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Mechanism of Nicotinamide—Adenine Dinucleotide Binding to
Rabbit Muscle Glyceraldehyde 3-Phosphate Dehydrogenase”

Gordon G. Hammes, T Peter J. Lillford,} and Jon Simplicio§

ABSTRACT: The kinetics of NAD binding to glyceraldehyde
3-phosphate dehydrogenase from rabbit muscle have been
studied by the temperature-jump method with native and char-
coal-treated enzyme in both 0.05 M pyrophosphate and 0.1 M
Tris-HCI buffers at pH 8.5. No relaxation processes could be
detected with charcoal-treated enzyme in either buffer until
NAD was bound to the first subunit. On binding to the second
subunit, a single relaxation time was observed which showed
no dependence on coenzyme concentration and is interpreted
as a conformational change in the ES, species. With NAD:
enzyme ratios greater than two, the observed kinetic behavior
was dependent on the buffer used. In Tris-HCI, with native
enzyme, & complex spectrum of relaxation times was observed.
Although all of the individual processes could not be studied
in detail, the results were analyzed in terms of two rapid bi-
molecular processes, associated with binding of coenzyme to
the third and fourth sites, and an intramolecular process,

Ihe enzyme D-glyceraldehyde 3-phosphate dehydrogenase
(EC 1.2.1.12) catalyzes the reaction

3-phosphoglyceraldehyde 4 phosphate + NAD Z_’_
1,3-diphosphoglycerate +~ NADH + H*+ (1)

Enzyme isolated from yeast, rabbit, pig, and lobster show
mahy similarities (Perham and Harris, 1963; Harris er al.,
1963; Davidson er al., 1967). Each enzyme has a molecular
weight of approximately 145,000 and consists of four similar
subunits. Furthermore, the 18-residue peptide surrounding
the active site cysteine is identical for all subunits from all
sources. The enzyme binds NAD to form a complex with a
characteristic ultraviolet absorption maximum at 360 nm
(Racker et al., 1959; Allison and Kaplan, 1964). The stoichi-
ometry of NAD binding to the tetrameric enzymes, yeast,
rabbit, and lobster, has been extensively studied by spectral
titration (Chance and Park, 1967), equilibrium dialysis (Con-
way and Koshland, 1968; De Vijlder er al., 1969; Cook and
Koshland, 1970), and ultracentrifugation (De Vijlder and
Slater, 1968). The more recent studies indicate that 4 moles of
NAD are bound per mole of enzyme tetramer. However, close
investigation has shown that the binding mechanism is quite
complex. For the yeast enzyme, ultracentrifugation experi-
ments indicate that the dissociation constant for the NAD-
enzyme complex decreases with increasing coenzyme concen-
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associated with a conformational change in the enzyme species
with three NAD molecules bound. With charcoal-treated
enzyme, similar behavior was observed but with slightly
modified kinetic parameters. In pyrophosphate buffer, with
native enzyme, two bimolecular processes were observed,
which could be assigned to NAD binding to the third and
fourth sites. Qualitatively similar behavior was observed at
both 25 and 35°. With charcoal-treated protein, only a single
relaxation process was observed. Two mechanisms are sug-
gested, both involving a conformational change of the ES,
species followed by further binding through a bimolecular
process. The results of this study and those of rapid mixing
experiments on the same system performed elsewhere can be
accounted for by a mechanism involving sequential conforma-
tional changes of the enzyme accompanying the binding of
NAD.

tration (Velick, 1953); however recent binding experiments
suggest the situation is more complex than this (Cook and
Koshland, 1970). Spectrophotometric titrations display a sig-
moidal binding curve at 40° and the cooperative subunit inter-
actions implied by this behavior were investigated by relaxa-
tion kinetics (Kirschner ef al., 1966). The results were inter-
preted in terms of the allosteric mechanism of Monod et al.
(1965).

In contrast, the binding of coenzyme to rabbit (Conway
and Koshland, 1968; De Vijlder and Slater, 1968) and lobster
muscle (De Vijlder ef al., 1969) enzyme exhibits the opposite
effect; the dissociation constant of the complex increases as
successive subunits are bound. This “negative cooperativity”
cannot be explained in terms of the concerted allosteric model,
but a sequential mechanism of substrate binding allows both
positive and negative cooperativity (Adair, 1925; Koshland
et al., 1966), and this model has been applied in detail to co-
enzyme binding with the rabbit muscle enzyme (Conway and
Koshland, 1968). Rapid-mixing kinetic studies of this reaction
show complex behavior (De Vijlder and Slater, 1968; Bloch,
1970). At least two phases are detectible, one portion of the
reaction being complete within the mixing time of the stopped-
flow apparatus (~3 msec), the other being of up to 1l-sec
duration. The amplituce of both phases shows a marked de-
pendence on the presence of phosphate and pyrophosphate,
the most dramatic effect being the complete obliteration of the
slower phase. Since phosphate is a substrate of the catalytic
reaction and pyrophosphate is a substrate analog, an explana-
tion involving specific binding of the anion to the enzyme sub-
units has been suggested (Bloch, 1970). In solutions of nonin-
teracting buffers the slow phase is seen only when more than 2
equiv of NAD are rapidly mixed with the apoenzyme, suggest-
ing that the effect is connected with the binding of the third
coenzyme molecule. However, the amplitude of this effect
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decreases linearly with preincubation of the apoenzyme with
NAD, and only 2 equiv is required to eliminate it completely.
A satisfactory explanation of this behavior has not yet been
presented.

