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Abstract

The empirical equation, which describes negative cooperativity in the enzyme kinetics, has been proposed. The
equation is obtained from the Michaelis—Menten equation where the Michaelis constant is replaced by the effective
Michaelis constant, which is a linear function of the v/V,,, ratio (v is the rate of the enzymatic reaction and V. is
the limiting value of v at saturating concentrations of substrate). The equation allows the limiting values of the
Michaelis constant at v/V,,,, = 0and v/V,,,  — 1 tobe estimated, K, and K}, respectively. The K. /K|, ratio is
considered as a quantitative characteristic of negative cooperativity. The applicability of the equation has been
demonstrated for the kinetic data obtained for glutamate dehydrogenases from various sources (negative kinetic
cooperativity for coenzyme). The negative cooperativity for the functions of saturation of protein by ligand is also
analyzed. The data on binding of spin-labeled NAD, NADH, and NADPH by beef liver glutamate dehydrogenase are
used as examples. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Glutamate dehydrogenases catalyzing transfor-
mation of L-glutamate to 2-oxoglutarate or re-
verse reaction have been found in nearly every
organism and have a pivotal role in nitrogen and
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carbon metabolism [1]. Mammalian glutamate de-
hydrogenase (EC 1.4.1.3) uses NAD and NADP
as a coenzyme with comparable efficacy. The en-
zymatic properties and structure of glutamate de-
hydrogenase from beef liver mitochondria have
been studied in detail. The enzyme molecule con-
sists of six identical subunits with molecular mass
of 56000 Da each. One of the distinctive kinetic
characteristics of beef liver glutamate dehydroge-
nase is a non-hyperbolic character of the depen-
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dence of the enzymatic reaction rate on NAD
concentration: the dependence of the reciprocal
value of the enzymatic reaction rate on 1/[NAD]
is convex [2-8]. Analysis of such dependences
using the Hill equation gives the values Hill co-
efficient less than unity.

Recently, Peterson and Smith [9] determined
the atomic structure of bovine glutamate dehy-
drogenase in complex with NADH, glutamate,
and the allosteric inhibitor GTP to 2.8 A resolu-
tion. The molecule of glutamate dehydrogenase is
a dimer of trimers stacked on top of each other
with 32 symmetry. The antennae involving 23-re-
sidue helical segment and 25-residue random coil
segment protrude from the body of each subunit.
The antennae from each trimer are twisted coun-
terclockwise along the threefold axis. It is sug-
gested that the subunit interactions within the
antenna region play an important role in the
realization of the mechanism of allosteric regula-
tion [9]. Two sites for NADH binding have been
observed in each subunit: one NADH molecule is
bound in the active site and other NADH
molecule is bound in the allosteric site, the dis-
tance between the active and allosteric sites being
~20 A.

Banerjee et al. [10] showed that each subunit of
beef liver glutamate dehydrogenase contained two
NAD-binding sites with equal affinity to NAD.
However, in the presence of dicarboxylic acid
coligands (2-oxoglutarate or glutarate) the affinity
to one site (presumed to be the active site) is
considerably increased.

Bacterial glutamate dehydrogenases, for exam-
ple, dehydrogenase from Clostridium symbiosum
also show non-michaelian kinetics. The three-
dimensional structure of NAD*-linked glutamate
dehydrogenase from Clostridium symbiosum has
been solved to 1.96 A resolution [11]. The enzyme
molecule is a hexamer with 32 symmetry com-
posed from six identical subunits with molecular
mass of 48000 Da. Each subunit consists of two
domains separated by a deep cleft. NAD is bound
in an extended conformation with the nicoti-
namide moiety deep in the cleft between the two
domains.

The goal of the present paper is to analyze

negative cooperativity for mammalian and bacte-
rial glutamate dehydrogenases.

2. New empirical equation for description of
negative cooperativity

The deviations from the hyperbolic law for the
dependences of the enzymatic reaction rate on
the substrate concentration are of frequent oc-
currence in the enzyme kinetics [12]. They may be
connected with the complicated mechanism of
the enzymatic process (especially in the case of
multisubstrate enzyme reactions), non-equiv-
alency of the substrate-binding sites or interac-
tions between substrate-binding sites in the
molecule of oligomeric enzyme, the occurrence of
the enzymic forms (including oligomeric forms)
differing in their catalytic properties in the en-
zyme preparation ([13], pp. 32-54). In order to
interpret the deviations from the michaelian ki-
netics, experimenters, apart from the different
kinetic approaches, should use the physical and
physico—chemical methods providing the control
of conformational and oligomeric state of the
enzyme at different stages of the enzymatic
process. Experimenter has often great difficulty in
choosing between the mechanisms, which are pro-
posed for explanation of the kinetic anomalies
under observation. Therefore, the empirical equa-
tions designed for description of the dependence
of the enzymatic reaction rate (v) on the sub-
strate concentration (S) remain popular. These
equations are used for general characterization of
the shape of the dependence of v on [S].

