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A mathematical model describing the dependence of the rate of the reversible enzymatic reac­

tion 8, E(R, T) S, on the concentrations of the substrates 51 and S2 and their analog A, which is 
capable of binding reversibly to the active sites of the oligomeric enzyme E(R, T), has been de­
rived and analyzed. The ranges of values of the parameters at which the model obtained describes 
different types of kinetic curves, viz., sigmoidal curves, curves 'With one maximum, and curves 
with two extrema, have been evaluated. The limits of the values of the parameters at which iso­
sterie activation of the enzyme by the product 82 or its analog A is possible in the reactions 

8, E(~, T) 8, and 81 E(R, T) S2 have been determined. An e.\.l'lanation for two phenomena that have 
been observed in e"-'Periments with oligomeric enzymes, viz., unidirectional effect of isosteric 
modifiers on the rates of the forward and reverse conversions and the occurrence of a reversible 
reaction in the thermodynamically unfavorable direction, has been given in terms of the model. It 
has been shown that the results obtained are also valid for multisubstrate reactions catalyzed by 
the enzyme E(R, T). 

The theoretical analysis of the kinetics of the action of oligomeric regulatory enzymes has heretofore 
generally been restricted to an examination of the simplest models, viz., one-substrate irreversible reac­
tions. In particular, these models include those of Monod, Wyman, ond Changeux [1], Koshland [2], and 
Frieden and Kurganov [3, 4], which have been widely used for the theoretical interpretation of data from en­
zymological experiments with oligomeriC enzymes. 

However, the overwhelming majority of regulated enzymatic reactions have more complex mechanis m::::, 
i.e., they usually have s everal substrates and products and are frequently reversible. 

In order to account for a number of features of the kinetic s of key biochemical conversions, as welJ a~ 
to analyze the mechanis ms of the regulation of cellular metabolis:r. , we need mathematical models which ta~:~· 

into account the multi substrate nature and reyersibility of real enzymatic reactions . We have preyiously ap­
plied the Monod-Wyman-Changeux model (the MWC model) [1] to a reversible reaction of the tjl'e 5, = S~ [5] , 
and this model and the Frieden-KurganoY model [3, 4J have been generalized to the case of an enzymatic re­
action with an arbitrary number of reactants and an arbitrary mechanism of interaction between the reactan~s 
and the active sites of the oligomers (6]. However, the ldnetic features of the reactions described· by s uch 
mode ls have heretofore scarcely been investigated. 

In the present work we investigated the Monod-Wyman-Changeux model 11] in the case of the r everEible 
EIR.T) ,J.. 

enzymatic reaction SI :::--=: S2 under isosteric and allosteric regulation. All the results of the analys is are 
E(R.1) 

valid for multisubstrate reactions of the tj"pe LS, = LS, under the condition thai the interaction between 
! 1 

the substrates and the active sites of the enzymes is fast. An analysis of the model makes it possible to ac­
count for the features of the kinetic behavior of reversible reactions that are important for the regulation of 
metabolism, such as the unidirectional effect of modifiers on the rates of the forv:ard and reverse reactions 
and the occurrence of the reaction in the thermodynamically unfavorable direction. 
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DESC RIPTION OF THE :MODEL 

Let us first examine the one-substrate reversible reaction 

(1) 

,;hich takes place in the presence of the isosteric effector A and is catalyzed by the oligomeriC enzyme 
EI R, T), the latter satisfying the requirements of the model in (1]. Let the catalysis of the conversions in (1) 
00' the s ingle active s ites rand t in the conformations Rand T be described by the following graphs: 

(2) 

(3) 

Then, according to our data from [6], the rate of reaction (1) under the assumptions made regarding the 
e~zyme is described by the following expression: 

( 4) 

-:vnere 

(5) 

2re the normalized determinants (7] of graphs (2) and (3); V~, , :" and V+ ' are the maximum rates of reactions 
<!) and (3), Kit ~, Kt t, and K2' are the Michaelis constants for SI and 82, KA and KA, are the inhibition con­
stants in reactions (2) and (3), and L is the allosteric constant [lJ. 

