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Summary: Fluorescence temperature-jump experiments were performed to study the
binding of coenzyme to glutamate dehydrogenase from beef liver in o.1 M sodium
phosphate buffer, pH 7.4, T = 25.0% C.

1) NADPH shows a single second-order relaxation process, indicating coenzyme
binding to one site per enzyme subunit. The dissociation constg?t of the
reaction was calculated from the rate constants ( k 1= 92 sec ,

k]2 =2.13 .106 M—isec-1 } to be 43 puM. No deviation from a straight line

was observed over the whole concentration range.

2) With NADH two well separated second-order processes are detected.

3) The observed concentration dependence of these two relaxation processes is
consistent with a reaction scheme assuming two completely independent but
non-equivalent NADH binding sites per enzyme subunit. -1

4) From the rate constants of the faster process ( k21 = 235 sec ,

kip = 3.83 .106 M lsec” ) and of the slower process ( k32 =bh.2 sec_],
k23 = 0.18 .106 M_]sec-] ) the dissociation constants are calculated to be
K21 = I<21/k12 = 61 uM and K32 = k32/k23 = 23 uM, respectively.

5) Small amounts of ADP ( <lo pM ) abolish the slower relaxation process,

while the faster ( but weaker binding ) process remains uninfluenced.

Therefore, the weaker binding site must be the active site.

Introduction:

Considerable differences exist in the literature about the number and nature

of glutamate dehydrogenase (EC. 1.4.1.3) coenzyme binding sites as well as the

magnitude of the dissociation constants (1-5). As relaxation kinetic techniques

offer an appropriate tool for resolving the overall binding process into its

elementary steps, one should be able to elucidate the mechanism of even a

rather complex reaction scheme. The formation of glutamate dehydrogenase-
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coenzyme complex is accompanied by a fluorescence change of this complex as
well as of the coenzyme itself. Therefore, the fluorescence temperature-jump

method could be applied to investigate this system.

Material and Methods:

Crystalline glutamate dehydrogenase in 2 M ammonium sulphate suspension, nucleo~
tides, and coenzymes were obtained from Boehringer, Mannheim, in the highest
purity available; buffer material from Merck, Darmstadt.

Relaxation kinetic measurements were performed in a highly improved double-mono-
chromator temperature-jump apparatus (6) equipped for fluorescence detection (7).
The excitation wavelength was 34o nm; fluorescence changes due to nucleotide
binding ( A__ = 456 nm ) were measured at right angles, and KV 418 glass filters
were insert&d into the emission light beam to eliminate light of wavelengths
shorter than 4oo nm. The cell ( 1 mI volume ) was thermostated at 22.0° C and the
discharge of a So nF capacitor, charged to 20 kV, produced a temperature jump of
3.0° C, thus allowing the relaxation process to be observed at 25.0% ¢.

Compared to relaxation kinetic studies published earlier (2) our measurements
were carried out in o.1 M sodium phosphate buffer, pH 7.4, in order to avoid the
disadvantages of Tris-buffer ( additional pH-jump and necessity of high salt
concentrations to stabilize the system ). No significant loss of enzymatic
activity was observed after about 20 temperature jumps.

Results and Discussion:

The system glutamate dehydrogenase:NADPH exhibits a single second-order rela-

xation process. The simplest reaction scheme for binding is

k
E o+ L ‘—k—lz—\ EL
21
where k]2 and k2] represent the rate constants for recombination and disso-
ciation of the enzyme-ligand complex and hence kZI/kIZ is the dissociation

constant K,, of this complex.

21
Such a simple reaction scheme results in a second-order relationship with only

one relaxation time, according to equation (1):

M T =k 4k, (IEL & MDD

where [E] and [L] represent the concentrations of free binding sites of the
enzyme and unbound substrate, respectively, at equilibrium.
The data have been evaluated by two different methods which are explained in

the following paragraph.
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Fig. 1: Plot, according to (eq. 1), of fluorimetric data from temperature

jump perturbations of binding between glutamate dehydrogenase and NADPH.
Each point is the mean of at least six temperature jumps.

Conditions: T = 25.0° C, 0.1 sodium phosphate buffer, pH 7.k.
Fig. la:Plot, according to (eq. l1a). Total NADPH concentration 3 uM.
Fig. 1b:Plot, according to (eq. 1b). Total enzyme concentration 3 uM.

a) High excess of one of the reactants allows the replacement of ([E] + [L])

either by [EO] or by [Lo]. Thus eq. (1) simplifies to

it

(1a) 1/t k + kg, lE ] €] > [L]

21 IZ[ o
{1b) T o=k, o+ kgl (L1 >> [E]]
The subscript “O” indicates the total concentrations of the reactants.

b) Expressing the relaxation equations in total concentrations of enzyme

binding sites [Eo] or of ligand [Lo] the following relation holds

(20 (/0% =k E o+ 2Kk (TED + I D)+ k), 2(E ] - L D?
Provided [Eo] = [LO] eq. (2) becomes
(2a) (/0% = kR b 2kppky, (€] + IL))

A plot of (I/T)2 versus ([Eo] + [Lo]) yields in a straight line with an inter-

cept of k and a siope of 2k

2
21 12%21°
Both methods of evaluation result in almost identical rate and dissociation

constants for NADPH binding ( figures la, 1b, and 2 ):

=2.13 .10° Wlsec™!s K, =k Jky, = 43 M

- -1
k = 92 sec , k 2] 21

21 12

As shown in figs. 1 and 2 there is ( in contrast to a stopped-flow study
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E= NADPH,
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Fig. 2: Plot, according to {(eq. 2 ). Conditions see figs. 1.

published recently (4)) no evidence for a deviation from a straight line. This
and other findings (2) support the suggestion that there are no interactions

between the subunits which are affected by the binding of NADPH.