The application of the temperature-jump technique to this
system permits & more rigorous investigation of the elemen-
tary steps since reactions of very much shorter time scale may
be studied. We report here a study of the binding of NAD to
the rabbit muscle enzyme at 25° in pyrophosphate and Tris
buffers. An additional investigation in pyrophosphate buffer
at 35° was also performed, to provide a more direct compari-
son to the temperature-jump study of the yeast enzyme
(Kirschner et al., 1966).

Experimental Section

Materials. The B-diphosphopyridine nucleotide (3-DPN,
B-NAD Grade III), dithiothreitol, and Tris (Trizma, reagent
grade) were obtained from Sigma Chemical Co. and were used
without further purification. The pL-glyceraldehyde-3-phos-
phoric acid was obtained as the diethyl acetal monobarium
salt from Sigma Chemical Co. The free acid was prepared by
ion exchange with Dowex 50X4-200R resin, and the resultant
concentration of D isomer assayed enzymatically (Velick,
1957). Samples were stored frozen and remained stable fo1
several weeks. Frozen rabbit muscle (type I) was obtained
from Pel-Freez Biologicals. Charcoal (Darco-activated car-
bon) was washed extensively with acid, alkali, and distilled
water. All other reagents were the best available commercial
grade. Solutions were made up in distilled, deionized water.

Preparation of Holoenzyme. The enzyme was isolated by
the method of Cori er al. (1948), with the modifications of
Amelunxen and Carr (1967). Four recrystallizations were
usually sufficient to remove hemoprotein impurities. Solutions
of the purified enzyme gave an 4us: 4260 ratio between 1.2 and
1.3, corresponding to 2-3 moles of NAD bound per mole of
enzyme (De Vijlder and Slater, 1968).

Preparation of Apoenzyme. The enzyme was isolated from
frozen tissue by the method of Ferdinand (1964). The product
of this extraction has been identified as the acyl-enzyme (Bloch,
1970). To obtain free enzyme, the acyl-enzyme was further
treated according to the method of Amelunxen and Carr
(1967). The final product contains adenosine diphosphate
ribose in place of NAD (Bloch, 1970). This nucleotide binds
much more weakly than the coenzyme so that enzyme, com-
pletely free of NAD, was more easily prepared from this
product rather than that of the previously described extraction
procedure. The adenosine diphosphate ribose was removed
from the product either by chromatography on a column of
carboxymethylcellulose (Bloch, 1970) or by charcoal treat-
ment (De Vijlder and Slater, 1968). The apoenzyme prepara-
tions showed the Auso:A4s260 ratio expected for complete re-
moval of NAD. However, to confirm the absence of NAD,
samples of the protein were digested with pepsin and the
liberated coenzyme assayed enzymatically (Ferdinand, 1964).
Less than 0.1 mole of coenzyme/mole of enzyme was found in
all cases.

The protein obtained from both extraction procedures was
stored as a suspension in saturated ammonium sulfate solu-
tion, pH 8.5 at 2°. For kinetic experiments, a sample of the
enzyme, suspended in ammonium sulfate was spun down and
redissolved in the appropriate buffer. If apoenzyme was re-
quired, the solution was stirred with charcoal for 30 min at
2° and recentrifuged. The resultant solution of holo- or apo-
enzyme was dialyzed for 12 hr at 2° against two changes of 50-

fold excess of the required buffer. Slight denaturation oc-
curred and a final high-speed centrifugation was performed
prior to using the enzyme. Protein concentrations were de-
termined spectrophotometrically (Fox and Dandliker, 1956),
and diluted to give 3-6 X 1075 M enzyme in temperature-jump
experiments. (The concentration of NAD binding sites is four
times the molar concentration of enzyme.)

A stock solution of NAD was made up in distilled water
and the concentration determined spectrophotometrically
using a molar extinction coefficient at 260 nm of 1.8 X 10¢
cm~! M~L. Small aliquots of NAD were added by micropipet
to the protein solution to give the required coenzyme concen-
tration for kinetic experiments. No more than four successive
additions of NAD were performed with any enzyme solution.
In the case of apoenzyme in pyrophosphate buffer, only two
additions per protein sample were performed, and apo-
enzyme in Tris buffer was so sensitive to mechanical agitation
that fresh protein was required for each NAD concentration
studied.