We introduce the dimensionless concentrations 

51 s~ A 
crt = - cr, ~ -- a =-

K, . K, ' KA 

and the parameters 

K, K, Ii .. c, =-, c: =-. c(J.= -' 
X~ K~ K.~ 

v: v_ 
a-c1 - ><=-

v~' v ... 

We shall subsequently assume that the maximum rate of the catalysis of the forward direction of the reac­
tion by the enzyme in the T conformation does not exceed the maximum rate of the catalYSiS by the R con­
formation, i.e., V+l S V+_ This places the following restriction on the parameter a: 

(6) 

(7) 

(8) 
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With the consideration of e":pressions (6) and (7), Eq. (4) becomes: 

(9) 

We shall now consider the reversible conversion of the s substrates Si into the p products Sj W1dcr cat­
alysis by the enzyme E(R, T): 

E(R.l).A N :s 5,;::::--= ~ 5,. (10) 
1=1 J-1+1 

where N = s +p is the number of reactants. 

If the binding of the substrates and the products Sg to the active sites of the enzyme is far more rapid 
than the catalytic conversion, according to our data [6], the rate of reaction (10) is equal to 

where 

1+ fI' -+- q:' 51 + 1./;' SN + A/K~ 
1+8 q:S, 'l'SN: A,lKA 

(11) 

i1~) 

Here e, fJ1, (j), cpt, if', and 1/J f are functions of the variables S2' •. " SN-l' \Ve fix the concentration of all the sub­
strates except S, and of all the products except SN and introduce the following parameters: 

K~ (l-i- 8') (13) 

and the dimensionless variable~ 
, of A a - S -' - a\,= SN -- a ~ --:-:----"'----;:,-

1-1,+8" 1+8' K
A

(1+8) 114) 

With the consideration of Eqs. (13) and (14) expression (11) becomes 

125) 

The form of the dependence vlo" ON, 0:) (15) is similar to expression (9) for the rate of reaction (1): 
l!.o::::ever, 1!,ulike the parameters a, Y..., c, L, \~, and K, which are constants in Eq. (9), the parameters a, A';., C, 
L, V, and K in Eq. (15) are functions of the "frozen" concentrations of substrates S~, •.. , SN-l' We note that 
while in Eq. (9) the parameter a takes on values in the range 0 :::=;: a :S Ctt in Eq. (15) the rang:e is o:::=;: a ::s ..,-- 00::. 

Thus, the analysis of the kinetic properties of the multi substrate reaction tmder the assumptions made 
(rapid addition of the reactants to the active sites and constancy of all except two selected concentrations) can 
be reduced to an analysis of the properties of the model of reaction (1). 
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Fig. 1. Substrate activation of the rate of reaction (1). Here v is the 
dimensionless reaction rate described by Eq. (16), and rr is the dimen­
sionless substrate concentration. The curves were plotted for various 
values of L (numbers on the curves) and n = 4 (a, b), 10 (c); a = 0 (a), 
0.1 (b), and 200 (c); and c = 0.01 (a, b) and 100 (c). 

ANALYSIS OF THE }IODEL 

Let us first examine Eq. (9) in the special case rr, = O! = 0, in which it describes the MWC model [1) : 

(16) 

Tlle analysis of Eq. (16) in [8-12) showed that, depending on the values of the parameters, this model can 
describe substrate activation [8, 9), substrate inhibition of the reaction rate [10), kinetic curves with an inter­
!nedi:;.:e plateau [11, 12J, and simple saturation of the enzyme with the substrate. 

The range of values of the parameters in which the plots of v(O',) have a sigmoidal initial segment can 
be evalllllted from the inequality 

Tills inequality leads to the following three systems of necessary conditions for the existence of substrate 
2ctlvation : 1) if a = 0, then 

> " < n-' L > _-'-_ n _. c, -- . -
n n- l-nc1 

2) if a < a < A, then 

, <"-' L/L / L n>:... C1 --, l' -....... ~; 

" 
3) if a > A, then 

Here we have used the notation 

A == ({ I- C1) ~ - fi.)Ji, Ll = S - VB' -4at:1 

n-(n-I )cl 2act 

L, = B + YB' .... • B = (" -1)( 1 + ac,) - n (a + c,). 
!lac, 

The necessary condition for the existence of substrate inhibition is defined by the inequality 

(17) 

(18) 

(19) 

(20) 

88 1 



V· '0 , 
5 b '0 C 10' • 

'0 . 7 fO · 1 , ' 0 

10' 
10' 

0 l • E • 10 0 l • E • 10 0 l ,. e • .0-
rI " fa 

Fig. 2. Substrate inhibition of the reaction rate described 
by Eq. (16) for n = 4 and a = 0, c = 100 (a), a = 4, c = 100 
(b), and a = 1, c = 0.01 (e). The numbers on the curves are 
the values of L. 

