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Gluiamate dehydrogenase does not show the sig-
moid relaiion between velocity and substrat= or co-
enzyme coaceniraiions exhibited by many allosteric
enzvmes, even in the presence of ihe allosteric inhi-
bitor GTP. Instezd, deviations from Michaslis-Menten
behaviour of another kind are seen in Lineweaver-
Burk plots of reciprocal rate ageinst reciprocal NAD
concentration, whkich deviaie from ¥inearity toward
higher zates with increasing cognzyme conceniration
i1, 2]. We have studied this coenzyme activaiion in
detail, and found that it extends over wide coenzyme

.conceniration 7anges, and eccurs also wiith NADP,
contrary iG earlier reports {1, 31. A tentative expla-
nation is suggested in terms of negative or antagonistic
hometropic interactions betweep muliiple active cen-
tres in an Adair-Koshland model [4, 5. The model of
Monod, Wyman and Changeux [6] apparently cannot
explain such kinetic behaviour.

Ox-liver giviamaie dehydrogenase Is very stable in
difuie solutions €0.4-4.06 pgfml) in phosphate buffer,
1=0.25, vH 7, and linear progress curves recorded with
@ sensitive flucraneter [7] permitted acourate estimates
of initial rates with coenzyme concentrations down io
1 M. Duplicate or triplicate measuremenis uspally
agreed to within 1%. Scme results obtained at 25°, with
a fixed glutamate concentration of 50 mM, are shown
in fig. 1 as Lineweaver-Burk plots covering different
NAD conceniration ranges. Overall, the plets are con-
cave downrwards, but the ‘activation’ effecis extends
from much lower concenirations than was previously
reported {2]. Moreover, the plots show rather sharp
discontinuities and apparently consist of several iinear
portions with different siopes. Siznilar results were ob-
tained with the alternative coenzyme NADP. Discon-
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tinuities in Lineweaver-Burk plois have occasionally
been noted by uthars [8, 97 and are at first sight dif-
ficuit to explain as a real Kinetic groperty of a pure
enzyme. Attempts to obtain evidence of the presence
of more than one enzyme cr coenzym_ species, or of
charzes of the scdimentation constant of the enzyme
with coenzyme concentration, were unsuccessiul. The
same 1:sults were obtained with commercial and puri-
ficd [10] coenzyme preparations.

The enzyme is believed to exist und>r these condi-
tions as a catalytically active subunit o7 molecular
weight about 300 000 with sevrzal [4—6] binding
sites for coenzyme {11—13]. The fact that the kinetic
behaviour described can be considered as the opposiie
type of deviation frorm Michac!is-Menten behaviour to
a sizimoid velocity/subsirate concentration relation led
w5 10 consider an explanation it terres of negative ho-
motropic inieraciions between several ideniical active
sites.

Consider for simplicity a pretein with two binding
sites per molesule. 1t is well known that a sizmoid sa-
turation curve relating fractionad szteraticn, 3, snd
free ligand concentratinan, 8, coresponds 10 a recipro-
cal pioi of 1/ against 1/S which 15 concave vnpwards
and has a continuonsly inereasing Sope, and can be
described by =z veciprocal form of Adair's :quation
with appropriate relations between the constanis:

1_c+dS+es?

1
Y &S5+582 @

The shape of the reciprocai plot is determined by
the sign of the second differential coefficient.
d2(3{y)d(31S)? = 2FS3{{a + bS?) were S=ale+bic—abd.
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Fig. 1. Lineweaver-Burk plots for the oxidative deamination

of glutamate (50 mM) catalys:d by ox-liver glutamate dehy-

drogenase in phosphate buffer, pH 7.0 at 25°, The zeciprocat

specific rate (§£]/vg) is plotted against the reciprocal NAD

concentration. (a) 0.001—-1.0 mM NAD; (&) 0.025—1.0 mM
NAD; () 0.1-1.0 mM NAD.

If ¥ is positive the reciprocal plot will be concave up-
wards, and the saturation curve sigmoid. If =0, the
reciprocal plot wiil be linear and the saturation curve
a reciangunlar hyperbola. However, if F is negative, the
reciprocal plot will be concave downwards, whilst the
saturation curve will differ from a rectangular hyper-

bola in that it will be steeper below the half-saturation
»oint and less sieep above it ’

- The site-interaction hypothesis propossd by Adair

{4] for haemoglobin is symmetricsl in that it pre-

dicts Do1h 1ypes of deviation from a lisear reciprocal
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plot according 10 whether the interactions are positive
or negative. The binding of a ligand S {0 a protein £
with two identical sites is considered to occur in two
steps with equilibrium constanis, X1 = [£51/{£] is]
and K, = {£S,1/[£51 {51, and the reciprocai satura-
tion function is

