution is a quadratic equation which can
be represented in the form:
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“[P],.[E], = (K, + “f[P]W){[S]O -
(K + 1)}

— [P, (10)

K
where: [E] and [S], are the initial concentrations of
the enzyme and substrate respectively, M; “[P]
is the equilibrium concentration of the product of
the enzyme-catalyzed conversion of the substrate,

M; K =—2-and K, =—= are the equilibrium
qp g

constants of the enzyme-catalyzed conversion of
substrate proceeding by the mechanism (2) and the
second step of this reaction, respectively.

In the case of the overall reaction (1) which
obeys the principle of detailed balance it is neces-
sary to solve a system of three equations:

k (L], — [ESD(S], — [ES] - [PD) — Kk [ES]=0  (1I)
k[ES] -k ,(IE], - [ESD[P] =0 (12)
k,([S], — [EST—[P]) -k ,[P]=0 (13)

However, under detailed balance condition one
of the equations is superfluous since there are two
unknown variables ([P] and [ES]) and three equa-
tions. Therefore it is obvious that when choosing the
first two equations, the solution will be identical to
the solution obtained for the ECC (equation (10)). It
is quite clear that if we choose another pair of equa-
tions, the solution is the same.

Thus, under detailed balance condition, the
equilibrium product concentration of the ECC pro-
ceeding by the mechanism (2) is always equal to
the equilibrium product concentration of the overall
reaction (1). Therefore, if the investigated reaction
proceeding by the mechanism (1) reached equilib-
rium, the obtained value of the equilibrium product
concentration is at the same time the equilibrium
product concentration of the ECC. As it can be seen,
the addition of the ChC pathway to the ECC pathway
does not affect the equilibrium product concentra-
tion.

Under detailed balance condition, as it was said
before, the thermodynamic equilibrium constant (K)
of substrate conversion into the product remains un-
changed for all three mechanisms:

eq[P]_K: kk, :ﬁ
“[S] koik, ks

(14)

For the ChC pathway we can write:
eq P eq P
— eq[ ]chem — [ eq]chem (15)
[S] [STo —"[P]
from which it follows that the equilibrium product
concentration is:
K[S],

eq P —=—"—0
[ ]chem K + 1

For the ECC pathway and the overall reaction
(1) the thermodynamic equilibrium constant can be
expressed in the same way:

chem chem

(16)

K —_ eq[P]eVIZ — eq[P]eVlZ .
“[SL.  [S1o = “[ES). = “[P.’

- eq[P]tor — “ [P]tot (17)
eq[S]mz [S]O - [ES]mz - [P]tot

It is seen that if the equality “/[P] = “[P],
is satisfied, the equality “[ES] = “[ES], _is also
observed. The equilibrium product concentration
formed both along the ECC pathway and in the
overall reaction is always less than along the ChC
pathway, since a part of the substrate binds to the
enzyme in the enzyme-substrate complex and does

not convert into product:

K ([S], - “[ES
oy, =X ]K+1[ )

If equilibrium concentrations of “/[P] , and
«[P],,, are known (for different initial substrate con-
centrations) all equilibrium constants (overall reac-
tion, ChC and ECC pathways, and the first and the
second steps of the ECC pathway) can be calculated
without corresponding equilibrium substrate con-

centration values:

=“[Pl,. @8

E], _(K+1)
“ [P]chem = [P]tot K
K (K+1) 1 )
K P,

The result obtained (“/[P] = “/[P] ) is an exact
solution and it remains valid also for mechanisms
with more complicated catalytic pathways (as fol-
lows from equations (17)-(18)), in which in addition
to the enzyme-substrate complex other complexes
may be present (we again remind that this is true
only if the principle of detailed balance holds).
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Thus, it is not necessary to subtract the equi-
librium product concentration of the ChC from the
equilibrium product concentration of the overall re-
action in order to calculate the equilibrium product
concentration of the ECC.