10 

, 
Fig. 3. Family of plots of V(C7, L) v.ith an in­
termediate plateau and two extrema constructed 
from Eq. (1 6) for n = 8,a = 100, and c = 0.0l. 
The numbers on the curves are the values of L. 

which leads to the following three systems of conditions: 

1) if aD = 0, then 

2) if 0 < a < A, then 

3} if a > A, then 

Here we have 

A = (e l _I Vel" (n 1) 
ncl-(n -I) 

n :;.2. c,>_n_, L>--....:.I---
- n-l '7"1[e1 (n-1)-n) 

n>2. c, > _I_, L,<L<L,; 
n-I 

o < "n-l < L n ;> ", c, --, L, L < " 
n 

,,)t B - V BJ -4ac~ 
, L1 = • 

2.t; 

(21) 

22) 

Figure 1 presents families of plots of V(C7,}, which were constructed from Eq. (l6) for different value, 
of the allosteric function and the values of the other parameters taken from inequalities US}. The curves in 
Fig. 2 were plotted for values of the parameters taken from inequalities (21). 

When the conditions 

(23) 

are fulfilled, a plot of V(C7,} described by Eq. (16) can have an intermediate plateau or two e).1:rema. Example, 
of such curves are presented in Fig. 3. 

882 



v 

D.' 
y. f~ 

• , 

QZ 
, 
• 

0 l 

a 10 JO a, 0 " ZO JO 40 sa I1t 

Fig. 4 Fig. 5 

Fig. 4. Variation of the nature of the kinetic plot of v('7,) with va­

riation of the concentration of the reaction product. T.1e V( 0'"1' (j 2) 

curves were plotted with the aid of Eq. (24) for n = 8, Ci = Q, a = 0, 

L = 104, Ct = 0.4, and C2 = O. The numbers on the CUI"': es are the 

values of 0'2_ 

Fig. 5. Isosteric (1) and allosteric (2) activation of the :-eaction 

rate by the product. Curve 1 was plotted with the aid of Eq. (24) 

with n = 4, a = 0, L = 100, c, = I, C2 = 10-', c> = 0, and <7, = 4and 

curve 2 was plotted with the aid of Eq. (16) "ith the allosteric func­

tion L = L,[(l +ca"2) (1 + "2)]m for m = n = 4, a = 0, r.., = 100,c, =1, 

Ca = 10-4, and '" = 4. 

Let us nmv consider Eq. (9) in another special case, viz., when the iso Clerization of the substrate-site 

ccmplaxes is irreversible. In this case, we have 'X = 0, and Eq. (9) becomes 

,\'ith the aid of the replacement of the variable and of the parameters 

:?:is variant of Eq, (9) reduces to Eq. (16): 

I.!.. a~ ..:... :I 

I +c~a! ~::r.= 

L=L ; ;..!..c~a~+Ca.a.)n 
1+ a~ + a 

(24) 

(25) 

(26) 

Therefore, Eq. (24) can describe the same types of plots of J]I(T :) 3..5 Eq. (16). 7nerefore , relationships of 

types {1:3) and (21) can now be described for the parameters it, C!. :.Ind 1: Lrt E.;. ;_ 26) in order to determine the 

conditions for the existence, respectively, of substrate activation 3.nd of substr:lte inhibition in the model de­

; cribed by Eq, (24), However, our attention should be turned to the dependence of the parameters ii, (;" and I. 

on the "frozen" concentrations 0'2 and a . Because of this depend'!1ce of the shape of the kinetic plots of V(O'I) , 

Eqs. (24) can be altered by varying the values of "2 and c> . For e,'<ample, in the case of CI ~ 0 and 

n ;> 2, a =0, C:! < '1 < _"_-_1_ . L> --..:.--
n (\ -I- I)"t 

(27) 

the plot of v("I) is sigmoidal when "2 = 0, has a maximum when 

(28) 

and does not have extrema or segments with positive curvature when 0 < "2 < ",* (Fig, 4). Similar changes 

in the shape of the curve can be caused by changing the concentr:ltion of the isosteric substrate analog or by 

varying the concentration of a fiXed substrate in a multisubstrate reaction. 