Assay of Enzymic Activity. Holoenzyme and apoenzyme
were assayed by the method of Velick (1957), except that a
Tris-acetate buffer (0.03 M Tris with 0.003 M EDTA, pH 8.5)
was substituted for pyrophosphate and no preincubation of
the enzyme with cysteine was required. Enzyme from both
extraction procedures had a specific activity of 120-160 um
DPN reduced per min per mg. Charcoal treatment appeared
to have no effect on catalytic activity. Enzyme was routinely
assayed before and after temperature-jump experiments. No
deterioration of holoenzyme solutions occurred over a 12-hr
period at 25°. Apoenzyme reconstituted with NAD was less
stable. In pyrophosphate buffer, solutions were stable for a
few hours, and in Tris-HCI buffer, fresh solution was required
for each experiment,

Kinetic Measurements. The temperature-jump apparatus
has been described previously (Faeder, 1970). The final
temperature in the cell, after the 7.5° jump, was 25°, except
in one study of the holoenzyme in pyrophosphate buffer where
a final temperature of 35° was employed.

Concentrations of enzyme from 3.65 X 10-% to 11.7 X
10-*M and of NAD from O to 5.67 X 10-*M were used. The
kinetic changes were monitored at 360 nm, and the chemical
relaxation was displayed on a Tektronix storage oscilloscope
and photographed. The photographs were analyzed by use of a
curve tracer linked to a PDP-9 computer, which performed a
weighted least-squares fit of the logarithm of signal amplitude
vs. time. In several cases the reciprocal relaxation time ob-
tained by this method was compared to the value obtained by
direct measurement of the photographs and plotting. Pro-
vided the curves exhibited only a single relaxation time, the
correlation was within the experimental uncertainty (£10%)).
Between five and eight traces were photographed and analyzed
for each experimental point reported.

Results and Treatment of Data

Holoenzyme. At 25° in 0.05 M pyrophosphate—0.005 M
EDTA (pH 8.5) a single relaxation process was observed up to
an NAD :enzyme ratio of about 3.0. Between a ratio of about
3.0to 3.8, two relaxation processes were observed although the
individual relaxation times could not be precisely determined.
In this concentration range the faster effect rapidly diminished
in amplitude, while that associated with the slower process
increased as NAD was added. At NAD :enzyme ratios greater
than about 3.8 the faster process disappeared and only the
chemical relaxation corresponding to the slower process could
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FIGURE 1: Some typical oscillograph traces illustrating the relaxa-
tion spectra of the NAD-glyceraldehyde 3-phosphate dehydrogenase
(holoenzyme) interaction. The vertical scale 1s approximately 0.003
A unit/large division except for C where the sensitivity is a factor of
two greater. A, B, and C: 0.05 m pyrophosphate-0.005 M EDTA,
pH 8.5, 25°. (A) ES, = 7.43 X} 107° M, NAD = 3.32 X 1075 m,
horizontal scale of 1 msec/large division, r = 1.18 msec. (B) ES,
= 6.45 X 107 m, NAD = 10.6 X 107 M, horizontal scale of 2
msec/large division, 7, ~ 0.8 msec, 7 ~ 3 msec. (C) ES; = 7.43 X
1075 M, NAD = 24,6 X 107 m, horizontal scale of 0.5 msec/large
division, 7 = 0.68 msec. (D) 0.1 m Tris-HCI-0.005 m EDTA, pH
8.5,25°  ES; = 4.15 X 1075 M, NAD = 3.2 X 107% m, horizontal
scale of 0.5 msec/large division, r; ~ 0.2 msec, 7» ~ 0.8 msec. A
more precise evaluation of the longest relaxation time can be made
by utilizing a different oscilloscope sweep rate for the photograph.
In fact, a detailed analysis of the absorbancy-time curves under
these conditions suggests that three relaxation processes may be
occurring, but the experimental precision is not sufficient to obtain
all three relaxation times.

be detected. The amplitude of this process went through a
maximum and gradually decreased with increasing NAD
concentration. Some typical oscillograph traces illustrating
the general behavior described above are shown in Figures
1A-C. In Figure 1A a curve which can be described by a
single exponential function is shown at a low NAD :enzyme
ratio; in Figure 1B a single exponential function no longer
describes the curves obtained at an intermediate NAD:
enzyme ratio; finally in Figure 1C at a high NAD :enzyme
ratio the amplitude of the relaxation process observed in
Figure 1A has become undetectable and a single exponential
function again characterizes the curve shown. The relaxation
times for both processes showed a marked dependence on
NAD concentration suggesting the occurrence of coupled bi-
molecular reactions. Since two of the NAD molecules are
stoichiometrically bound (Conway and Koshland, 1968;
De Vijlder and Slater, 1968), a reasonable mechanism is the
successive addition of the third and fourth molecules to the
enzyme:

k1

k1

k2
ES; + § === ES, 3)