However, the reaction product may be present
in the substrate (due to a slow chemical conversion
or simply as contamination) or in other reagents. We
denote this concentration [P]0. This additional con-
centration of the product will not affect the reaction
equilibrium constant (under detailed balance condi-
tion)

- Gq[P](’hEIn —
: [S]O + [P]O - eq[P]chem
) 1P, )
[S]y +[P], — “[ES].,. — “[PL.,.
_ eqe[P]mt y (20)
[S]o + [P]o - q[ES]mt - q[P]mr

but will affect the equilibrium product concentration,

eq[P]Chem — K([S]O +[P]0)
K+1 ;
, K([S], +[P], - “[ES]
[Pl = ( = ) =“[PL. (@D

If it is necessary that the value of the equilib-
rium product concentration refers to the conditions
when [P] = 0, it is necessary to subtract from “/[P]

K[P]

not [P],, but K7+10 (see equation (18)):
K —“[E
AP = KLPL _ (LS, — “[£5].,) 22)
K+1 K+1

This is especially important in cases where the
equilibrium constant of the reaction is close to one
or less. However, if K >> 1, then it is practically pos-
sible to subtract [P],.

Although the exact solution shows that the
equilibrium product concentration in the process of
ChC is always greater than for the ECC, but this dif-
ference may be insignificant. From equation (9) it is
possible to obtain an expression for the equilibrium
concentration of the ES complex:

k,[E],“[P
ags) = KalEL"IP]
ky+k,“[P]
After its substitution into equation (17), the

equilibrium product concentration can be expressed
as follows:

fot (2 3)

tot
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eq[P] — K[S]O (24)

tot
1+K[1+

[£],
K2 + “ [P]ror

Comparing the equation obtained with the
equation (16)

1+ K [1 + LJ
[Plien K, +“[Pl,. ) _

“LPl, 1+ K
=1 +( £ j £, (25)
1+ K (K2+eq[P]m,)

it can be seen that the smaller initial enzyme con-
centration is used for research, and the greater the
equilibrium constant of the second step of the reac-
tion K, and the smaller the equilibrium constant of
reaction K, the less the equilibrium product concen-
tration formed along the ChC pathway is different
from the equilibrium product concentration in the
overall reaction (or formed along the ECC pathway).

Assuming that [E] ) << [S§], the next equation is
obtained from equation (10) (see also equation (16)):

eq K[S]O e
= 1 P = 9 P
[ ]enz (K + 1) [ ]chem (26)

It also shows that under such conditions the
equilibrium product concentration of the ChC is
practically the same as the equilibrium product con-
centration in the overall reaction (or when the ECC
is carried out).

To summarize, an approximate solution shows
that the equilibrium product concentrations of all
three reactions (if they obey the detailed balance
principle) can be practically the same when using
low concentrations of the enzyme ([£], << [S]).

Based on the results of the analysis, the fol-
lowing conclusion can be drawn: when the investi-
gations are carried out under conditions of detailed
balance, there is no need to introduce any correction
to exclude the effect of the ChC occurring together
with the ECC: the equilibrium product concentration
in the overall reaction proceeding by mechanism (1)
is simultaneously equilibrium product concentration
of the ECC.

As a result of the violation of the detailed balan-
ce principle, the equilibrium constant of the cyclic
reaction can vary: it becomes dependent on the spe-
cific rate constants and often on the concentrations

“[P]

tot
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of the reacting substances. Let us check whether ad-
ditivity is observed when a detailed balance is vio-
lated.