2.1. Hill equation

One of the empirical equations applied for
description of anomalous enzyme kinetics is the
Hill equation:

h
bV ([S1/[8Slos) 1)

"1+ ([S1/1Slos)"’

where v is the steady-state rate of the enzymatic
reaction, [S] is the initial concentration of the
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substrate, V. is the limiting value of v at satu-
rating concentrations of the substrate (i.e. at [S]
— ), [S],5 is the ‘semisaturation’ concentration,
i.e. the substrate concentration at which v =
Viaax/2, and h is the Hill coefficient. The case
when 4 > 1 corresponds to the S-shaped depen-
dences of v on [S], whereas the case when 4 <1
corresponds to the dependences of v on [S] with
delayed approaching the limiting value of the
enzymatic reaction rate (V,,) with increasing
substrate concentration. Among three parameters
of the Hill equation (V,,,, [Sl,s, and A), only
parameter V. has clear physical meaning. An-
other two parameters are used for characteriza-
tion of the shape of the v vs. [S] curve: parameter
[Slys characterizes the position of the point at
which v="V_,,/2 on the abscissa axis, whereas
parameter / characterizes the slope of the straight
line in coordinates {Ig[v/(V,,. — v)]; 1g[S]}.

At h =1 the Hill equation is transformed into
the classic Michaelis—Menten equation:

[SI/K,,
v= Vmaxm ’ (2)
where K,, is the Michaelis constant.

In order to describe the deviations from the
hyperbolic law, the Michaelis constant may be
considered as an effective constant (K¢), which
is a function of the substrate concentration. A
comparison of Egs. (1) and (2) where K,, is
replaced by K¢ shows that the Hill equation
corresponds to the situation when K¢ is a power
function of the substrate concentration:

K7=KI[S]", 3)

where K and m are constants. The parameters of
Egs. (1) and (3) are connected by the following
relationships: [S],s ='""yK and & = (1 —m).
The chief disadvantage of the Hill equation is
that the equation does not allow the values of the
Michaelis constant at low and high substrate con-
centrations to be estimated. Actually, it is seen
from Eq. (3) that at [S] — 0 the K value
approaches zero and at [S] > « the K¢ value
tends to infinity. However, it is evident that the
finite values of K,, should exist at [S] — 0 and

[S] = . Thus, the Hill equation may be used
only for description of the central region of the
values of v/V, .. (i.e. the values of v/V,, near
0.5).

ax ax

2.2. New empirical equation

It is of special interest to go from the Hill
equation to equations, which would allow us to
make estimates of the limiting values of K,, at [S]
— 0 and [S] — o. Consider the situation when
the deviations from the michaelian kinetics are
due to interactions between substrate-binding
sites in the molecule of oligomeric enzyme and
are manifested as the case & <1. For such a
situation the effective Michaelis constant should
increase with increasing the v/V,,, ratio. As-
sume that K¢ and v/V, , are connected by a
linear relationship:

ax

K:ff =KO + (Klim _KO)(U/Vmax)’ (4)

where K, and K, are the values of K, at
V/Viax — 0and v/V, .. — 1, respectively. The
applicability of this relationship in certain cases
will be substantiated in the section ‘Analysis of
experimental data’.

If we accept the connection between K¢ and
v/V,ax given by Eq. (4), the dependence of v on
[S] will acquire the following form:

[S1/K5!
max 1+ [S]/K,iff

v [SI/{Ky + (Kjim — Ko)(0/Vinue)}
"L+ [SI/{K ) + (K = K0/ Vi )}
Q)

The equation may be transformed in such a
way that its right part contains only the substrate
concentration:

b Vmax{\/ (K, +[S)* + 4(K,,, — K,)IS]

_Ko - [S]}/Z(Klim _KO)
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V(1 +81/Ky)* + 4(a — DISI/K,

B —1—[S]/K,
= Vo 2(a—1)

V2 + 1 +a)IS]/ISlosy + 8(a? — DIS]/

max Ha—1)
(6)

where [S], s is the ‘semisaturation’ concentration:
[Slys = (K, +K,,,)/2; a refers to the K, /K,
ratio.

Eq. (5) may be written as a function of v /[S] of
v

v ¥

m

IS K

ax U V

—}
max U

T Ko+ (K —K )0/ V)’

max

D

If we use dimensionless magnitudes [S]/[S], s

and v/V,,,, the equation acquires the following
form:
v/V, A+ -v/V,,,)

[s]/[‘é“iii.s T2+ (a— 1)(U/I;::x)} ' ®)

Thus, the experimental data may be analyzed in
coordinates {v/[S]; v}. These coordinates are
equivalent to well-known Scatchard coordinates
which are applied for analysis of binding of lig-
ands by proteins: {r/[L]; r} (r is concentration of
bound ligand divided by the protein concentration
and [L] is equilibrium concentration of ligand).

When v — 0 the curve in coordinates {v/[S];
v} approaches a linear asymptote:

v V.

max

Klim
m = T() - K—Oz V. (9)
The intercept on the ordinate axis is V,,,/K,

and the slope of the asymptote is equal to
_Klim/Kg'

The linear asymptote at v — V. has the
following form:

v W 1
= e — 0. 10
ST~ Kim Ko " 1o

[Slos —2 — (1 + o)[S]1/[Slos

Intercept on the abscissa axis gives the V.
value and the slope of the asymptote is equal to
—1/K,,,- The value of v corresponding to the
intersection point of two asymptotes is equal to
Vo/ 1+ a).

