1506

CHINESE JOURNAL OF CHEMISTRY 2002, 20, 1506—1513

Study on the M@del for Regulation of the Allosteric Enzyme

Activity

LI, Qian-Zhong" (& &)

LUO, Liao-Fu(F %)

ZHANG, Li-Rong( % fl4)

Laboratory of Theoretical Physics and Biology , Department of Physics, College of Sciences and Technology ,
Inner Mongolia University, Hohhot , Inner Mongolia Autonomous Region 010021 , China

The effects of activator molecule and repressive molecule on
binding process between allosteric enzyme and substrate are
discussed by considering the heterotropic effect of the regulating
molecule that binds to allosteric enzyme, A model of allosteric
enzyme with heterotropic effect is presented. The cooperativity
and anticooperativity in the regulation process are studied.
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Introduction

The kinetic feature of ligand interactions with macro-
molecule plays a significant role in biological regula-
tion. !> Multisubunit proteins such as human hemoglobin
frequently exhibit cooperativity,>® which arises from a
coupling between the effects of ligand binding at the indi-
vidual subunits and the interactions between subunits of
the assembled quaternary structure.

One of the simplest and most popular models for al-
losteric proteins is the two-state ( concerted ) model
(MWC model) .”*® This model has been widely used as a
first-order approximation to the behavior of hemoglobins
and other allosteric proteins. Afterwards, some general
allosteric enzyme models have been extensively developed
by Koshland,® Hammes'® and Ackers et al.® However,
more complex parameters and conformational forms than
those given in MWC model are involved in these general
models of allosteric enzyme. So they are not so popular as
MWC model. "' However, people attempt to find the
simplest scheme that will accommodate all observations.

* FE-mail: qzli@mail.imu.edu.cn; Fax: + 86-471-4951761

Data on allosteric proteins are still often interpreted using
the MWC model, because of only a few parameters in-
volved in it. One of the obvious limitations for MWC
model is its inability to accommodate anticooperativity. In
MWC model, a ligand always pulls the conformational
equilibrium to the form which is preferentially binded by
it, resulting in the enhancement of further binding of the
same ligand. However apparent anticooperativity has been
observed in some ligand bindings.!*'” Anticooperativity
means that the first binding of a ligand would induce a
conformational change which weakens the next binding.
Therefore, the MWC theory has been extended to a more
18,19 in which the binding affinity of a spe-
cific ligand depending on the conformational state of the
allosteric protein and the occupancy of neighboring sites
has been considered. It has been theoretically proved that
MWC model is a special case of our theory. The extensive
theory can explain not only the cooperativity, but also the
anticooperativty in the regulation of allosteric protein. In
this paper, by considering the heterotropic effect of the
regulating molecule that binds to allosteric enzyme, the
effects of activator molecule and repressive molecule on
binding process between allosteric enzyme and substrate
are discussed, and the cooperativity and anticooperativity
in the regulation of allosteric enzyme are studied.

general theory,

Model and theory

A protein composed of n protomers is considered.
Each protomer contains two receptor sites (an active site
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and an allosteric site), and can exist in either of two re-
versibly equilibrating conformational states. These states
are denoted by R (relaxed state) and T (taut state)
forms. The activator molecules bind to conformational
state R preferably, whereas repressive molecules bind to
conformational state T preferably.

The conformational transformation of the allosteric
protein and the equilibrium constants can be written as

Ro,0= To,0 (1)
L = To,o/Ro,o

Here the first subscript O of R and T indicates that the
active sites of allosteric protein have not been occupied by
substrate molecules; the second subscript O of R and T
indicates that the allosteric sites of protein have not been
occupied by activator molecule or repressive molecule.