The equilibrium product concentration of the
ECC (mechanism (2)) is expressed by the equation
(10) which we derived earlier, and the equilibrium
product concentration of the ChC (mechanism (3)) is
expressed by equation (27)

YP],,,, =2k @)

k, +k |

To derive the equation for the equilibrium
product concentration of the overall reaction pro-
ceeding by the mechanism (1), it is necessary to
solve the system of equations:

k(LE], — [ESD(S], - [ES] - [PD —
—k_[ES] - k,[ES] + k ([E], - [ESD[P] = 0

K ES] =k (IE], - [ESDIP] + ky([S], -
—[ES]=[P) —k ,[P]=0 (28)

As a result of the solution we obtain a cubic

. k ,+k, |
equation (see 29), where K =——= is the
Michaelis constant. 1

Obviously, in this case, additivity is not ob-
served. Comparing equations (29) and (10), it
becomes clear that the equilibrium product con-
centration of the ECC does not coincide with the
equilibrium product concentration of the overall
reaction, although the coincidence was observed
under the conditions of detailed balance. Equation
(29) turns into equation (10) only under the condition

k3 = k73 =0.
The initial rate

In contrast to the equilibrium state which al-
lows us to obtain an exact solution, the solution is
approximated when investigating the initial rate.
Therefore, this can lead to certain (sometimes sig-
nificant) errors (which are difficult to control) in in-
dividual cases.

The absence of an exact solution is due to the
fact that the initial rate is to a greater or lesser ex-
tent averaged over a certain interval of time. In ad-
dition, to find the initial reaction rate equation in the
presence of the enzyme (reactions (1) and (2)), a qua-
si-steady state approximation is used. It is based on
the fact that the enzyme-catalyzed reaction quickly
passes into a state where the concentration of reac-
tion intermediates remains practically unchanged for
a relatively long period (or a change in their con-
centration is negligible compared to a change in the
concentration of the reagents). However, it must be
taken into account that in the case of ChC (reaction
(3)) there is no stationary state, although it is possible
to calculate the initial rate of such a reaction (i.e. the
rate under conditions where the reaction product is
practically absent). In addition, it is necessary to take
into account that the steady state of the ECC and the
overall reaction, when the product concentration in-
creases linearly with time, may not coincide in time
with the initial period of the ChC for which the ini-
tial rate is calculated.

The rate of ChC (v, ) at the start of the re-
action when the product concentration is negligible
and therefore the rate of the reverse reaction can be
neglected is:

Ly AN 30)

As is known the initial rate of ECC (venz) pro-
ceeding by the mechanism (2) is described by the
Michaelis-Menten equation (when [E], << [S] )

(1,2, 4]:
__KkKIELIST,  _ KLEL[S]
Tk tk, k(S K, +([S]
To derive the initial rate equation of the overall
reaction (v, ), which obeys the principle of detailed
balance (under conditions when the product is
formed in negligibly small quantities, i.e. [P] = 0), it
is necessary to solve a system of two equations:
k[ENS] -k [ES]-k[ES]=0 (32)
k[ES]+ k[ST=v,, (33)

@D

{[E], (K, — k) + K, [S], = ““LPL,,, (ks + ke, H{ “LP) (L LEL + Ky + K, ) - Ky [S), } =

k

={[E), (k, - k;) + ks [S), = [P, (k; + K )}[[S]0 + (72_ 1j ea p]w,}(kz —ky+k,[P),,) -

1

~{PL (KLE), + ks k) = k[T f(ky — ks + K, [P, )K,, 29)

83



ISSN 2409-4943. Ukr. Biochem. J., 2019, Vol. 91, N 4

Assuming that [E] << [S] we obtain the initial
rate equation in the following form:

tot Km +[S]0
_ISL{RIEL +h ([SW+K,))
K, +[S,

The result obtained shows that under conditions
of detailed balance there is additivity of initial rates:

Vv =y +vy (35)

tot enz chem

+k[S], =

In conditions where the initial rates are addi-
tive, the concentration of the product must also be
additive.

The results of the calculations show that at the
start of the reaction (when the product concentration
increases linearly with time in the reactions procee-
ding by mechanisms (1)—(3)) instantaneous rates (w),
initial rates (v), as well as product concentrations [P]
are additive with respect to time. We note that the
accuracy of the coincidence of the difference in the
product concentrations of the overall reaction and
the ChC with the product concentration of the ECC
is approximately two times better than in the case
of instantaneous rates (as was observed with all our
calculations). Since the initial rate is averaged over
several first points, the accuracy of the coincidence
of the initial rates corresponds to the accuracy of the
coincidence of the instantaneous rates approximately
in the middle of the interval that was chosen for cal-
culating the initial rate.

