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ABSTRACT: The activation of mitochondrial succinate de-
hydrogenase by various activators is a result of dissociation
of oxaloacetate tightly bound to the nonactive enzyme. But,
quantitative correlation between the effector concentrations
and the active fraction of the enzyme was not at hand. In
this study we measured the level of active succinate dehy-
drogenase equilibrated with a wide range of opposing effec-
tors: oxaloacetate (1-500 pM) and activator (0.02-1.5 M
NaBr). The results are compatible with a model assuming
two stable forms of the enzyme: a nonactive enzyme-oxa-.
loacetate complex and an active enzyme free of oxaloace-
tate. The active form is stabilized by binding two Br~ and
one H*. The rate of activation (k,) and exchange between
enzyme bound and free oxaloacetate k(ex) were measured.
Both k, and k.« are hyperbolically dependent on Br~ con-
centration but differ in magnitude and pH dependence. k¢x
at infinite Br™ concentration is pH dependent but &, is not.
The two reactions, activation and exchange, aiso differ in

The activation of succinate dehydrogenase by various ac-
tivators has been known for many years (Kearney, 1957;
Gutman et al., 1971a,b; Kearney et al., 1974). Only recent-
ly, when Ackrell et al. (1974) identified the binding of oxa-
loacetate to succinate dehydrogenase as the mechanism of
deactivation, could a common mechanism be ascribed to the
effect of various activators. All activators, substrates,
CoQH,', anions, IDP (Ackrell et al., 1974), or reductive
activation (Gutman and Silman, 1975a,b) remove the oxa-
loacetate from the enzyme to yield the free active form of it.

In our previous studies (Gutman and Silman, 1975a,b),
the reductive activation of succinate dehydrogenase was an-
alyzed and shown to be a simple equilibrium between four
stable forms of the enzyme: oxidized and reduced oxaloace-
tate complexes of the enzyme both nonactive, where the re-
duced complex is less stable than the oxidized one. The two
other forms are the oxidized and reduced forms of the li-
gand-free active enzyme. Consequently the equilibrium
concentrations of the active form of the enzyme are a func-
tion of both the poised redox potential and the concentra-
tion of free oxaloacetate.

* From Department of Biochemistry, George S. Wise Center of Life
Sciences, Faculty of Life Sciences, Tel-Aviv University, Tel-Aviv, Is-
rael. Received September 2, 1975.

! Abbreviations: ETP and ETPy, for nonphosphorylating and phos-
phorylating submitochondrial particles, respectively; OAA, oxaloace-
tate; E5 and Enga for active and nonactive forms of succinate dehydro-
genase; k', and k,, apparent and maximal rate of activation, respec-
tively; k’ex and k¢, apparent and maximal rate of exchange, respective-
ly; k’a and kg, apparent and maximal rate of deactivation, respectively;
PMS, phenazine methosulfate; DCPIP, dichlorophenoleindophenol:
CoQH3, reduced ubiquinone.
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their activation energy being 32 and 21.5 kcal/mol, respec-
tively. It is concluded that, in the course of activation, Br~
interacts at two distinct steps. First to produce a ternary,
nonactive [enzyme-oxaloacetate-Br~] complex. From this
complex, oxaloacetate dissociates and the oxaloacetate-free
enzyme assumes its active form. Finally, the active enzyme
is stabilized by binding another Br™. The rate-limiting step
in deactivation is binding of oxaloacetate to active enzyme.
The complex formed undergoes a very rapid transformation
to the stable nonactive form. This pathway, under certain
conditions, can reverse its direction and contribute to the
overall rate of activation. It is suggested that the equilibri-
um between the two stable forms of the enzyme can be
reached by two parallel pathways, each contributing inde-
pendently to the observed rate of activation, while the final
equilibrium is determined by the free energy between the
products and the reactants.

In the present communication we employed a similar ap-
proach, combining equilibrium and kinetic studies, in inves-
tigating the mechanism of activation of succinate dehydro-
genase by anions. It is not likely that, under physiological
conditions, anions play a key role in regulation of succinate
dehydrogenase; yet because of the following reasons, anions
can serve as a good model for studying the mechanism of
activation. Unlike other activators (as succinate or
CoQH3), Br~ does not reduce the enzyme, nor does it react
with high affinity with the substrate binding site as does
malonate. When using membrane-bound enzyme, even high
Br~ concentrations do not inactivate nor solubilize the suc-
cinate dehydrogenase. Finally, due to the relatively low af-
finity, the anion can be removed very rapidly by either dilu-
tion or centrifugation.