Analysis of Eq. (5) in coordinates {v; v/[S]} is
given in Appendix A.

Fig. 1a shows the theoretical dependences of
the relative enzymatic rate v/V,,, on the dimen-
sionless substrate concentration [S]/[S],s calcu-
lated from Eq. (6) at various values of the K, /K|,
ratio (K., /K, = a). At a =1 the dependence of
U/Vyax o1 [S]/[S], s is evidently hyperbolic. At «
> 1 the deviations from the michaelian kinetics
are manifested in convex curves in reciprocal
coordinates (Fig. 1b) or concave curves in coordi-
nates {v/[S]; v} (Fig. 1¢c). Such curves correspond
to the situation when the affinity to substrate
decreases with the degree of saturation of sub-
strate-binding sites in the enzyme oligomer (nega-
tive cooperativity). Hill plots have linear asymp-
totes with the slope equal to unity at sufficiently
low and sufficiently high substrate concentrations;
the slope of the curve at [S]=[S],5 is less than
unity (Fig. 1d).

It should be noted that if the experimental data
allow the limiting value of v at [S] — » to be
estimated, the value of V,, obtained by such a
way may be directly used for calculation of the
values of the effective Michaelis constant:

Kt =[S](V,,./v— 1. (11)

The construction of the K¢ vs. v/V . plot
allows us to prove the assumption that the effec-
tive Michaelis constant linearly increases with
increasing the v/V,,, ratio.

ax

2.3. The order of the enzymatic reaction rate with
respect to substrate

If the dependence of v on [S] follows the
expression (6), the variation of the order of the
enzymatic reaction rate with respect to substrate
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Fig. 1. Theoretical dependences of the rate of the enzymatic reaction on the substrate concentration calculated from Eq. (6) at
various values of the K, /K, ratio (K;,/K,=a) in coordinates {v/V,,.; [S1/[Slys} (a), in reciprocal coordinates (b), in
coordinates {(v/V.¢)/(S1/[Sly5); v/Viax) (©), and Hill coordinates (d). Numbers near the curves refer to the values of a.

ng = dlgv/dlg[S] with increasing the v/V,,, ratio

is described by the equation:

1-v/V,

max

(Klim _KO)(U/Vmax)(l B U)/Vmax
K, + (K, —K)W/V,..)

max

ng =

1+

1-v/V
(OL - 1)(U/Vmax)(1 B U/Vmax) '
1+ (a—D/V,,,)

max

(12)

1+

It should be noted that, when describing the
kinetic anomalies by the Hill equation, negative
cooperativity is characterized by the values of the
Hill coefficient less than unity. When we use
empirical Eq. (5), the degree of deviations from

the hyperbolic law is characterized by the K;;,, /K|
ratio (K;,,/K, = a). It is of interest to compare
the values of the Hill coefficient with the « val-
ues for the dependences of v on [S] relating
to the case of negative cooperativity. Taking
into account that h = dlgl(v/V,,.)/(1 —
v/Vul/dlgSl =ng /(0 —v/V,,,.), we can get the
following relationship between the value of 4 at a
point of semisaturation (i.e. at v/V,,, = 0.5) and
the value of a: hys =21+ a)/(01 +3a).If a=1,
the &, value is equal to 1. As the value of «
increases, the value of h,s decreases (h,s —
2/3=0.667 at @« — ). Thus, the value of A5
for the dependence of v on [S] described by Eq.
(6) may not be less than 0.667.

The use of ng for linearization of Eq. (5) is
discussed in Appendix B.
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2.4. Functions of saturation of protein by ligand

When analyzing the deviations of the functions
of saturation of protein by ligand from the hyper-
bolic law, we can use the equations equivalent to
Egs. (5)-(7):

. [L]/Keff
x4 [L] /KT

=7 [L]/{KO + (Klim _KO)(r/rmax)}
L+ [L1AKy + (K = K (/Ty}
(13)

r= rmax{\/(K(J + [L])2 +4(Ky, — KyIL] — K,

— [L]} 2K, —Ky), (14)

r Tpax =7 Tmax — 7

[L] - K eff = KO + (Klim —K())(r/rmax) ’
(15)

where 7 is the number of ligand molecules bound
by one protein molecule, r,,, is the adsorption
capacity of the protein (the limiting number of
ligand molecules bound by one protein molecule)
and [L] is the equilibrium concentration of ligand.
In Egs. (13) and (15) K refers to the effective
dissociation constant for the complex of protein
with ligand, which is a linear function of the
r/Toa Tatior K=K, + (K, — K)r/r.0,
where K, and K, are the limiting values of K°'
atr - 0and r — r,,, , respectively.

At r — 0 the curve in coordinates {r/[L]; r}
approaches a linear asymptote:

r _ Tmax _ Klim

The intercept on the ordinate axis is equal to
Tmax/ Ko and the slope of the asymptote is equal
to — K, /K¢

The linear asymptote at r — r,,, has the
following form:
r _ rmax 1 (17)

m B Klim B Klim i

The intercept on the abscissa axis is equal to
Tmax and the slope of the asymptote is equal to
—1/K,;,,- The value of v corresponding to the
intersection point of two asymptotes is equal to
Foax/ (1 + @).