In general this system would be characterized by two
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FIGURE 2: Plot of the reciprocal relaxation time, 1/7, vs. the sum
of the equilibrium concentrations of ES, and S with holoenzyme in
0.05 M pyrophosphate-0,005 m EDTA, pH 8.5, 25°. The straight
line was calculated using the parameters in Table I and eq 4, with
the parameters being obtained using the trial and error procedure
described in the text.

coupled relaxation times. However, when the NAD :enzyme
ratio is less than 3, eq 3 can be neglected to a good approxima-
tion, while when this ratio is greater than 3.8, eq 2 can be
neglected to a good approximation (i.e., the third site is
essentially fully occupied). Then in the former case the
reciprocal relaxation time, 1/7, is

l,ﬂ'ﬂ = I’tl[(EJ) '*‘ (S)] + k 1 (4)
and in the latter case
1rs = kf(ES:) + S)] + k » &)

where the overbars designate equilibrium concentrations.
Unfortunately the binding constants for the third and fourth
NAD molecules are not known under the appropriate experi-
mental conditions so that the equilibrium concentrations can-
not be calculated. A computer program was used which cal-
culated the equilibrium concentrations of eq 4 and 5, given
the stoichiometric enzyme and NAD concentrations [(ES:)o
and (S)y, respectively] and the equilibrium dissociation con-
stants K; and K (eq 2 and 3, respectively). An initial estimate
of K; was obtained from the kinetic data by a plot of 1/r vs.
[(S)e — (ES.)] (a first approximation of (ES;) + (S) for an
NAD :enzyme ratio greater than 3.8). The value of K; was
initially arbitrarily taken as K,/10 (Conway and Koshland,
1968). The values of K; and K obtained were then used to
replot the data, and this process was continued until the initial
and final dissociation constants were identical. Figures 2 and 3
show the final plots of the reciprocal relaxation time vs.
[(ES.) + (5)] and [(ESs) + (S)), respectively, where the NAD:
enzyme ratio is less than 3.0 in the former case and greater
than 3.8 in the latter case. The straight lines shown are con-
sistent with both the assumed equilibrium constants and the
kinetic data. The values of the rate constants and equilibrium
dissociation constants are summarized in Table L. The fit of the
experimental data in Figure 3 is quite good. Since the relaxa-
tion times in Figure 2 could only be determined with great
difficulty over a very narrow range of concentrations, the fit
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TABLE I: Equilibrium and Kinetic Parameters.

Holoenzyme Apoenzyme
0.05 M pyrophsophate, pH 8.5  0.05 M pyrophosphate,
pH 8.5, 25°
Ky (um) 5.0 (25°)  Ki(um) 40
28 (35°)  Ki(uMm) 800
Ky (um) 66 (25°)  ke(sec™) 250
145 (35") k-s(sec™t) 250
ky(M~lsec™l) 2.0X107(25°) k;(M'sec™l) 1.85X 107
k—i(sec™t) 100 (25°)  k—(sec™) 370

ky(M~lsec™l) 5.9 X 10°(25°)

6.0 X 10°(35°)

k—s(sec™l) 390 (25°)
870 (35°)
0.1 m Tris, pH 8.5, 25° 0.1 M Tris, pH 8.5, 25°
K (um) 1.5 K (um)e 4
K. (um) 10 K (um)® 35
ks 4+ k-3 (sec™1) 300 ks + k—g(sec™1) 550
ka(MLsec™)) 4.4 X 107 ko (M 1sec™) 1.4 X107

k-4 (sec™1) 400
« De Vijlder and Slater (1968).

k—g (sec™?) 490

of the experimental data is satisfactory. In principle the kinetic
coupling of the two binding steps should be explicitly taken
into account. The exact relaxation times were calculated for
the mechanism of eq 2 and 3 using the rate constants in Table I
and are in reasonable agreement with the measured values.
The precision of the data is not sufficient to warrant an ex-
tensive analysis in terms of the exact expressions for the re-
laxation times.

At 35°, similar behavior was observed except that only a
single relaxation process was detected and the binding con-
stants for the third and fourth molecules appeared to be
much weaker than at 25°. The data could be analyzed as at 25°
if the measured relaxation times were assumed to be associated
with the binding of the fourth NAD molecule. The kinetic and
equilibrium parameters are included in Table I, and the ki-
netic data are plotted in Figure 3.

At this point it is worth noting that the reported rate con-
stants are not necessarily those of the elementary steps. For
example, if the vacant sites are all equivalent, the rate constant
for the formation of ES, is (5§ — n) times the rate constant for
the elementary step and if the occupied sites are all equivalent,
the dissociation rate constant is # times that for the elementary
step.