From Fig, 4 it is s een that when the product concentrotion <T, is increas ed, the reaction rate defined by 

Eq, (24) increases sharply. Such product activation [13], which is purely isosteric, is a special case of the 

\\"a11 known isosteric activation of oligomeric enzymes by substrote analogs [141. 
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Fig. 6. Different sensitivities of the rate of 
the forwaro reaction v + (a), the reverse re­
actiOD v _, and the rate v = v + - v_of the over­
all reaction (c) to the changes in the values of 
L (the numbers on the curves) with various COD­
centratioD> of the activator product u,. The rates 
v +, v_, and v were plotted with the aid of Eqs. 
(31)-(33) "ith n = 6, >< = 0.1, a = 0.01, c, = 1, 
c, = 10-' ,and u= 5 (a), 0 (b), and 5 (c). 

The conditions for i sosteric activation of the reaction rate by small concentrations of the product can be 
determined from the inequality 

(29) 

In the case of a = 0 and u,« 1, this inequality leads to the condition 

o < n -1 L I n ;;. ". c, - -, > _-:'-_-
n n-I-c,n 

(30) 

When conditions (30) are fulfilled , the product has a greater affinity for the active R conformation tha." 
for the T conformation. Since the conformational changes of the protomers have a concerted character, the 
addition of 5, to some of the active sites of the oligomer hold the remaining unoccupied active s ites in the R 
conformation. This results in the progressive displacement of the R -= T equilibrium to the left and the si­
multaneous filling of the actiye sites not occqied by the substrate. The former process causes an increase 
in the reaction rate, and the :atter process causes competitive inhibition of the activit-j of the enzyme. Just 
these two processes account for the biphasic nature of the dependence of the reaction rate v on the concentra­
tion of the product. Figure 5 presents two plots of v (CT,) , which wer e constructed v.ith the aid of Eq. (24) lIith 
01. < 0 for the cases of isosteric and allosteric activation by the product. As we see from the figure, t.'>e reac­
tion rate in the case of isosteric activation: eyen at the optimum concentration of the product, is only a smal: 
fraction of the maximum rate. Conversely, LTl the case of allosteric activation, the enzyme can be activated 
almost completely. Moreover, i sosteric actiYation is described by a curve with a maximum, and purely allo­
steric activation is described by a curve with saturation. Precisely the same differences exist between the 
iso- and allosteric activation of the enzyme by the modiffer A. 

Finally, let us consider the original modeJ (9), which for the further discussion is conveniently repre­
sented in the form of the difference between the rates of the forwaro and reverse reactions: 

v=v ... - v-, (31) 
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where 
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Fig. 7. Unidirectional effect of an isostetic modifier (a) 
on the rates of the forward (a) and reverse (b) reactions. 
The families v+(O"" a) and v_("" a) were plotted with the 
aid of Eqs. (32)-(33) with n = 4, '" = 0.2, Ca = 0, c, = I, 
c, = 10-4, a = 0.5, L = 5 '10', and ", = 0 (a) and '" = 0 (b). 
The numbers on the curves are the values of a. 

The rate v can be e ither positive (when '" > ""',) or negative (when '" < ""',). 

(32) 

(33) 

The equation for the rate of the forward r eaction (32) coincides with Eq. (24), which we have already 
conside r ed. Hence it follows that the forward reaction may be isostetically activated by s mall concentrations 
of the product and is always competitively inhibited by large concentrations of the product. It is c lear that the 
e"istence of the product-activation effect in the present case depends on the value of the parameter >t. From 
inequality (29), which is applicable to model (9), we can obtain the following conditions for the existence of 
isos te tic product activation with small values of 0"1 and 0'2, a = 0, and a = 0: 

n > 2 ...!..x. c,,<n - I-y., 
~ rI-:-Y. 