The binding equilibria between the allosteric protein
and activator molecule, repressive molecule as well as
substrate molecules can be written as

R j+A=—R, ;, (2)
R ;+S=R,,, (3)
T+ 1=T, 4)
T;j+ ST, (5)

(i9j=1’ 2, 3a'"n)

Here A denotes activator molecule, I denotes repressive
molecule, and S denotes substrate molecule. The R; ;.in-
dicates the relaxed state bound by i substrate molecules
and j activator molecules; the T; ; indicates taut state
bound by i substrate molecules and j repressive
molecule. R; ; and T; ; are defined by a set of all micro-
scopic species of the R conformation and T conformation
respectively. They have bound ¢ substrate molecules and
J regulative molecules (activator molecules or repressive
molecule) . From Eq. (2) to Eq. (4), the relations be-
tween macroscopic dissociation constants K and micro-
scopic constants & for four kinds of reactions mentioned

above can be deduced
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R, . )(A) Q,;_
(Ti,j—.)(l) Qn,j-
Kpp,j= (T:j) = Q,,,jlkm’j
Koo - = (Ri-1,))(S) _Qn,i—lk ©
TR T O, R
Ko = (Ti-1,)(8)  Qui-yy
I8, (Ti,j) O IS
Here Q,,,; = n!/[(n-j)!j!]. We easily obtain
(R.) = (Ri_1,)(8)  (Rip;)(8)? o
907 (Kgsi,j))  Kgsi,Kesicr,j
- (Rp ) (S)*
1y - Tad(S) | TSP
YT (Kpsi,;)) T Kpsi Krsic,y
_ (To )(8)!
(7
(T..) = (1;;_ 0D _ (T;,;0)(1)? o
W7 (Kmyy) Koy, Krgijo1
_ (Ti,O)(I)j
IIKﬂi,m
V(R‘ Yy = (Ri,;1)(4)  (Ry;p)(A)?
0T (Kpaij) - Kpai Keaijo
_ (I\"i,o)(A)j

Because the binding between a ligand and an al-
losteric protein will generally affect the binding affinity
between other ligand and allosteric protein, the micro-
scopic dissociation constants in binding process of al-
losteric protein and ligands are different from one another.
The binding affinity of a specific ligand generally depends
not only on the conformational state of the allosteric pro-
tein, but also on the occupancy of other sites. For exam-
ple, the experimental values of the microscopic dissocia-



1508

Allosteric enzyme activity

LI, LUO & ZHANG

tion constants (k;) for human hemoglobin obtained at 25
%C in solution buffered to pH 7.4 in the presence and ab-
sence of NaCl (0.1 mol/L) show the progressive decrease
in as oxygenation proceeds.” The kgy,; (kry ;) is as-
sumed varying from fikgs (g1kyy) as j =1 to kgy (kpy)
as j—>o , and kgg; o krg,0) varying from fligs( ghrs) as
j=1 to kRS(kTS) 83]"’” ’ namely

Frai, = Fikmas brio = £177 ba s brai 3

13" l/n
=fi kpas s krain =St kma
12"
krii= g1k kma= g1 ks kmis
13" va"
= 81 k.n"‘"km,n=8'1 kg

(8)
krsi,0 = frs» krs2,0= £ ks, krs3,0
=fm kRs,"”kRsu,o-'-fV" kgs

12"
krsio= gkrss ksz0o=8 ks, krss,o

= g1/3 krs, s krsp0= gl/" krs

Here f and g are constants that give a measure of how the
binding affinity of active site depends on the occupancy
number of active site. f; and g, are constants which give
a measure of how the binding affinity of allosteric site de-
pends on the occupancy number of allosteric site. The m
is a positive integer (m =1, 2, 3 etc.). From Eq. (6)
to Eq. (8), the analytic expression may be obtained as:

E(R.,,) = (Roo){l +fc [(1 +£]£})n - 1]}
{1+f%m[(1+%)n—1]}
(9)
IZT;(T;',,') = (To,o){l (1 + kn) - 1]}

{1+ﬁ[(1+ kns) —1]}

Here C,, = x*™2?"-1B_/(2m)!, B, is constant ( B, =
1/6, B, =1/30, B3=1/42); C, is also constant.

By using the binomial expansion relations

[1 +%2]"-=-1 + Z; ﬁm[%}]

and

"(“%2) ( F) E(n-—z)' '[u]

(Here (F)=(A), (I), (S), etc.), the following re-
lations may be further gotten

SViRs,)

i,j=0

= 35 (R.)

= {1 +flc (1 m)" - ll}iim,-,o)

_(1;3:) (1+% )“5—2[1- flm'
(1+%})"] (10)

ST,

i,j=0.