At 25° in 0.1 M Tris-0.005 M EDTA (pH 8.5), very differ-
ent behavior was observed. With a ratio of NAD to en-
zyme between 2 and 3, at least two relaxation effects could
be detected. A typical oscilloscope trace showing a minimum
of two relaxation processes is presented in Figure 1D. The
fastest process (1/r ~ 5 X 102 sec™!) had a maximum ampli-
tude at an NAD :enzyme ratio of about 2.5; however the am-
plitude was too small to permit a quantitative study of this
process. The slowest effect, which was analyzed in detail,
increased in amplitude as NAD was added but exhibited little
dependence on coenzyme concentration until sufficient NAD
was added to saturate the third binding site. At higher con-
centrations of NAD the reciprocal relaxation time showed a
linear dependence on the added concentration of NAD, as
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FIGURE 3: Plot of the reciprocal relaxation time, 1/7,, vs. the sum
of the equilibrium concentrations of ES; and S with holoenzyme
in 0.05 M pyrophosphate-0.005 M EDTA, pH 8.5 at 25° (O) and
35° (@). The straight lines were calculated using the parameters in
Table 1 and eq 5, with the parameters being determined by the
trial and error procedure described in the text.

shown in Figure 4. The amplitude of this process went through
a maximum and eventually decreased at high NAD concen-
trations. A possible mechanism consistent with these findings
is

’

ES; + S —> ES, (6)
ks
ES; = ES;’ )
ks
ks
ES.' + S == ES, ®)
gy

Normally three relaxation times would be expected for the
above mechanism, whereas only two well-defined time con-
stants could be obtained (Eigen and De Maeyer, 1963;
Hammes and Schimmel, 1970). However, a possible explana-
tion of the experimental observations is as follows. The faster
observed relaxation time can be associated with eq 6 and the
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FIGURE 4: Plot of the reciprocal relaxation time, 1/7, vs. the
total concentration of NAD, (So), with holoenzyme (4.15 X 1075 M)
in 0.1 M Tris-HCI-0.005 M EDTA, pH 8.5 at 25°. The dashed lines
are two of the relaxation times (eq 9) associated with the mech-
anism of eq 6-8, calculated using the parameters in Table I.
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FIGURE 3: Plot of the reciprocal relaxation time, 1/7, vs. the sum
of the equilibrium concentrations of ES; and S. These data have
been taken from Figure 4 at high NAD concentrations. The straight
line has been drawn using eq 11 and the parameters in Table 1.

slower relaxation time can be associated with eq 7 and 8. In
principle, two relaxation times are associated with eq 7 and 8,
and if eq 6 is considered to be a preequilibrium they can be
written to a good approximation as

1 O
1/7 = é[(au + awn) i\/(an + ap)? — Manan — llma‘zl)} )]

where

ks

“E L R® - B T
ap = ks
e k“[(S) TS + (E—Sz)]/K:J

U» = 1\',4 + k.}[(—Egii,) + (—S-)]

Two possible interpretations of the observed slow relaxation
time are possible. First it can be interpreted as representing
one of the roots of the square root above. The relaxation time
utilizing the positive square root has qualitatively the correct
form: at low NAD concentrations with the enzyme concentra-
tions employed as << a1; and

17 = ky 4 k_y (10)
at high NAD concentrations a» >> ai; and
17 = k{(ES:") + O] + k- (11)

Although this relaxation time has qualitatively the correct
concentration dependence, it was not possible to fit the data
quantitatively in the transition region, where a;; = as util-
izing reasonable equilibrium dissociation constants. A second
interpretation of the data is that eq 10 and 11 are correct in
the limits of low and high NAD concentrations, but that in
the transition region the two relaxation times defined by eq 9
are being observed, but cannot be resolved experimentally.
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This is not unreasonable since the relaxation effects have fairly
small amplitudes. An analysis of the data was carried out as-
suming eq 10 to be valid at low NAD concentrations (actually
as (NAD) — 0) and eq 11 to be valid at high NAD concentra-
tions. The equilibrium dissociation constants are not known
for the holoenzyme under the experimental condition em-
ployed, but reasonable values could be obtained utilizing the
trial and error procedure described above on the data at high
NAD concentrations in Figure 4. The linear plot obtained is
shown in Figure 5 and the kinetic and equilibrium parameters
obtained are included in Table 1. These parameters were then
used to calculate the two relaxation times according to eq 9.
These relaxation times are shown as dashed lines in Figure 4
for the enzyme concentration employed in most of the ex-
periments (4.15 X 107% M), It can be seen that one of the roots
of the relaxation time describes the data well at low NAD con-
centrations, while the other fits the data at high NAD concen-
trations. The experimental points for the transition region fall
between the two calculated curves, as expected from the as-
sumption underlying the analysis. In this transition region
both the amplitudes and time constants should be ccmparable;
although some indication of three relaxation processes could
be observed in the absorbancy-time curves, the time constants
could not be resolved. On either side of the transition region,
the amplitude of one of the relaxation processes should pre-
dominate so that the observation of a single relaxation time is
not surprising.