(34) 

if we s et x = 0 in Eq. (34), the system will define the conditions for the substrate activation of reaction (1) 
when it proceeds in the reverse direction, Le., the condition fo r :l .::: igmoidal dependence of the 11(0'2 ) curve 
\\"hen O" j = Ci = O. He nce we have the following s imple rule for re\"ersible reactions catalyzed by oligomeric 
enzymes : A substrate which activates its own consumption cm 3.ctivate its formation when the reaction is 
reversed . 

Figure 6 presents families of plots of v +("2 ' L), V _ ("" L). and v("" L), which were constructed with the 
a id of Eqs. (32), (39) , and (31). As we see from the figure. the product (",) in small concentrations activates 
both its 0 \\" formation (a) and its consumption (b). Large concentrations of the product inhibit the forward 
reaction. and when ", > ",/ ><, the rate changes Sign (Fig. 6e). 

Figure 6 clearly displays the different sensitivities of the rates of the forward and reverse conversions 
(1) to changes in the concentration of the allos t eric modifiers described by the function L. For example, the 
forward reaction is practically insensitive to changes in L o\"er :l broad range (Fig. 6a). if the concentration 
of the product 0'2 is small. However, '\Then the c oncentration of the product is increased (0"2 - 10), i.e., in the 
phase of product activation, the forward reaction becomes ve ry sensitive to changes in L. At the same time, 
the reverse r eaction is sensitive to changes in L at small values of ", and weakly. dependent on L at large val­
ues of '" (Fig. 6b). Thus, with fixed ratios between the paramet er s and the concentrations '" and '" changes in 
the concentrations of the allosteric modifiers can have an asymmetric, practically unidirectional effect on the 
rates of the forward and reverse reactions. 

Isosteric modifiers can also have a unidirectional effect on r eaction (1). Figure 7 s hows plots of the 
depende".ce of the rates of the forward and r ever se reactions in (1) on the concentrations of the substrates for 
various values of the concentration of an isosteric mooifier (Q:) . As we see from the figure, the rate 11+ olthe 
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Fig. 8. Asymmetric effect of an allosteric modifier on the rates of 
the forward (a) and reverse (b) reactions. The families of plots of 
v +(0"1> L) and v_(O"z, L) were constructed with the aid of Eqs. (32)­
(33) for"'; 0, n ; 4, >< = 0.2, c = I, C2 = 10-', a = 0.1, and 0"2 = 0 
(a) and 0", = 0 (b). The numbers on the curves are the values of L. 

Fig. 9. Cccurrence of reversible reaction (1) in the thermodynam­
ically unfavorable direction. The family of plcts of v(O"" 0"2) was con­
structed "ith the aid of Eq. (31) for"'; 0, n = 10, ><; 0.5, a; 0, c, = 
20, C2 = 0, and L = 1.5'10-8• The numbers on the curves are the 
values of 0"2' 

forward reaction is practically insensitive to changes in the concentration of the modifier O!, while the rate v_ 
of the reverse reaction is strongly inhibited by a. Tnis feature of the behavior of reaction (1) is due to the 
fact that the R conformation is more active in the catalysis of the forward reaction, and the T conformation is 
more active in the catalysis of the reverse reaction. in fact, the valid relationships are 

(35) 

which, because of the independence of C1 and C1' can yield the inequalities 

(36) 

In the case under consideration (Fig. 7), the modifier A shifts the R = T equilibri=, in the direction of R; 
therefore, an increase in the concentration of the modifier has an inhibiting effect on the reverse reaction, 
and the rate of the forward reaction can be acth-ated by it or be insensitive to it. 

The difference between the catalytiC efficiencies of the Rand T conformations in the forv;ard and re­
verse directions makes it pas sible to selectivel)" regulate the rates of the forward and reverse reactions both 
by isosteric and by allosteric modifiers. Figure 8 presents two families of plots of v +(0"')0-, =0 and "-(0"')0"1 =0' 

which were constructed "ith the aid of Eqs. (32) and (33) with different values of the allosteric function L. 
From this figure it is seen that at the small values of L at which the enzyme is mainly in the R conformation, 
the forward reaction is predominant. However, an increase in the concentration of the allosteric regulators 
inhibits the forward reaction and activates the reverse reaction. At large values of L the reverse reaction 
is predominant. 