3. Calculations

All the calculations in the present paper were
carried out using the program Scientist (Micro-
Math, Inc., USA). In order to characterize the
degree of agreement between the experimental
data and calculated values, we used the determi-
nation coefficient R? (without considering the
statistical weight of the results of measurements)
[14]:

1=n

i

Il
—

()/iobs _ Yobs)2 _ I:Zn (}/iobs _ Yicalc)2
R2 _ 1 i i=1 ,
- (Yobs _ }_/obs)2

'Mu

Il
—

(18)

i=n

where Y =1/n Y Y, is the average of the ex-

=
perimental data (Yi"LS), Yl is the theoretically
calculated value of the function Y, and n is the
number of measurements.

4. Analysis of experimental data

4.1. Dependence of the enzymatic reaction rate on
coenzyme concentration

The dependence of the rate of the enzymatic
reaction catalyzed by beef liver glutamate dehy-
drogenase on concentration of NAD in the wide
range of the concentrations of coenzyme encom-
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passing three orders of the magnitude was first
obtained by Dalziel and Engel [2]. We have ana-
lyzed the dependence of such a type obtained in
later work by Engel [7]. Fig. 2a shows the depen-
dence of the enzymatic reaction rate on NAD
concentration in coordinates {v/[NAD]; v} (Na-
phosphate buffer, pH 7.0, I = 0.25, 25°C, 50 mM
glutamate). The v value refers to the specific
enzymatic activity, i.e. the rate of the enzymatic
reaction divided by the enzyme concentration.
The measurements of the enzymatic activity were
carried out in the range of NAD concentrations
from 0.001 to 1 mM. Application of Eq. (7) for
description of the dependence of v/[NAD] on v
gives the following values of parameters: V,,, =
97+ 7 s7', K,=0.052+ 0.004 mM, and K, =
0.58 +0.11 mM (R? =0.9970). The K;,/K, is
found to be 11 + 3. The value of [S], s calculated
as (K;, + K,)/2 is equal to 0.324+0.11 mM.
The straight lines 2 and 3 in Fig. 1la are asymp-
totes calculated by Egs. (9) and (10) , respectively.
Fig. 2b demonstrates the linear character of the
dependence of the effective Michaelis constant
K calculated from Eq. (11) on the relative rate
of the enzymatic reaction v/V,,

ax*

It is of interest to give the results of analysis of
the dependence of the enzymatic reaction rate
catalyzed by beef liver glutamate dehydrogenase
on NAD concentration under discussion using the
Hill equation: V,,, =105+6 s™', [S],5s = 0.40 +
0.07 mM, and /& = 0.65 + 0.02 (R* = 0.9993).

The dependence of the order of the enzymatic
reaction rate with respect to substrate ng on the
v/V, . Tatio represented in Fig. 2¢ (curve 1) is
calculated by Eq. (12). When the dependence of v
on [S] follows the hyperbolic law, the ng value
linearly decreases with increasing the v/V,, ra-
tio (straight line 2). The order of the enzymatic
reaction rate with respect to substrate character-
izes the sensitivity of the enzymatic reaction rate
to variation of the substrate concentration. The
comparison of the curves 1 and 2 directly demon-
strates that the enzymatic reaction rate catalyzed
by glutamate dehydrogenase is characterized by
the lower sensitivity to variation of the coenzyme
concentration than the rate of the enzymatic re-
action following the michaelian kinetics. Therein,
probably, lies the physiological significance of
negative cooperativity for glutamate dehydroge-
nase ([15-18], and also [13], pp. 68—70).

VIINAD] Ny
2000 [ 406 10p
0.8
1500
0.4
B 0.6
1000
0.4
0.2
500 02
0 0.0 : : . 00 0.0 : : . .
00 02 04 06 08 1.0 00 02 04 06 08 10
V V/Vmax V/Vmax

Fig. 2. Analysis of the dependence of the rate of the enzymatic reaction catalyzed by beef liver glutamate dehydrogenase on NAD
concentration (Na-phosphate buffer, pH 7.0, I = 0.25, 25°C, 50 mM glutamate) [7]. (a) The kinetic data in coordinates {v/[NAD]; v}.
Dimension of [NAD] is mM; dimension of v, specific enzymatic activity, is s~!. Points are experimental data. Solid curve 1 is
calculated from Eq. (7) at the values of parameters given in text. Straight lines 2 and 3 are asymptotes calculated from Egs. (9) and
(10), respectively. (b) The dependence of the effective Michaelis constant K defined by Eq. (11) on the v/V,,,, ratio. (c) The
dependence of the order of the enzymatic reaction rate with respect to substrate ng on the v/V,,,, ratio (curve 1 corresponds to the
experimental dependence of v on [NAD]; straight line 2 corresponds to the hyperbolic dependence of v on [S]).
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Fig. 3. Analysis of the dependence of the rate of the enzymatic reaction catalyzed by glutamate dehydrogenase from Clostridium
symbiosum on NAD concentration (0.1 M K-phosphate buffer, pH 7.0, 25°C, 40 mM glutamate) [19]. (a) The kinetic data in
coordinates {v/[NAD]; v}. Dimension of [NAD] is mM. Open circles correspond to hexamer with six active subunits; open squares
correspond to hexamer with one active subunit (enzyme concentrations were 2.35 and 0.35 pg/ml, respectively). Solid curve 1 is
calculated from Eq. (7) at the values of parameters given in text. Straight lines 2 and 3 are asymptotes calculated from Egs. (9) and
(10), respectively. (b) The dependence of the effective Michaelis constant K¢ defined by Eq. (11) on the v/V,,,, ratio for hexamer

with six active subunits.