NADH binding:

Qur studies on NADH binding to glutamate dehydrogenase show two well separated
second-order relaxation processes; Ty in the time range of a few milliseconds,

and T.,, in the loo millisecond range ( ]/T]>> I/T2 ). An extensive mathematical

29
treatment of the three most feasible reaction mechanisms is presented else-
where (8); all mechanisms result in two relaxation processes.

These three mechanisms are:

(n The ligand binding process is accompanied by a conformational change

of the protein-ligand complex:

Ki2 K23
E + L \_T(——\ EL t—k———" EL*
21 32

(11} The ligand L can be bound simultaneously to two non-equivalent but
completely independent binding sites E] and E2 located on the same

subunit of the enzyme molecule:

Ki2 K23
E + L v—k—l E.L ; EZ + L Tk-—A EZL
21 32
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Fig. 3: Plot for the fast relaxation time T,, according to (eq. la = fig. 3a)
and to (eq. 1b), of fluorimetric data from temperature jump perturbations of
the binding between glutamate dehydrogenase and NADH.

Conditions see fig. |,

Fig. 3a:Plot, according to (eq. 1a). Total NADH concentration 3 uM.
Fig. 3b:Plot, according to {eq. 1b). Total enzyme concentration 3 uM.

(111) Binding of the ligand proceeds in a consecutive manner; the second mole-
cule can only be bound after the first one. Any kind of cooperativity
might occur and has to be considered in this mechanism by different

values of the rate constants kij:
klZ k23

E o+ L ~——— EL; EL + L o ~————> EL
k2] k32 2

To derive the concentration dependence of the relaxation times of these three
mechanisms we introduce the following simplifying assumption: the first of the

two steps, characterized by k]2 and kZl’ should react much faster than the

second one ( I/T]>>]/12 ) and thus will be equilibrated before the slower one
proceeds. Then the expressions for the reciprocal relaxation time l/r] become

identical for all three mechanisms:
/1, = ky o+ kg ([ED + [LD)

This is eq. (1) and therefore the evaluation of the data can be performed as
described above and gives figs. 3a and b. Following constants are obtained:

_ -1 _ 6 -1 -1, _ _
k2] = 235 sec , k]2 =3.83 . 1lo M sec ; KZ] = l<2]/k]2 = 61 pM

Since the equations for I/'rI are identical and show linear behaviour with
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Fig. 4: Plot of the slow relaxation time 1,, according to (eq. 4).
Conditions see fig. 1. Total glutamate dehydrogenase concentration 3 uM.

respect to [Eo] as well as [Lo] we must inspect the concentration dependence
of the second relaxation process in order to distinguish between the different
mechanisms of ligand binding.

A clear cut decision can already be achieved by titration of small amounts of
enzyme ( < lo uM ) with increasing concentrations of NADH ( [Lo] >>[Eo] ).

This Jeads to following expressions:

L]

. 4 e
Mechanism (1)  (eq. 3) Vt, = k32 * k23' Koy + LLg
Mechanism (I1) (eq. %) ]/Tz = k32 + k23 Lyl

| I 1’
Mechanism (I11) (eq. 5) V1, = k3, + ky,- Ky, + L,

The different mechanisms are characterized by different plot of I/-r2 vs. [Lo]:
Mech. (1) reaches a plateau at high concentrations of [Lol with a constant
value of 1/12 = k32 + k23. Mech. (11) results in a straight line with an inter-

cept kg, and a slope k23. In Mech. (111), however, I/T2 increases quadratically

3
at low concentrations, but at high concentrations ([Lo] > KZI) the concentra-
tion dependence becomes linear with the limiting slope equal to k23.
A plot of the experimentally determined reciprocal relaxation time I/T2 vs.[LO]
is given in Fig. 4 and results in a straight line. No deviation from linearity

could be detected over the entire concentration range.
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Therefore, we conclude that NADH binding to glutamate dehydrogenase proceeds
according to mechanism (l11), i.e. two completely independent but non-equi-
valent coenzyme binding sites per enzyme subunit.

The following rate and dissociation constants were evaluated:

- =1 -
k32 =4,2 sec , k23 = 0.18 .lo

6 -1

M-]sec ;K / = 23 uM

32 = K327ks3
Ligand binding to the weaker binding site is reflected by the faster relaxation

process. The slower relaxation process on the other hand obviously represents

coenzyme binding to a stronger site.

Now the question arises, which of these two binding sites is the catalytic one?

Small amounts of ADP ( < lo pM ) abolish the relaxation signal due to the
stronger site, while the faster process is not influenced. Thus ADP competes
for the stronger binding site. As the catalytic activity of the enzyme remains
unchanged at that ADP concentration (9,lo0), we conclude that the weaker
binding site must be the catalytic site.

At higher ADP concentrations ( > loo uM ) a further slow relaxation process
was observed and might be related to a conformational rearrangement of the
protein and which is probably responsible for the known ADP activation of
glutamate dehydrogenase (2,10) .

Thus we see that relaxation kinetic methods are a powerful tool to determine the
rate constants for any known reaction mechanism but also to distinguish

among unknown reaction mechanisms.
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