P

={1+ c[( k)"I]} i(T;0)
(Too)( 8))\* lﬁ_z

kTS krs
ke @ w

By using of Eq. (9) to Eq. (11), the equilibrium frac-
tional saturation 6, with respect to substrate S may be de-
rived to Eq. (12).

It is convenient to express the concentration as di-

mensionless parameters: f = % % and a =
RA

k
%Ig;sz’ where kTs=TRS, %:w. Eq. (12) can be

rewritten as Eq. (13).
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f(A)

jiL[Hﬁﬁl]"' +g(DL ﬁ%[n%}"'

0, =

Here

L= (To0)/(Ro,0), f(A)-l—f% fllcm(“iﬂ

and

g(D=1-—+-1- (1+ﬁkﬁ)
gl"‘ gl T

0=

f(A)[l—— o [1+%SZ]] +g(1)L[1-;lc:+i(1+§§2)'f]

;

(12)

krs

f()’)f%(l +a)" '+ g(B)L %(1 +og)"!

Here
11

1
+
A% fi%

f(r)=1- Q+7)", g(B=1-—%
gl

Eq. (13) is an important result in present work, which
depends on ¢, L, @, 8, 7 (the five parameters as in

MWC model), f and g (just as in our previous work),
fiand g;.

Results and discussion

The curves of 0, versus a and the parameter R,
shall be calculated by use of Eq. (13) under different
conditions. Then the cooperativity ( anticooperativity) and
the effects of activator molecule and repressive molecule

2%a(1+a)™!

f(‘y)[l—f% }'c_' (1+a)" ]+g(ﬂ)L[l-—C

+ fool'ca (1 + ca)™~!

(13)
j;—;(l+ca)"]

(1+/3)"

on binding process between allosteric enzyme and sub-
strate will be discussed. Here R, is defined as®
R, = (the ligand concentration of 90% saturation)/
(the ligand concentration of 10% saturation)

=g£ﬁ2L, Eq. (13) is converted into Eq. (14).

Let L' 1763)

No activator agent and repressor agent

If (4)=(I)=0, that is B=7=0,then L' =L,
Eq. (14) is converted into Eq. (15).

(1+L')(fg)m+gm[(l+a)"—1]+Lfcm[(l+oa)"—1] (14)

=T D)o + gL (14 a)" 1]+ Ll (14 oa)" = 1] (15)

gia(1+a)* '+ fColoa(1+ ca)™~!
Case (1): If f= g =1, Eq. (15) is converted in-
to
P _a(l+a)" '+ Lea(1+ ca)""! (16)

Q+a)"+L(A + ca)™

This is just the result of well-known MWC model.”"'® All
the observations which have been interpreted by MWC
model on allosteric proteins can be explained in the gen-

eral model.
Case (2): If L>0, Eq. (15) is converted into

_ a(1+a)"!
R AT CPYS Ty (17)

For the sake of simplicity, n =4, m =2 are arbi-
trarily assumed (for m >2, the same results may be ob-
tained) . The corresponding values of R, under different
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parameter choices are calculated (see first line of Table
1). The results show that: when f <1, one has R, >
81, and the behavior of anticooperation is manifested;
when f =1, one has R, = 81, and the curve is of
Michaelis-Menten type (no cooperativity); when f> 1,
one has R, <81, and the sigmoidal feature of curve indi-
cates the cooperativity.

Case (3): When ¢ =1, the corresponding values of
R, are calculated by Eq. (15) (see second line of Table
1). The results show that: if f, g <1, one has R, >
81, and the behavior of anticooperation is manifested. if
f=g =1, one has R, = 81, and the curve is of
Michaelis-Menten type (no cooperativity) . if f, g > 1,
one has R, <81, and the sigmoidal feature of curve indi-
cates the cooperativity.

Case (4): K L=1000, f=g=100o0r f=g =
0.1, the values of R, are calculated by Eq. (15) (see
third line of Table 1) . The results show that: when f= g
=100, one has R, decreasing and cooperativity increas-
ing as ¢ decreases; when f= g =0.1, one has R, and
anticooperativity increasing as ¢ increases.