In order to elucidate the mechanism of nega-
tive cooperativity for glutamate dehydrogenase
from Clostridium symbiosum, Aghajanian and En-
gel studied hybridization of the wild-type enzyme
and the mutant form of the enzyme, in which
Cys320 was replaced by serine residue [19]. Modi-
fication of residue Cys320 in the wild-type enzyme
by SH-reagents results in full inactivation of the
enzyme. By contrast, C320S-mutant, which has
the catalytic characteristics close to those of the
wild-type enzyme, is insensitive to treatment of
SH-reagents. Aghajanian and Engel obtained the
hybrid form containing five subunits of the wild-
type enzyme modified by 5,5'-dithiobis-(2-nitro-
benzoate) and one subunit of C320S-mutant. In
this hybrid form only subunit belonging to
C320S-mutant is catalytically active. After treat-
ment of this hybrid form by B-mercaptoethanol
all six subunits of hexamer become active.

When studying the dependence of the enzy-
matic reaction rate on NAD concentration for
hexamer with six active subunits, the clearly de-
fined negative cooperativity is observed: the curves
in coordinates {v/[NAD]; v} are concave (Fig. 3a,

open circles; 0.1 M K-phosphate buffer, pH 7.0,
25°C, 40 mM glutamate). The application of Eq.
(7) for description of the dependence of v/[NAD]
on v gives the following values of parameters:
Voax = 0.0109 + 0.0010 units, K, =0.083 + 0.007
mM, and K, =0.53+0.12 mM (R*=0.9839).
The K,,/K, ratio is equal to 6.4 +1.9. The
straight lines 2 and 3 in Fig. 3a are asymptotes
calculated by Egs. (9) and (10) , respectively. Fig.
3b demonstrates the linear character of the de-
pendence of the effective Michaelis constant K¢t
calculated from Eq. (11) on the relative rate of
the enzymatic reaction v/V,,.

The experimental dependence of v on [NAD]
has been analyzed also using the Hill equation:
Vax = 0.0098 £ 0.0003 units, [S],5 = 0.21 £ 0.02
mM, and & = 0.80 + 0.03 (R* = 0.9955).

The catalytic activity of hexamer containing
one active subunit of C320S-mutant was mea-
sured at the enzyme concentration, which was
about 6 times lower than the concentration of
fully active enzyme form, i.e. the hexameric form
with six active subunits. As seen from Fig. 3a,
there is no pronounced negative cooperativity for
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Fig. 4. Analysis of the data on binding of spin-labeled NAD (sI-NAD) by beef liver glutamate dehydrogenase in the presence of 80
mM 2-oxoglutarate (0.1-M Na-phosphate buffer, pH 7.4) [20]. (a) Binding curve in Scatchard coordinates. [sI-NAD] is equilibrium
concentration of sl-NAD (mM). Points are experimental data. Solid curve 1 is calculated from Eq. (15) at the values of parameters
given in text. Straight lines 2 and 3 are asymptotes corresponding to Eqs. (16) and (17). (b) The dependence of the effective

dissociation constant K° defined by Eq. (19) on the r/r,

max

the enzyme form with one active subunit in hex-
amer (open squares) and the dependence of
v/[NAD] on v is close to the limiting asymptote
for hexamer with active subunits corresponding to
the region v — V.. Thus, data obtained may be
considered as a direct evidence that the reason of
kinetic anomalies for glutamate dehydrogenase
from Clostridium symbiosum are interactions
between NAD-binding sites in the hexameric en-
zyme molecule. It is believed that the formation
of hexamer from subunits is accompanied by a
marked decrease in the Michaelis constant for
NAD (i.e. the increase in affinity to NAD) for
each subunit. As the hexameric enzyme molecule
is saturated by coenzyme, the influence of neigh-
bor subunits is weakened and the Michaelis con-
stant increases to the value corresponding to free
subunit.