For example consider the reaction with the
parameters: k, = 160; k= 40; k, = 75; k, = 100;
k,=310% k= 1107 [S], = 1 M; [E], = 1'10° M;
K =3; K _=0.72.1f we find the product concentra-
tion of the ECC by subtracting the product concen-
tration of the ChC from the product concentration of
the overall reaction, then at 10 seconds the calculated
value ([P] , —[P],,.,, = 2.320-10" M) can be one third
smaller than the true value ([P]_, = 3.409-10" M), in
the case of instantaneous rate — by two thirds (w,_
w, =827710° and w, = 2.570-10° Ms", respec-
tively), and in the case of the initial rate calculated
from the first ten points, which were measured af-
ter 1 second — by a quarter (v, — v =2.68310"
and v, = 3.599:10* Ms", respectively) although the
time dependences of the product concentration ap-
pear practically linear for all mechanisms (the root-
mean-square deviation for the line constructed from

84

the first ten points is 0.992 for the ChC, 0.986 for the
ECC, 0.951 for the overall reaction).

However, it must be taken into account that
additivity is observed only at the start of the reac-
tion and in a relatively narrow time interval which
is determined by the parameters of the reaction.
Therefore, in the same time interval additivity
can be observed in one reaction significantly bet-
ter than in the other and the longer the reaction
proceeds the greater the deviation from additivi-
ty. For example consider another reaction with the
parameters: k, = 1'10%; k_ = 80; k, = 40; k_, = 2000;
k,=510"% k ,=2:10% [S], = 1; [E], = 1'10; K= 25;
K =1.2-10". Unlike the previous reaction, the value
calculated from the difference in the product con-
centrations of the overall reaction and the ChC at 10
seconds ([P], ,—[P],,, =3.980-102 M) is only 0.28%
lower than the true value ([P],,_ = 3.990-10° M),
in the case of instantaneous rate — by 0.55%
W, —W,,, = 3.963110° and w, = 3.985:10"° Ms",
respectively), and in the case of the initial rate cal-
culated by the first ten points which were measured
after 1 second — by 0.22% (v, ,—v_, = 3.98310° and

che

v, =3.99110° Ms", respectively).

The portion of the progress curve between
the initial linear part and the equilibrium

As was shown above the departure from the
initial linear part of the progress curve causes a de-
viation from the additivity of the product concentra-
tions and the more the reaction proceeds the greater
the deviation from the additivity.

If we analyze how the difference [P] , —
[P],,. changes over time (under conditions of de-
tailed balance) we can see that it first increases and
then begins to decrease and becomes equal to zero
in equilibrium. At the same time, [P], = (which, if
additivity is observed, must be equal to the differen-
ce [P] ,—[P],) increases with time and reaches the
value “[P] , in the equilibrium state. This can be
regarded as the fact that nowhere else, besides the
initial linear part of the progress curve, the additivity
of the product concentration is observed.

At a time when the ChC proceeding by the
mechanism (3) approaches equilibrium, the differen-
ce [P]  —[P],,, becomes negative since “[P], it
is always greater than “/[P]  (under conditions of
detailed balance). It is obvious that additivity is not
observed since the product concentration of the ECC
can not be negative.
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If under conditions of detailed balance the
product concentration of the overall reaction is al-
ways higher than for the ChC and ECC, then if the
detailed balance is violated it is possible that in a
certain time interval the maximum product concen-
tration will be observed for ECC or ChC but not in
the overall reaction.

The initial rate of reaction which does not
obey the principle of detailed balance

Let us analyze whether the initial rates are ad-
ditive under conditions when the reaction that pro-
ceeds by the mechanism (1) does not obey the prin-
ciple of detailed balance.