The asymmetric effect of regulatory metabolites on the rates of the forward and reverse reactions can 
be utilized in cellular metabolism for tbe suppression of the thermodynamically favorable conversions and the 
activation of the thermodynamically unfavorable conversions that are useful to the cell. An analysis of Eq. (9) 
reveals that such selective regulation of a reversible reaction can be realized by different methods. viz., iso­
steric inhibition of one of the reactions by the modifier A (Fig. 7), allosteric regulation by the modifier A 
(Fig. 8), and isosteric or allosteric regulation of the R = T equilibrium by the substrates and products of the 
reaction being regulated. 

The last method is illustrated in Fig. 9. which presents a family of plots of V(O",), which were calculated 
v.ith the aid of Eq. (9) for various concentrations of the product. In this model example we have considered a 
decameric enzyme (n = 10), which catalyzes a readily reversible reaction(>< = 0.5). The T conformation of 
this enzyme is inactive (a = 0), but it has a Significantly greater affinity toward the SUbstrate S, than does the 
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R conformation (CI == 20). At the same time, in the T conformation the enzyme scarcely finds the product S2 
i.C,! == 0) . Because o[ these special feature s . the thermodyna::1ically favo rnble (.A,. < 1) fOI"\\--ard reaction is so 
strongly inhlbiteJ by the substrate that when 0"2 = 0 and at > 1, the fOI"\vard conversion S1 - 82 scarcely pro­
ceeds owing to the fact that the enzyme is "locked" in the inacti':,:e T conformation. Since S .. , the substrate of 
the reverse reaction I binds only to the active R conformation, as its concentmtion is incre~sed, the conver­
sion S, - 5, proceeds freely. 

DISCUSSION 

As we see from the analysis made, the model described by Eq. (9) is characterized by a great variety of 
kinetic properties. The original model of Monod, Wyman, and Changeux [11 acCOWlts for the substrate activa­
tion and substrate !nh!bition of the reaction rate, as well as the appearance of an intenned!ate plateau and two 
extrema on the kinetic curves. When the isosteric interactions in the active sites of the enzyme are taken in­
to account, Eq. (24) describes the activating effect of substrate analogs and, in particular, of the reaction 
product, whos e regulator} role becomes understood when open-<ohain enzyme systems are considered. 

The phenomenon of the activation of the rate of an enzymatic reaction by the products, substrate ana­
logs , or other modifiers is encountered fairly frequently in enzyme kinetics. If the modifier A is not a partic­
ipant in the reaction, we can easily detennine the type of activation; in the case of isosteric activation, the 
dependence of the rate of the reaction on the concentration of the modifier A has the form of a curve with a 
maximum, and in the case of allosteric activation, it is a curve ,\-1tb. saturation. If the modifier A is a partic­
ipant in the reaction, the dependence v([AJ) can have a maximum in the case of both allosteric and isosteric 
interactions of A with E( R, T). The analytical conditions elucidated in the present study or tbe existence of 
the effects of the activation and Inhibition of the reaction rate by substrates, products, and their analogs can 
be utilized to evaluate the initial values and limits of the variation of the parameters of the model for a quan­
titative de SCription of experimental data by optimization techulques. 

The most interesting features of model (9) of reversible reaction (1) are the selective unidirectional ef­
fect of iso- and allosteric r egulators on the rates of the forward and reverse reactions and the ability of an 
oligomer to preferentially catalyze reaction (1) in the thermodynamically unfavorable direction. At once we 
note that Eq . (9) '.vas derived with the observance of the principle of detailed balance; therefore, both the se­
lective influence of modifiers and the catalysis of the thermodynamically unfavorable direction of the reaction 
are in complete agreement with the laws of chemical thermodyn:l.Illics. Like any classical catalyst, the oli­
gomer E(R, T) does not alter the position of the equllibrium of reaction (1) as a result of the R = T transi­
tions ; however, these transitions can sharply alter the rate at weJch equilibrium is achieved. It is the modu­
lation of the rate of attaining equilibrium which accounts for the unidirectional effect of modIfiers and the 
"antithermodynamic" behavior of the enzyme E(R, T). 