4.2. Binding of specific ligands to glutamate
dehydrogenase

Fig. 4 shows the data on binding of spin-labeled

ratio.

analog of NAD (sI-NAD) by beef liver glutamate
dehydrogenase in the presence of 2-oxoglutarate
(0.1 M phosphate buffer, pH 7.4, 20°C; [20].
sI-NAD is capable of functioning as a coenzyme
in the enzymatic reaction catalyzed by glutamate
dehydrogenase. As seen from Fig. 4a, binding of
sI-NAD is characterized by negative cooperativity.
The experimental data may be satisfactorily de-
scribed by Eq. (15) at the following values of
parameters: r,,,, = 5.3 + 0.2, K, = 0.0295 + 0.0015
mM, and K, =0.0924 + 0.013 mM (R*=
0.9841). The Ky, /K, ratio is equal to 3.1 £ 0.6.
Asymptotes at r — 0 and r — r,,, are drawn in
Fig. 4a by dashed lines. Fig. 4b shows the linear
character of the dependence of the effective dis-
sociation constant of the complex of protein with
ligand calculated with the formula

K =[L](r,../r— 1 19)

on the r/r,,, ratio. Thus, as in the case of NAD
[10], in the presence of 2-oxoglutarate only six
coenzyme-binding sites in the molecule of gluta-

mate dehydrogenase show sufficiently high affin-
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ity to sI-NAD. The fact that binding of sI-NAD is
characterized by negative cooperativity in combi-
nation with the results of the work by Dalziel and
Egan [21] demonstrating negative cooperativity
for binding of NAD by beef liver glutamate dehy-
drogenase in the presence glutarate allows us to
suggest that negative cooperativity for coenzyme
in the kinetic experiments is connected primarily
with the change in the affinity of coenzyme but
not the catalytic constant as the enzyme oligomer
is saturated by coenzyme.

Binding of NADH by beef liver glutamate de-
hydrogenase is also characterized by negative
cooperativity (0.067 M Na-phosphate buffer, pH
7.6; 20°C) [22]. The experimental data repre-
sented in Fig. 5a may be satisfactorily described
by Eq. (15) at the following values of parameters:
Tmax = 11.9 £ 0.6, K, =0.0169 + 0.0008 mM, and
K, = 0.061 + 0.009 mM (R*=0.9810). The
K;../K, ratio is equal to 3.6 £ 0.7. The straight
lines 2 and 3 in Fig. 5a are asymptotes calculated
with Egs. (16) and (17), respectively. Fig. 5b de-
monstrates the linear character of the depen-
dence of the effective dissociation constant of the

A[NADH]
800 -

600

400

200 F-.

0.08

0.06

0.04

0.02

complex of protein with ligand calculated with
formula [Eq. (19)] on the r/r,,, ratio. The value
of r,,, obtained (r,,, = 12) means that each
subunit of the hexameric molecule of glutamate
dehydrogenase contains two NADH-binding sites.
When studying binding of NADH by beef liver
glutamate dehydrogenate in the presence of al-
losteric inhibitor GTP, Malencik and Anderson
[23] observed an increase in affinity of the enzyme
to NADH and appearance of additional six
NADH-binding sites (Fig. 6). Analysis of the bind-
ing data using Eq. (15) gave the following values
of the parameters: r,,, =19 +1, K;,=0.0054 £
0.0008 mM, and K, = 0.014 + 0.003 mM (R* =
0.9499). The K, /K, ratio is equal to 2.6 + 1.2.
The study of binding of NADPH by beef liver
glutamate dehydrogenase showed that only 6 from
12 coenzyme-binding sites have sufficiently high
affinity to NADPH (Fig. 7a; [22]). This circum-
stance allowed us to apply Eq. (15) to the initial
part of the isotherm of binding (r <4.6). The
following values of parameters have been ob-
tained: r,,, =5.8 + 03, K, = 0.0104 + 0.0004
mM, and K, = 0.021 + 0.004 mM (R* = 0.9841).

K" mM

0.0 0.2 0.4 0.6 0.8 1.0
rr

max

Fig. 5. Analysis of the data on binding of NADH by beef liver glutamate dehydrogenase (0.067 M Na-phosphate buffer, pH 7.6;
20°C) [22]. (a) Binding curve in Scatchard coordinates. [NADH] is equilibrium concentration of NADH (mM). Points are
experimental data obtained by the sedimentation methods. Solid curve 1 is calculated from Eq. (15) at the values of parameters
given in text. Straight lines 2 and 3 are asymptotes corresponding to Egs. (16) and (17). (b) The dependence of the effective

dissociation constant K°% defined by Eq. (19) on the r/r,

max

ratio.
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f[NADH]

3000

2000

1000

Fig. 6. Scatchard plot for binding of NADH by beef liver
glutamate dehydrogenase in the presence on 300 uM GTP
(0.05 M Na-phosphate buffer, pH 7.6; 20°C) [23]. [NADH] is
equilibrium concentration of NADH (mM). Points are experi-
mental data. Solid curve 1 is calculated from Eq. (15) at the
values of parameters given in text. Straight lines 2 and 3 are
asymptotes corresponding to Egs. (16) and (17).

The K,,,/K, ratio is equal to 2.0 £0.5. The
straight lines 2 and 3 in Fig. 7a are asymptotes

[NADPH]

500
400
300
200

100

195

calculated with Egs. (16) and (17) , respectively.
Earlier, Malencik and Anderson [23] also demon-
strated the presence of six NADPH-binding sites
in the molecule of beef liver glutamate dehydro-
genase, the binding curve displaying negative
cooperativity. These data are represented in Fig.
7b. When describing this binding curve with Eq.
(15), the following values of parameters have been
obtained: r,.,,=5.8+04, K,=0.0076 £ 0.0006
mM, and K, = 0.033 + 0.007 mM (R? = 0.9840).
The K,,,/K, ratio is equal to 4.2 + 1.3.