We derive the instantaneous rate equation for
the overall reaction wtot that proceeds by the mecha-
nism (1). To do this, we find the steady-state con-
centration of the enzyme-substrate complex from the
equation

k([E], — [ESDIS] - &k [ES] - k,[ES] +

+k,([E],— [ESDIP]=0 (36)
and substitute it into instantaneous rate equation

w = k[ES]—k ([E],— [ESDIP] +

tot

+k,[S] -k [P] 37
As a result, we obtain the following equation:
w,, = [E]o k1k2 [S]tot — k—lk—2 [P]tot
kl ([S]mr + Km ) + k—2 [P]tot
+ k3 [S]tot B k—S [P]tar (38)

Equation (36) is satisfied not only for reactions
reaching a detailed equilibrium, but also for reac-
tions reaching cyclic equilibrium, i.e. is valid in the
general case.

The instantaneous rate of the ECC w, _is ex-
pressed by the equation:

klkz [S]enz _k—lk—z [P]
ki ([S).. +K, ) +k,[P]

enz

Wenz = [E]O (39)

enz

and for the ChC the equation for the instantaneous
rate wchem has the form:

w. =k[S], —k.[P]

chem 3 dchem — M3 (40)

If in this equation the current substrate concen-
tration is expressed through the initial one, one can
see that for the ChC the dependence of the instan-
taneous rate on the current product concentration is

linear throughout the reaction:

chem

w = kg[S]() - (k_3 + k})[P]

chem

1)

chem

For the reactions proceeding by the mecha-
nisms (1) and (2), this property is not typical.

As can be seen at the start of the reaction
(when [P] = 0), equation (38) becomes the initial rate
equation (34) obtained earlier for the overall reac-
tion which obeys the principle of detailed balance.
Therefore it can be concluded that both under condi-
tions of detailed balance and in case of its violation,
initial rates and accordingly the product concentra-
tions are additive at the start of the reaction. This
conclusion remains valid also when the reactions of
chemical and/or enzyme-catalyzed conversion of the
substrate, and accordingly the overall reaction, are
irreversible (i.e. when £ , = 0 and/or k , = 0).

As shown by the calculations performed if
the principle of detailed balance is obeyed (when
the equilibrium constants of the ChC and ECC are
the same) the conversion of the substrate along the
chemical pathway is much faster than along the en-
zyme-catalyzed pathway if the values of the rate con-
stants and the concentrations of the initial substances
are of the same order. If the enzyme-catalyzed reac-
tion is carried out under conditions when the initial
substrate concentration exceeds the enzyme con-
centration by 3-4 orders of magnitude, then in order
that the initial rates of these reactions be close in
magnitude, the rate constants of the chemical reac-
tion should be 4-5 orders of magnitude lower than
the rate constants of the enzyme-catalyzed reaction.
The same conclusion can be reached by analyzing
equation (37). Since the substrate and product con-
centrations are much larger than the enzyme and
the enzyme-substrate complex concentrations, in
the case of equal-order rate constants the first two
terms which represent the rate of ECC are negligibly
small compared to the last two representing the rate
of ChC (k,[S]1> k,[ES], k ,[P] >k [E][P]).

If in the experiment it is established that the
reaction with participation of the enzyme has practi-
cally ended and the product concentration remains
unchanged, and during the same period of time the
chemical transformation of substrate led to the for-
mation of a product in quantity much lower than in
the enzyme-catalyzed reaction, then under condi-
tions of detailed balance this is possible only in one
case: when the ChC proceeds very far from equi-
librium, practically at the initial linear part of the
progress curve. If during this time the chemical re-
action reached equilibrium, its equilibrium product
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concentration would exceed the equilibrium product
concentration of the reaction with the participation
of the enzyme.

The presence of the reaction
product in the reagents

Let us also consider the case when a product
is present in the initial reagents (in the concentra-
tion [P] ). When deriving the equation for the initial
rate under such conditions, it is no longer possible
to neglect the reverse reactions of the second and
third steps as was done in deriving equations (30),
(31), and (34). In this case, we can use equations
(38)—(40) in which the current concentration [S] is
expressed as follows: [S]; + [P], — [P] for the ChC,
and [S], + [P], — [E£S] — [P] for both the overall reac-
tion and the ECC.