The unidirectional effect of Iso- and allosteric modifiers on the for ward and reverse directions of a re­
ver sible biochemical convers ion was first described by Le John et aI. [16-221 in the case of NAD-dependent 
glutamate dehydrogenase (E .C .1.4.1.2) from ThiobaciIlus novellus :l."ld Blastocladiella emersonil. This result 
was subsequently confirmed by Sanner [23, 241, as well as by Hooper et al [251 in the case of NADP-depen­
dent glutamate dehydrogenase (E.C .1.4.1.3) from Tetrahymena. The reversible reaction between a-ketoglu­
tarate and glutamate, which is catalyzed by these enzymes, connects two metabolic pathways , viz., a blosyn­
thetic pathway , whose substrate is glutamate, and the tricarho,:ylic acid cycle, In which "'-ketoglutarate Is a 
participant. The role of the modifiers in this case is to switch the activity of the glutamate dehydrogenase 
reaction from the biosynthetic pathway to the catabolic pathway and ,ice versa, dependent on the state of the 
metabolism. In fact, citrate, isocitrate, and other intennediates of the Krebs cycle inhibit the rate of the ox­
idative deaminatlon of glutamate without influencing the rate of the reductive amination [16-221, as illustrated 
in Fig. 7. As a result of such regulation, the divers ion of intermediates of the Krebs cycle to biosynthesis 
is possible. 

The allosteric modifler AMP, which is an indicator of the energy state of the metabolism, activates the 
deamination of glutamate and inhibits the aminatlon of "'-ketoglutarate in Thiobacillus [161, I.e., it switches 
the metabolism from biosynthesis, which consumes ATP, to the production of ATP. A mechanism for such 
alternative regulation is shown in Fig. 8. 

The ability predicted by Eq. (9) of oligomeriC enzymes to catalyze readily reversible reactions pre­
dominantly In one direction, which is sometimes opposite to the f:tvorable direction from the thennodynamlc 
point of view, is closely related to the Wlldlrectional effect of modifiers. Perhaps the most striking evidence 
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ill support of this possibility is the existence in the cell of various enzymes which selectively catalyze the 
reverse reactions of reversible conversions. For e.xample, the biosynthesis of Pseudomonas fluorescens 
ornithine carbamoyltransferase (E.C. 2.1.3.3), which has a molecular weight of 100,000 and four protomers 
[26], catalyzes the thermodynamically unfayorable synthesis of citrulline from ornithine and carbamyl 
phosphate: 

Ornithine + carbamyl phosphate ""citrulline + H3P04• (37) 

A catabolic ornithine carbamoyltransferase, which is a considerably heavier protein with a molecular weight 
of 420,000 and eight identical protomers and catalyzes reaction (37) in the reverse direction, is synthesized 
in the same cells [26-29]. 

Two types of formate kinase (E.C.2.7.2.6) are synthesized in Clostridium cylindrosporum cells [30]. 
QJ.e of them (the anabolic enzyme) preferentially catalyzes the synthesis of formyl phosphate, which is the 
thermodynamically less favorable direction of the conversion 

Formate + ATP ""formyl phosphate + ADP. (38) 

The other (the catabolic) formate kinase catalyzes only the thermodynamically favorable phosphorylation of 
ADP at the expense of formyl phosphate. Besides those cited there is a whole series of enzymes which are 
capable of selectively catalyzing one of the directions of reversible biochemical reaction, depending on the 
metabolic state of the cells [31]. 

Thus, the model described by Eq. (9) of reversible reaction (I) makes it possible to account for a num­
ber of important properties of key biochemical conversions. All these properties, Le., the different forms 
of the nonhyperbolic dependence of the rate 011 the concentrations of the reactants and the modifiers, the uni­
directional action of the modifiers, and the selecthre catalysis of one of the directions of a reversible reac­
tion, are possible in this model only when n ~ ~ and L ~ 0, 1/L;:t D. i~e., are associated ,\ith the oligomeric 
nature and conformational mobility of the structure of the enzyme, being more strongly manifested the great­
er is the molecular weight of the oligomer and the stronger is the cooperative nature of the R ~ T transitions. 
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