Although only semiquantitative significance can be attrib-
uted to the rate parameters obtained, the analysis used is
reasonably consistent with all of the data. The ratio A-s/k;
could not be obtained so that the overall dissociation con-
stants Ky and K, were assumed to be equal to X;' and A-,/k,,
whereas actually they are equal to Ky'/(1 + ks/k-3) and (k—s/ks)
(1 + k-y/ky), respectively. A more exact analysis cannot be
carried out at this time, but in any event would not markedly
alter the concentration dependence of the relaxation times.
Finally it should be mentioned that a mechanism, where ES;,
rather than ES;’, reacts with the fourth NAD molecule, is also
consistent with the data.

Apoenzyme. With apoenzyme in 0.05 m pyrophosphate
buffer, the relaxation spectrum was studied with NAD:apo-
enzyme ratios from 0 to 5.1. No effects were detectable up to a
ratio of ~0.9. Between 0.9 and 2 a single relaxation process
was observed with no apparent coenzyme concentration de-
pendence. With more than two equivalents of NAD a single
relaxation process was still observed, but the reciprocal relaxa-
tion time increased as coenzyme was added. At no point in the
concentration range was more than a single relaxation process
resolved. The results obtained are shown in Figure 6.

A simple mechanism consistent with these observations is

ES -+ S === ES, (12)
Is
ke
ES, == ES.’ (13)
123
ES, + S =—>= ES; (14)
A

where the binding of the fourth NAD molecule is assumed to
be negligible at the concentrations employed. Unfortunately
binding studies have not been carried out under exactly the
same experimental conditions, but equilibrium dialysis ex-
periments under somewhat different conditions (Conway and
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FIGURE 6: Plot of the reciprocal relaxation time, 1/7, vs. the total
concentration of NAD for apoenzyme (5.60 X 1075 to 5.95 X 10-°
M) in 0.05 M pyrophosphate-0.005 M EDTA, pH 8.5at 25°, The
dashed lines are two of the relaxation times (eq 9) associated with
the mechanism of eq 12-14, calculated using the parameters in Table
1.

Koshland, 1968) indicate the dissociation constants for NAD
binding to the charcoal-treated enzyme are greatly increased,
although negative cooperativity is retained. In the above
mechanism the binding of the first and second molecules of
NAD to the enzyme is assumed to be too rapid to be observed,
or alternatively the associated relaxation amplitude is too
small. Exactly as in the mechanism just discussed, the ob-
served relaxation time is attributed to a coupling of eq 13 and
14, and the expected relaxation times are given by eq 9 where
the a;;’s can be obtained by analogy of eq 12-14 to eq 6-8.
An approximate value of Kj, the dissociation constant of
NAD from the third site, was obtained from a plot of [(S), —
2(E)q] vs. 1/7 at high NAD concentrations. A value of K, the
dissociation constant for the fourth site was chosen to give
minimal binding under the conditions employed. The kinetic
and equilibrium parameters were obtained by the iterative
procedure previously described. The final values of the param-
eters are given in Table I, and the two calculated relaxation
times are shown in Figure 6. Again in the intermediate con-
centration region, the observed relaxation time appears to be a
mean of the two calculated relaxation times.

An alternative mechanism is to assume that the binding site
for the third and fourth NAD molecules are equivalent. Such
a possibility has been suggested (Bloch, 1970) and is consistent
with the kinetic data with an apparent dissociation constant of
100 um. Formally this mechanism is the same as eq 12-14, ex-
cept that the species ES.’ has two equivalent binding sites so
that its effective concentration is 2(ES,’).

Because of the instability of the apoenzyme in 0.1 M Tris
buffer, a less complete study of the concentration dependence
of the relaxation spectrum was obtained. Nevertheless, the
general features of the concentration dependence of the relaxa-
tion spectrum are apparent. No relaxation processes were de-
tectable with an NAD:apoenzyme ratio less than ~0.8.
When this ratio was between ~0.8 and 2, a single relaxation
process was observed which exhibited no concentration de-
pendence. Between a ratio of 2 and 3, a slow process was also
observed, but an additional very fast process (1/7 > 3 X 103
sec™!) was in evidence. Above an NAD:enzyme ratio of 3,
only a single process was observed, with a relaxation time
which decreased with increasing coenzyme concentration.
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FIGURE 7: Plot of the reciprocal relaxation time, 1/r, vs. the total
concentration of NAD for apoenzyme (6.38 X 10~% M) in 0.1 M
Tris-HCI-0.005 M EDTA, pH 8.5 at 25°. The dashed lines are two
of the relaxation times (eq 9) associated with the mechanism of eq
15-19, calculated using the parameters in Table I.