Since the form of the equations remains un-
changed, it can be concluded that additivity is also
observed in the case where the product is present in
the initial reagents at a concentration of [P] . In this
case, the initial rate equation of ECC, under condi-
tions when [E], << [S] and the product concentra-
tion varies little, has the following form:

kz[E]O([S]O i Ci ]°j

V. = £ @)

T K +[S), + %[P]O

1

If it is necessary to find the initial rate of ECC
under conditions when [P], = 0, it is better to pro-
ceed as follows: write equation (42) in the form

Venz[S]O - _(Km) Venz B [%J Venz[P]O +

+ (k)[EL[ST, [ﬁ)[E]O[P]O
K

and find all the coefficients written in parentheses;
of these coefficients all the rate constants can be cal-
culated and then the initial rate of the ECC can be
calculated from equation (31) without taking into ac-
count [P] . Note that in order to determine all four
coefficients it is necessary that the product concen-
tration [P], and the substrate concentration [S] vary
independently of each other.
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As a result of the conducted studies, it was
shown that the additivity of product concentrations
and initial rates is observed (both in conditions of
detailed balance and when it is violated) only dur-
ing the reaction period, when a linear increase of
the product concentration over time is observed.
Under these conditions, additivity is also satisfied in
the presence of the reaction product in the reagents.
However, the longer the reaction proceeds the grea-
ter the deviation from the additivity of both product
concentrations and initial rates.

Under equilibrium conditions (both detailed
and cyclic) there is no additivity of the equilibrium
product concentrations, but under conditions of de-
tailed balance the equilibrium product concentration
of the overall reaction is also simultaneously the
equilibrium product concentration of the enzyme-
catalyzed conversion of the substrate.

Thus, for enzyme-catalyzed reactions in which
a sufficiently large amount of the reaction product is
formed in the control (i.e. when the chemical trans-
formation of the substrate occurs at a relatively high
rate), it is possible to accurately determine the con-
centration of the product of the enzyme-catalyzed
conversion of the substrate at only two points: in the
initial period of the reaction, when the product con-
centration increases linearly with time (as the dif-
ference in the concentration of the product formed
in the presence of the enzyme and in the control),
and also in an equilibrium state where the equilib-
rium product concentration of the overall reaction
is simultaneously the equilibrium product concen-
tration of the enzyme-catalyzed conversion of the
substrate (only in conditions when the principle of
detailed balance holds). Between these points (i.e.
actually throughout the entire reaction pathway) the
error in determining the product concentration of
the enzyme-catalyzed conversion of the substrate, as
the difference in concentrations of the product that
is formed in the presence of the enzyme and in the
control, can be quite large.
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[Tix 9ac mpoBemeHHS IOCITIJKEHb EH3UMa-
TAYHUX PEaKiliii HeoOXiTHO BPaxOBYBaTH BHECOK
XIMIYHOTO TIEPETBOPEHHSI CyOCTpaTy Ha MPOIYKT,
sIKe Bi/I0yBA€THCS pa30M 3 eH3UMATHYHHUM ITEPETBO-
peHHsIM. 3a3BHYail BBAXKAIOTh, [0 PI3HHUIIS KOHIICH-
Tpamiii NPOAYKTY, IO YTBOPHBCS B INPHCYTHOCTI
€H3UMY Ta 3a HOoro BiZICYTHOCTI (BITPOJIOBXK OJTHOTO
W TOTO K IHTEpBaJly 4acy), € KOHIICHTPAIII€I0 TIPO-
IYKTY, IO YTBOPHBCS O€3MOcCepenHbO B €H3UMa-
TUYHIN peakxiii, ToOTo, 1o iCHY€e aAUTUBHICTH KOH-
HEeHTpalill MPOXYKTY peakiii B KOXHHH MOMEHT
gacy. Y Iiil cTaTTi MpOaHaIi30BaHO KOJHU iCHYE
aJINTUBHICTH 1 SK MPAaBIJIBHO BPaXOBYBATH BHECOK
HEKaTaJliITHYHOTO IIEPETBOPEHHSI CyOCTpary i1 9ac
MPOBEICHHS JOCIIPKEHb CH3UMAaTHYHUX PEaKIIii.
[TokazaHo, 1110 aTUTHBHICTH KOHIIGHTPALif TPOTYK-
Ty 1 IOYaTKOBUX IBHAKOCTEH ICHY€ JIMIIE B TIEpi-
OJ1, KOII CIIOCTEPITAETHCS JTiHIHHE 3pOCTaHHS KOH-
LEHTpaIlil MpoAyKTy B daci. Yum moBire nepedirae
peaxirisi, TUM OiJbIlle TOPYIIYEThCS aTUTHBHICTb.
B ymoBax piBHOBarw aJWTHBHICTH PiBHOBAXHHUX
KOHIIEHTpALil MPOXYKTY BIJCYTHS, IPOTE B YMO-
Bax JETaJbHOr0 0alaHCy PIBHOBaYKHA KOHIIEHTpPA-
il MPOAYKTY y3araJbHEHOI peakiii, o BKJI0Yae
eH3MMaTHYHe 1 XiMiYHEe TIepeTBOPEHHS CcyOcTpary,
OJTHOYACHO € TAKOX 1 pIBHOBaKHOIO KOHIIEHTPAIII€F0
MPOIYKTY €H3UMaTHYHOTO EPETBOPEHHSL.