5. Discussion

5.1. Physical meaning of parameters K, and K,

Consider the situation when deviations of the
functions of protein saturation by ligand from
hyperbolic law are connected with interactions
between ligand-binding sites in the protein
oligomer resulting in the change in the affinity to
ligand as the ligand-binding sites in the protein
molecule are occupied by ligand. In this case

rINADPH]
800

600

400

200

Fig. 7. Scatchard plots for binding of NADPH by beef liver glutamate dehydrogenase. (a) Data obtained by the sedimentation
methods [22] (0.067 M Na-phosphate buffer, pH 7.6; 20°C). (b) Binding curve obtained in [23] (0.05 M Na-phosphate buffer, pH 7.6;
20°C). [NADPH] is equilibrium concentration of NADPH (mM). Points are experimental data. Solid curves 1 are calculated from
Eq. (15) at the values of parameters given in text. Straight lines 2 and 3 are asymptotes corresponding to Egs. (16) and (17).
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parameters K, and K, are the limiting values
of the dissociation constant corresponding to ini-
tial (r/r,,x = 0) and final (r/r,,,, = 1 steps of
saturation of protein by ligand.

It is of special interest to discuss what kind of
interactions between ligand-binding sites in the
protein molecule may result in the linear depen-
dence of the effective dissociation constant on the
r/Fmax Tatio. Assume that the protein molecule
contains n equivalent ligand-binding sites inter-
acting with each other. Let K; be the microscopic
dissociation constant for protein-ligand complex
containing i molecules of ligand (P is the protein
molecule):

max

PL,_,+L é PL, (K,=[PL,_,][LI[PL,]).

(20)

The function of saturation of protein by ligand
has the following form ([13], p. 122):

n! [L)
r 1*21 (n—10)4! KIKZ"'Ki
T'max i=n n! ‘ [L]z

i=1 R

2D

Negative interactions between ligand-binding
sites corresponds to the case when the K; values
increase with increasing i, whereas positive inter-
actions between ligand-binding sites corresponds
to the case when the K, values decrease with
increasing i.

Consider, for example, the situation when the
molecule of a model protein contains six equiva-
lent ligand-binding sites interacting with each
other. Assume that the saturation function is
described by empirical Eq. (5) and the K, /K,
ratio is equal to 10 (a=10). Let K, =K, be 1
mM (K, = K, =10 mM). We have constructed
the theoretical dependence of r on [L] in the
range of the values of [L] from 1072 to 10° mM
and selected 100 points uniformly distributed on
the logarithmic scale in this interval. The model

curve was described further by Eq. (21). The
following values of K; were obtained:

i 1 2 3 4 5 6

K;, mM 1 53 3.1 8.7 7.3 10
+02 +0.2 +04 +0.2

K/K,; | 53 0.58 2.8 0.84 1.37
+02 +006 +03 +£0.06 +0.04

Thus, the linear dependence of K°f on the
/T« Tatio in the case under discussion results if
negative (K,/K, > 1, K,/K; > 1, K,/K5 > 1) and
positive (K,;/K, <1, Ks/K,<1) interactions
between ligand-binding sites alternate with the
degree of saturation of ligand-binding sites in the
protein molecule by ligand.

Analysis of the experimental data on glutamate
dehydrogenase allows us to suggest that non-hy-
perbolic character of the dependence of the enzy-
matic reaction rate on NAD concentration is due
to interactions between six NAD-binding sites in
hexameric enzyme molecule. If we assume further
that interactions between the active sites result
only in the change in the Michaelis constant (but
not the catalytic constant), the calculated values
of K, and K,;,, give the estimations of K,, for
NAD at v/V,,, = 0Oand v/V_,, — 1, respec-
tively.

What is the physical meaning of parameters
K., and K, for the case when the ligand-binding
sites in the protein molecule are non-identical?
The saturation function for the protein contain-
ing n non-identical and non-interacting ligand-
binding sites has the following form:

1 [L]/K
r _;‘:Z ]/K ’

max

(22)

where K, is the microscopic dissociation constant
for binding of ligand in the site of i type. At r —
0 we get the following expression for r/7,

max*

r [L] [L]
rmaX - KEff T

:2 (23)
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and, consequently,

im K= K, = ;1 (24)

K;

S|
Il

i=1
At r — r,,, the expression

eff i=n
r _ K 1

holds for r/r

max

and, consequently,

L=n
lim K=K, =~ Y K, (26)
7= Foax n i=1

Thus, the calculation of r,,, (... = 1), K,, and
K, allows the following combinations of con-
stants K, to be obtained: the sum of reciprocal
values of the constants K, and the sum of values
of the constants K;. It is worthy noting that 1/K|
is the mean of the reciprocal values of the con-
stants K; and K, is the mean of the values of
the constants K.