Unfortunately only the slowest relaxation time could be de-
termined over an appreciable concentration region, and it is
shown in Figure 7 as a function of the total NAD concentra-
tion. A mechanism consistent with these observations is

ES + S == ES. (15)
ks

E52 -~ ES?’ (16)
ks

ES) + S<—=ES; (17)
ks

ES; <= ES;’ (18)
ks

ko
ES;’ + S<—==ES, (19)

ks

The complete relaxation spectrum of the above scheme is
very complex; however the data can be rationalized in terms
of this mechanism as follows. The bimolecular binding of the
second NAD molecule (eq 15) cannot be seen, either because
the associated relaxation time is too fast, or the relaxation
amplitude is too small. The bimolecular binding of the third
NAD molecule (eq 17) is characterized by the fast relaxation
process which could not be well characterized. The slow re-
laxation time is then due to a conformational change of ES.
and ES; (eq 16 and 18) and the binding of the fourth NAD
molecule. The rate of the conformational change is apparently
independent of whether two or three NAD molecules are
bound to the enzyme. The problem now is identical to that dis-
cussed previously for the binding of NAD to holoenzyme in
tris buffer, and an approximate solution was obtained in the
same manner. In this case, values of the equilibrium dissocia-
tion constants are available (De Vijlder and Slater, 1968). The
calculated values of the two relaxation times for this system,
using the parameters in Table I, are shown in Figute 7. These
parameters were obtained by a trial and error fitting of the
data. Again this appears to be an example where the relaxa-
tion spectrum cannot be resolved in the concentration region
where coupling is very important, but the data can be fit well
at very low and very high NAD concentrations. Considering
both the experimental and theoretical difficulties and approxi-
mations, the fit of the data is not unreasonable,
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FIGURE 8: Schematic mechanism for the binding of NAD to b-
glyceraldehyde 3-phosphate dehydrogenase. The different geome-
trical shapes represent different conformations of the enzyme. As
explained in the text, the entire mechanism is required to explain
the stopped-flow and temperature-jump results, while the portion
enclosed in the dashed lines suffices for the temperature-jump re-
sults,

Discussion

The results obtained indicate that the relaxation spectrum
for this system is very complex, and in fact the individual re-
laxation times cannot be well resolved experimentally. In a
complex system such as this, the experimental difficulty of re-
solving the relaxation spectra should be emphasized; relaxa-
tion times which differ by less than a factor of two usually
cannot be distinguished if the relaxation processes have equal
amplitudes. In the present case, the large difference in binding
constants for successive addition of NAD molecules causes a
dramatic change in relaxation amplitudes over the concentra-
tion ranges employed, and this factor is what makes it possible
to resolve many of the individual steps in the binding mech-
anism. This point is best illustrated by the data obtained for
the holoenzyme in pyrophosphate: the two relaxation times
can be resolved because the amplitude of one of the relaxation
processes is much smaller than the other except for a very
small concentration range. In general, the behavior of the re-
laxation amplitudes corresponds to that predicted on the basis
of the proposed mechanisms.

What has been obtained is a semiquantitative determination
and analysis of the relaxation spectrum. Although the rate and
binding constants can only be regarded as rough estimates, it
is readily apparent that a number of binding steps and con-
formational transitions are occurring. Equilibrium binding
studies have not been carried out under all of the exact con-
ditions used in these experiments; however the binding con-
stants obtained from the kinetics are quite consistent with
those obtained in equilibrium studies under similar, but not
identical, conditions (Conway and Koshland, 1968; De
Vijlder and Slater, 1968).

Some general assessment of the binding mechanism can be
made by detailed consideration of the results. First the results
obtained in 0.1 m Tris-HCI, pH 8.5, are considered. Although
the enzyme is quite unstable in this media so that it is difficult
to obtain extensive data, Tris buffer is believed not to interact
with the enzyme, unlike pyrophosphate. No relaxation effects
were detectable for the binding of the first molecule of NAD to
the enzyme. This binding process cannot be slow since rapid-
mixing studies (Bloch, 1970; De Vilder and Slater, 1968) indi-
cate it is complete within 3 msec after mixing. Therefore, either
this process is too fast (r = <10 u sec) or more likely the re-
laxation amplitude is too small to be detected by our instru-
ment. As the second molecule of NAD binds, a relaxation pro-
cess is observed which can be associated with a conformational
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change of the ES; species. With the native enzyme dialyzed ex-
tensively against buffer so that only 2 moles of NAD remain
bound, this process could not be detected suggesting that a
single conformation has been stabilized in the holoenzyme.
The effect of charcoal treatment on the enzyme is not well
understood and it may be that two conformations are arti-
ficially created by charcoal. However, similar behavior was
observed in pyrophosphate with apoenzyme prepared by the
much milder procedure described in the Experimental Sec-
tion. The bimolecular reaction leading to the formation of
ES: could not be detected, again presumably due either to its
rapidity or to an undetectable relaxation amplitude.