KnmouyoBl cJloBa: KIHETUKA €H3UMAaTHY-
HUX peaKIliif, MOYaTKOBa MIBUKICTh, PIBHOBKHUI
CTaH peaKIlii, MUKIIYHI peakIlii, IeTaJbHui OanaHc,
[UKJIIYHA piBHOBAra, KaTtaji3, KOHCTAHTa IIBUJIKO-
CTi, KOHCTAHTa PiBHOBArd, KOHCTaHTA JUCOIIAIlii.

References

1. Cornish-Bowden A. Fundamentals of Enzyme
Kinetics. 4™ Edition. Weinheim, Germany:
Wiley — Blackwell, 2012. 510 p.

2. Webb JL. Enzyme and Metabolic Inhibitors.
Vol. I: General Principles of Inhibition. New
York and London: Academic Press, 1963. 949 p.

3. Dickerson RE, Gray HB, Haight GP. Chemical
Principles. Third Edition. London; Amsterdam;
Don Mills, Ontario; Sydney: The Benjamin/
Cummings Publ., Inc., 1979. 1037 p.

4.Copeland RA. Enzymes: A Practical Introduction
to Structure, Mechanism, and Data Analysis.
Second Edition. New York, Chichester,
Weinheim, Brisbane, Singapore, Toronto: A
John Wiley & Sons, Inc., 2000. 397 p.

5. Alberty RA. Principle of Detailed Balance in
Kinetics. J Chem Edu. 2004; 81(8): 1206-1209.
6. Lewis GN. A New Principle of Equilibrium.
Proc Natl Acad Sci USA. 1925; 11(3): 179-183.
7. Karakhim SA, Zhuk PF. Detailed balance in
cyclic reactions: pro et contra. Saarbrucken: LAP

Lambert Academic Publishing, 2016. 324 p.

8. Wegscheider R. Uber simultane gleichgewichte
und die beziehungen zwischen thermodynamik
und reactionskinetik homogener systeme.
Monatshefte fiir Chemie und verwandte Teile
anderer Wissenschaften. 1901; 22(8): 849-906.

9. Colquhoun D, Dowsland KA, Beato M,
Plested AJ. How to impose microscopic
reversibility in complex reaction mechanisms.
Biophys J. 2004; 86(6): 3510-3518.

10. Keener J, Sneyd J. Mathematical Physiology. I:
Cellular Physiology. Second Edition. New York:
Springer, 2009. 547 p.

87