2(1+K5+X,X,5%)

i_ . 2
y K S+2K,K,S? @

Comparison with eq. (1) shows that
F= 2K§K2(4K2 —X4). If the two sites are indepen-
dent, X, and X, will have the statistical values of
2K and X/2, where K is the microscopic equilibrium
constant for each site in the free protein. Then
4K, = Ky, and #=9, and the reciprocal plot will be
Iinear. If there are positive interzctions so that
X5 > K[2, F will be positive and the reciprocal plot
will be concave upwards (and the saturation function
sigmoid). If there are negative interactions, so that
X, <K/2 then 4K, <K, and F will be negative. The
reciprocal plot will then be concave downwards.
According to the model of Monod et al. {6] an -
allosteric protein exists in two conformational forms
in equilibrium, K = T, in each of which the two or
more binding sites are identical ang indepsndent, but
the microscopic equilibrinm constants for $igand bind-
ing, X, and X,, are different for the two fomas. For
two sites, the reciprocal saturation function 6] is

@D+ 2AK FLES + (K}'% LK? )52 : ;
(K FLK)S+ (KF+IKDS? 3
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Fig. 2. (a—d). Plois of :cc:proc:al fractionzl saturation (1/y) against reciprocal igand concentration cver four ranges cf the Iatter
for a prolein with four binding sites, calculated from an Adawr mcdal with negative interaciions (A’.l =103, K 2= 102, X 3=10,

K4= 3y,

where L is the conformational equilibrinm constant.
This equation is 21so of the same form as eq. (1), ard
F={LEZ2+L2KX, - K,)2. Thus, if X, and X,
differ, F will be positive and the reciprocal plot will
be concave upwards. The medel is asymmetric in that
"negative values of £ are not possible, and reciprocal
plois thatl are concave downwards cannot be explained
by it. Sieady siate treatmment of this aiodel for an en-
zyme also yiclds an expression for the reciprocal initial
raie of the same form as eg. {1), in temms of Michaelis
constanis angd maximum rates for the two enzyme

forms [14]. and again it can readily be shown thai #
isa function of (K, - X,}%.

- 1t therefore appears that the mode] of Adairand
~ Xoshland {4, 51 with negative interactions, but not

that of Monod et ai. [6], provides a feasibie explana-
tion of coenzyme or substrale ‘activatior” of the iype
observed with gluiamate dehydrogenase. Moreover, if
the neeative interaclions are reasonably strong, i
continaities in the plots would be expected. The ef-
fect woudd be as if the number of binding sites in-
creased with the coenzyme concentration. This is
illustraied by theosetical plots of the reciprocal sam-
ration function for an Adair model with four binding
sites {fig. 2), for which the equiliprinm constants for
the four successive steps were assumed to be 1000,

16G, 10 aad 1. compared with statistical values of
1600, 375, 157 and 63.

Saturatior. funciions and ve]oeaty curves are nct
necessarily dizectly related, but it can be infersed thai»
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the effects of negative binding interactions wonld be
similarly reflected in velority curves. The precise ki-
netic modsl for an enzyme would depend upon the
detailed mechanism. A steady statle 1ale egquation for

_ the case of a gpulii-site enzyme with negative inter-
actions c¢ar pe readily derived for a single-substzate
system, or for a coenzyme-substrate reaction in which
the reactani coenzyme binds to the enzyme beiore the
substrate, and the rate of dissociation of the product
coenzyme deiermines the maximum rate. For example,
in ik latter case with saturaling substrate conceniya-
iions, and assnming for simplicity two active siies per
molecule, the reaction may be represented by

E+NAD EMADH F +NADH
MAD NADH
%5 k4
" ]
E.(NADH),

Sieady state analysis gives ti:e injzial raie eguaiion
[E] _ Kaka HRiksS +E1k,S2
Vo kyksitaS +k Kok yS?

which is of the same form as eqg. {1), and for which
F=k§k2k3}f§ {k}k3 + k2k4 — k1k4)‘ This function
vill of course be zero when 2k, =X, and k5 = 2%,,
which are the statistical relations. The conditions for

a Lineweaver-Burk plot whica is concave upwards are
that 2k, < k4 and &4 > 2k4, i.e. that the on-velocity
for the second reactani coenzyme molecule is smaller,
‘and the off-velocity for the second product coenzyme
molecnle is greater, than the statistical value. Obviously
the model can be extended to any number of sites, and

disccnﬁnuities in Lineweaver-Burk plois could be pre-

icted if dev;ahons from the statistical values are mge
-enogh.
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Coenzyme o1 substraie activation has prevxously
been expl:-nned by postulating specific aliosteric sztes
other than the active site, for these reaciants {21, or

- izy abortive complex formation {15]. For an enzyme

with two or more active centres, negative interactions
between them provides an alternative explanation
which also acconntis for the discontinuities occasionally
observed in Lineweaver-Burk plots. Substrate activation
effects in kinetic studies are not uncommon, and suf-
ficiently detailed and precise iniiial rate measurements,
or binding studies, may reveal evidence of negative in-
teractions with other enZymes.

‘We are indebteg to the Medzcal Research Council
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