The binding of the third and fourth NAD molecules is
qualitatively similar for both native and charcoal-treated en-
zyme. Two distinct relaxation processes were observed. The
faster process can be associated with the binding of the third
NAD molecule although a detailed concentration dependence
could not be determined, and the slow process is related to a
conformational change of the ES; species and the binding of
the fourth NAD molecule. The reciprocal relaxation time
asscciated with the conformational change is slightly larger
for the charcoal-treated enzyme (Table I), but the difference is
not great and the conformational transition is undoubtedly
similar in both cases. Moreover, the conformational change in
the ES; species of the charcoal-treated enzyme has the same
relaxation time as the transition in the ES; species and there-
fore also is presumably similar in nature. The mechanism for
the binding of the fourth NAD molecule is the same for both
native and charcoal-treated enzyme: a simple bimolecular
reaction. Considering the approximate treatment of the data,
the rate constants and equilibrium dissociation constants ob-
tained are remarkably similar in both cases (Table 1). The
simplest mechanism for the binding process consistent with all
of the data is shown schematically as the portion of Figure 8
enclosed within the dashed lines. The different geometrical
shapes designate different conformational states of the en-
Zyme,

The results obtained with the apoenzyme in 0.05 M pyro-
phosphate are slightly different from those found in 0.1 M
Tris buffer: a conformational change is observed in the ES.
species, but not in the ES; species. However, the sum of the
rate constants associated with the conformational change is
essentially identical in both cases (5.5 X 10? sec™'). The apo-
enzyme prepared by column chromatography gave a slightly
different value for this sum, which was identical with that
found for the holoenzyme in Tris buffer (~3 X 10% sec™!).
The question as to whether the third and fourth molecules
bind to equivalent sites or cooperative effects occur cannot be
resolved by this work as both possibilities are consistent with
the data. However, in any event, a conformational transition
in the ES. species followed by a bimolecular binding step is
suggested by the data. With native enzyme, the binding of
both the third and fourth NAD molecules could be resolved.
The fact that a conformational change is not observed in the
ES; species with either native or charcoal-treated enzyme, sug-
gests that pyrophosphate stabilizes a single conformation
state. Therefore, the overall binding process also can be de-
picted as the enclosed portion of Figure 8, except that only one
of the ES; species is present in significant amounts.

The mechanism of the enclosed part of Figure 8 provides an
explanation of all the results obtained in this study; however
rapid-mixing studies have also been carried out of the NAD-
enzyme interaction (De Vijlder and Slater, 1968; Bloch,
1970). Upon mixing apoenzyme and NAD, a biphasic process
is observed, one portion of the reaction being complete within
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the mixing time of the apparatus, the other process having a
relatively long relaxation time (1/r ~ 0.3 sec™!). This slower
process has been analyzed in terms of conformational change
of ES,, ES;, and ES, species (Bloch, 1970). A clue to a possible
explanation for the difference in the results obtained with tem-
perature-jump and rapid-mixing techniques is given by the
effects of preincubation of apoenzyme with coenzyme prior to
rapid-mixing experiments. Slow binding effects are only ob-
served when more than 2 mole equiv of NAD is mixed with
apoenzyme; moreover preincubation with NAD causes a
linear decrease in the amplitude of the observed effect until it
completely disappears when incubation is with 2 or more mole
equiv of NAD. Preincubation always occurs in temperature-
jump experiments since solutions are made up at least 1 min
before measurements are made. Therefore, it is not surprising
that slow processes are not observed with the temperature-
jump method, and it must be concluded that metastable states
are observed in the rapid mixing studies.

A possible mechanism consistent with all of the findings is
shown in Figure 8. In this mechanism, the top row of confor-
mations of ES,, ES;, and ES, species are metastable species,
and the rapid-mixing experiments measure the rates of the
vertical conformational transitions of the first row. The states
below the first row then represent the stable system formed by
preincubation, which is of importance in the temperature-
jump experiments. The nature of the various conformational
states cannot be specified, and could involve intra- or inter-
subunit changes.

Although some apology must be made for the necessarily
approximate nature of the data analysis, a complex stepwise
mechanism is indicated for the addition of NAD to the rabbit
muscle enzyme. This is in contrast to the conclusions reached
for the yeast enzyme, where the concerted mechanism of
Monod er al. (1965) has been postulated to be operative
(Kirschner et al., 1966). This mechanism predicts three relaxa-
tion times should be observed and that one of the relaxation
times should reach a limiting value as the NAD concentration
increases and the enzyme approaches saturation. This be-
havior is clearly not seen in the relaxation spectra associated
with the rabbit muscle enzyme. The apparent difference in
binding mechanism for two very structurally similar enzymes
is puzzling and merits further investigation.
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