Case (5): If ¢ =0, Eq. (15) is converted into

a(l+q)"-!
L)+[(1+a)*-1]

0s=fcm(1+ (18)

The values of R, are calculated by Eq. (18) (see fourth
line of Table 1). The results show that: when f =100,
one has R, decreasing and cooperativity increasing as L
increases; when f=0.01, one has R, and anticoopera-
tivity increasing as L decreases.

Summary

1. In MWC model there are only three parameters,
L, ¢ and a. This is just the f= g = 1 limit of our gen-
eralized model. In this case, no cooperativity occurs as
¢ =1 or L =0. The cooperativity takes place when ¢ de-
creases and L increases. But no anticooperativity occurs
for all parameter choices.

2. From cases (2) and (3), it can be found that
both the cooperativity and anticooperativty occur at L =0
or ¢ =1. It means that the cooperativity does not require
two states R and T definitely as in MWC model.

3. By inspection of cases (2) to (5), it can be
easily found that the cooperativity occurs at f and g larg-
er than 1 and the anticooperativity occurs at f and g
smaller than 1. The former means the first binding of lig-
and favourable to the follow-up binding, while the latter
means the first binding of ligand harmful to the follow-up
binding. From cases (4) and (5), it can be found that
the parameters ¢ and L do influence the cooperativity
(anticooperativity) . But the determinating factor of coop-
erativity and anticooperativity is the value of f and g.

4. L=0 and ¢ =0 are special cases in which the
parameter g disappears and only parameter f appears in
the equilibrium fractional saturation. This is what expect-
ed since the two states model has degenerated to one state
essentially.

Activator agent and repressor agent existing

So far the effect of parameters L, f, g and ¢ on the

Table 1 Calculation of parameter R, under different parameter choices (n =4, m=2)
L=0 L=1000, c=1 L =1000 ¢c=0
f R, f g R, f=e c R, f L R,
0.1 692 0.1 0.01 8173 0.1 0 24 100 1 6
1 81 0.01 0.1 692 0.1 1 8173 100 10 5
10 19 1 1 81 100 0 3 100 100 4
100 7 100 10 19 100 0.1 4 100 1000 3
1000 10 19 100 1 7 0.01 1 4495
10 100 7 0.01 10 749
10 1000 5 0.01 100 113
0.01 1000 24
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cooperativity and the anticooperativity have been dis-
cussed. In the next part, the effect of the activator agent
and repressor agent on the curves of §,—a will be mainly
discussed. The influence of f; and g; on R, under fixed
S =g =1 will be discussed at first. For the sake of sim-
plicity, L=1000, n =4, and m =2 are also assumed.

(a) ffi=g1=1 and ¢ =0, the values of R, un-
der different parameter choices are calculated by use of
Eq. (14) and shown in Table 2.

Table 2 Values of R, changing with 8 and 7 for fij= g, =1 and

c=0
B 3 1 0 0 0
4 0 0 0 5 100
R, 3.3 3.7 4.9 53.6 76.3

The results show that: as growing of the concentra-
tion of repressor agent 3, the value of R, decreases and
the cooperativity increases; as growing of the concentra-
tion of active agent 7, the value of R, increases and the
cooperativity decreases. No anticooperativity occurs in
this case.

(b) If repressor agent exists only, ¥ =0, the equi-
librium fractional saturation @, does not depend on param-
eter fi. When ¢ =0, the binding ability of T conforma-
tion on substrate is far inferior to the R conformation.
The values of R, depending on the concentration of re-
pressor agent 8 and parameter g are calculated by use of
Eq. (14) and shown in Table 3.

Thble 3 Values of R, changing with 8 and g; for Y =0.and ¢ =0

8 0 - 2.5 5 1 2
& - 10 10 0.1 0.1
R, | 4.9 3.8 3.4 3.3 3.2

The results show that: as growing of the concentra-
tion of repressor agent 3, the value of R, decreases and
the cooperativity increases; as growing of parameter g,
the value of R, increases and the cooperativity decreases.

(¢) If activator agent exists only, =0, the equi-
librium fractional saturation 6, does not depend on param-
eter g1. When ¢ =0.1, the binding ability of T confor-
mation on substrate is inferior to the R conformation. The
values of R, depending on the concentration of activator
agent and parameter f; are calculated by use of Eq. (14)
and shown in Table 4.