Consider, for example, the situation when the
molecule of a model protein contains six non-
identical and non-interacting ligand-binding sites.
Assume that the saturation function is described
by empirical Eq. (5) and the K;,/K, ratio is
equal to 10 (@ = 10). Let K, be 1 mM (K,;,,, = 10
mM). The model dependence of r on [L] was
described by us by Eq. (22) in the range of values
of [L] from 1072 to 10°* mM. The following values
of K; given in order in their increasing were
obtained:

i 1 2 3 4 5 6

K, mM  0.19 6.2 6.2 6.2 6.2 35.0
+0.02 +0.2

+02  +02 +08
K/K,_, 277 ~1  ~1 ~1 58
+3.6 +0.3

Thus, the linear dependence of K°T on the
r/Faax Tatio in the case under discussion results if
the constants K, for main set of the ligand-bind-
ing sites are of the same value and there are a

few number of sites with high affinity and a few
number of sites with low affinity.

It seems likely that negative cooperativity
observed for binding of NADH by beef liver
glutamate dehydrogenase (Fig. 5) is due to non-
equivalency of NADH-binding sites as well as to
interactions between NADH-binding sites in the
enzyme molecule. As for binding of NADPH,
negative cooperativity for this ligand (for the ini-
tial part of the isotherm of binding) is due solely
to interactions between NADPH-binding sites in
the glutamate dehydrogenase molecule.

5.2.The K,;,, / K, ratio as a quantitative
characteristic of negative cooperativity

The empirical equation proposed may be used
for the quantitative description of the deviations
from the Michaelian kinetics, which manifest
themselves as ‘negative cooperativity’ (convex
curves in coordinates {1/v; 1/[Sl} or concave
curves in coordinates {v/[S]; v} as well as for
description of negative cooperativity for the func-
tions of saturation of protein by ligand. The equa-
tion contains three parameters: V.. (or r.,.),
K,, and K. The K;,,/K, ratio may be con-
sidered as a quantitative characteristic of the
degree of deviations from the hyperbolic law. If
the protein molecule contains (1) n equivalent
ligand-binding sites interacting with each other or
(2) n non-identical and non-interacting ligand-
binding sites, parameters K, and K, have clear
physical meaning. In the former case K,=K,
and K,, =K, (K, and K, are the microscopic
dissociation constants for the complexes of pro-
tein with ligand containing one and n ligand
molecules, respectively). The relationship between
parameters K, and Kj;, allows the free energy of
intersubunit interaction to be estimated [24]: AF
= —RTIn(K,/K,) = —RTIn(K,/K;;.,). In the
latter case (case 2) parameters K, and K, are
defined by Egs. (24) and (26) (1/K,, is the mean
of the reciprocal values of the constants K, and
K., is the mean of the values of the constants
K;; K; is the microscopic dissociation constant for
binding of ligand in the site of i type).

The comparison of the Hill equation and the
empirical equation where K¢ is a linear function
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of v/V._.. has shown that the empirical equation
results in the v vs. [S] curves (or r vs. [L] curves)
with the Hill coefficient at semi-saturation falling
in the interval from 0.667 to 1. Negative coopera-
tivity for glutamate dehydrogenase is not beyond
the region bounded by the values of the Hill
coefficient 4 = 0.667 and A = 1. Since the varia-
tions of the Hill coefficient in the case of negative
cooperativity are limited by the narrow interval
(to our knowledge there are no experimental data
contradictory to this prediction), it is reasonable
to consider the K,,/K, ratio as an appropriate
parameter for characterization of negative
cooperativity.
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Appendix A: Eadie-Hofstee plot

It is expedient to discuss what is the shape of
the dependence of v on [S] following Eq. (5) in
coordinates {v; v/[S]} (Eadie—Hofstee plot). The
v value may be presented as a function of v/[S]:

_ Vmax —KO(U/[S])
1+ (Ky,, —K)(v/[SD /Y,

max

v (A1)

When v/[S] — 0 the curve in coordinates {v;
v/[S]} approaches a linear asymptote:

U= Vmax - Klim : [_g] . (AZ)

The intercept on the ordinate axis is V,,,, and

the slope of the asymptote is equal to —K;..
The linear asymptote at v — 0 has the fol-
lowing form:

KOVmax K(? v

L R R (A3)

Intercept on the abscissa axis gives the V. /K

ratio and the slope of the asymptote is equal to
—K2 /K. The value of v /[S] corresponding to
the intersection point of two asymptotes is equal
to Vmax/(KO + Klim)'

Appendix B: Linearization of the empirical
equation

If the V,, value is unknown, the Hill equation
may be linearized using the order of the enzy-
matic reaction rate with respect to substrate (ng):
ng=h — hv/V,,. (13], p. 44). In other words,
when the Hill equation holds, the ng value lin-
early decreases with increasing the v/V,,,, ratio.
Analogously, calculation of the order of the enzy-
matic reaction rate with respect to substrate al-
lows Eq. (5) to be linearized. Differentiation of
Eq. (7) gives

d(v/[SD Kiim

dv - {KO + (Klim _KO)U/Vmax}2 .
(B1)

Further transformations of this equation allows
us to get the following linear anamorphosis:

[Slng K, (K, — Ky)

1—115 B VmaxVKlim o

(B2)

- VKlim

Thus, experimental data may be linearized in

coordinates {,/ [Slng/(1 — ng) ;v}.
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