Chinese Journal of Chemistry 1511
Table 4 Values of R, changing with 7 and £ for =0 and ¢ =
0.1
Y 10 5 10 5 0
h 0.1 =+ 0.1 10 10 10
R, 79.0 76.3 54.5 4.2 23.6

The resulis show that: as growing of the concentra-
tion of activator agent ¥, the value of R, increases and
the cooperativity decreases; as growing of parameter f,
the value of R, decreases and the cooperativity increases.

Next the influence of f and g on R, is discussed
under fixed f; = gy = 1. For the sake of simplicity, L =
1, n=4 and m =2 are also assumed. According to the
definition of R, the curves of R, versus the repressor a-
gent concentration 3 and the activator agent concentration
Y can be calculated.

(a) For fixed 7, if f> g > 1, as growing of repres-
sor concentration 3, the value of R, increases and the co-
operativity decreases; if g > f> 1, as growing of repres-
sor concentration 3, the value of R, decreases and the
cooperativity increases. The results are shown in Fig. 1
(for y=5). If g<f<1, as growing of repressor con-
centration 3, the value of R, decreases and the anticoop-
erativity decreases; if f< g <1, as growing of repressor
concentration 3, the value of R, increases and the anti-
cooperativity increases. The results are shown in Fig. 2
(for y=5).

30

f=10 g=5

25k
& 20F

15

f=10 g=20

10'...|...1...1...|...
0 2 4 6 8 10

Repressor concentration ()

Fig. 1 Curves of R, with repressor concentration for different
fand g.

(b) For fixed B, if f> g > 1, as growing of activa-
tor concentration ¥, the value of R, decreases and the
cooperativity increases; if g > f> 1, as growing of acti-
vator concentration 7, the value of R, increases and the
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cooperativity decreases. The results are shown in Fig. 3
(for =5). K1> f> g, as growing of activator con-
centration 3, the value of Ry increases and the anticoop-
erativity increases; if 1 > g > f, as growing of activator
concentration 3, the value of R, decreases and the anti-
cooperativity decreases. The results are shown in Fig. 4

(for B=5). ‘

14
12F
. =0.05g=0.1
1.0F =01 g=005
o 08F
X =
o 0.6:—
04
: f=02 g=0.1
02
0.0:Illllllill‘lllllllll
0 2 4 6 8 10

Repressor concentration ()

Fig. 2 Curves of R, with repressor concentration for different

fand g.
301
" /=5 g=10
25|
o 20F
15
F =20 g=10
-,x||I||||1||I1||I|1|
100 2 4 6 8 10
Activator concentration ()

Fig. 3 Curves of R, with activator concentration for different f
and g.

Summary

1. In MWC model, there are only five parameters,
¢, L, a, B and 7 in the existence of activator agents
and repressor agents. This should be extreme case (f = g
=1, fi= g =1) of our generalized model. In this
case, no anticooperativity occurs for all parameter choic-
es.

2. The activator molecule and repressor molecules
play opposite roles in the regulation of enzyme activity.

3. The effect of parameters f and g on the coopera-
tivity and anticooperativity is larger than that of f; and g,
in regulation of allosteric enzyme by comparing calcula-
tions of R, under the different f(g) and f;(g,). Above
discussion shows that the new model provides more possi-
bilities for the studies of interaction between substrate
(activator, repressor) and allosteric enzyme.

1.4

1.2

TTTTTTTTT

1.0

0.8

0.6

R (X107

04F
02F

0.0:4.|l|||l|||lnnnluun
0 2 4 6 8 10

Activator concentration (y)

Fig. 4 Curves of R, with activator concentration for different f
and g.

Conclusion

The effects of activator agent molecule and repressor
molecule on binding process between allosteric enzyme
and substrate are discussed. The results show that the
proposed model can explain not only cooperativity but also
anticooperativity in the regulation of allosteric enzyme.
The theory provides more possibilities for the studies of
interaction between many ligands and allosteric proteins,
which are helpful to understand the variability in the reg-
ulations of allosteric enzyme activities.
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