The mechanism for activation proposed by Ackrell et al.
(1974) was:

+activator

Ena + OAA Es < OAA — E4 + OAA

——
==
—activator

This model, as written, cannot account quantitatively for
the effect of activator or oxaloacetate concentrations either
on the rate of the partial reactions or for the equilibrium
level of active enzyme. As will be shown in this study, the
activation of succinate dehydrogenase by anions consists of
an equilibrium between two stable forms of the enzyme: a
nonactive enzyme-oxaloacetate complex (Ena-OAA)! and
active enzyme stablized as a Br~ complex. The fraction of
the active enzyme and the rate of its appearance are both a
function of the Br~ and oxaloacetate concentrations.
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Materials and Methods

Beef heart mitochondria and ETP were made according
to Ringler et al. (1963); ETPy was made by the method of
Hansen and Smith (1964). Succinate dehydrogenase activi-
ty was measured spectrophotometrically using the DCPIP-
PMS method (Kimura et al., 1967) as modified by Gutman
et al. (1971a). In order to avoid activation in situ, the assay
was carried at 13-15 °C.

Prior to use, ETPy were washed with 0.25 M sucrose, 50
mM Tris-acetate, pH 7.4, and 5 mM MgSO4 and resus-
pended in 0.18 M sucrose, 50 mM Tris-acetate, pH 7.4, and
5 mM MgSO, to 20 mg/ml, activated if called for by the
experimental procedure (1 mM malonate, 30 min at 30
°(C), spun down, and resuspended in the same buffer.

Determination of Equilibrium Level of Activation. Acti-
vated ETPy were suspended in 0.18 M sucrose, 100 mM
Hepes, or Mes at the desired pH and NaBr concentration.
A freshly prepared solution of oxaloacetate was added and
the activity of the enzyme was followed by removing sam-
ples for assay at 15 °C. The sampling continued until no
further change in activity was observed; this was attained
after ca. 10 min (at 30 °C); routinely the activity was mea-
sured after 15-30 min of incubation.

To account for possible inactivation, control samples
were activated in the cuvette (containing 20 mM succinate,
60 mM KPOy buffer, pH 7.6, and 2 mM KCN) for 15 min
at 30 °C and cooled to the assay temperature, (15 °C), and
the reaction was started by addition of DCPIP and PMS
(Kimura et al., 1967). This procedure allows estimation of
the extent of competitive inhibition by oxaloacetate which
has been carried over. 1t was verified that, even at high Br~
concentrations, no solubilization of the enzyme took place.

Exchange between Enzyme-Bound and Free Oxaloace-
tate. ETPy were washed as before and activated by 0.5 M
NaBr, pH 6.2. The mixture was allowed to set until at least
85% of the enzyme was active (8-12 min). The ETPy were
spun down (100 000g for 30 min) and resuspended in 0.18
M sucrose, 50 mM K-Pi buffer, and 1 mM NAD to 5-10
mg/ml. [U-'4C]-L-Malate (82 mCi/mmol) was added in a
tenfold molar excess to the enzyme content. The enzyme
was fully deactivated in 2-5 min at 30 °C. The ETPy were
spun down and washed by the same buffer and resuspended
to 15 mg/ml in 0.18 M sucrose, 10 mM Tris-acetate, pH
7.2. Exchange was initiated by diluting the ETPy to 1
mg/ml with 0.18 M sucrose and 100 mM buffer (Hepes or
Tris-acetate), at the desired pH and NaBr concentration,
plus 1 mM unlabeled oxaloacetate, all at a known constant
temperature. At designated times, samples were withdrawn
and diluted (1:10) in 0.18 M sucrose and 100 mM Tris-ace-
tate, pH 8, containing 10 mM semicarbazide, precooled to 0
°C. Under such conditions there is neither exchange nor ac-
tivation by the Br~, The samples were spun down and resus-
pended in 0.2 ml of 1% sodium dodecyl sulfate; radioactivi-
ty was measured by scintillation counting using Packard In-
stagel scintillation fluid. Protein content was determined for
each sample by the biuret method. To evaluate the efficien-
cy of the washing procedure, a sample at ¢+ = 0 was dena-
tured by 6% Cl;CCOOH and then washed by the same pro-
cedure. It was verified that the indicated concentration of
the detergent did not quench the scintillation. Samples were
removed from the exchange reaction mixture and assayed
for succinate dehydrogenase activity, with or without prior
activation in the cuvette.

{U-14C]Oxaloacetate was made by controlled catalytic
oxidation of [U-'4C]-L-malate. [U-14C]-L-Malate (35 mCi/
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FIGURE 1: The effect of bromide and oxaloacetate concentrations on
the activity of succinate dehydrogenase: (top) equilibrated, pH 6.2;
{bottom) equilibrated, pH 7.2. ETPy, washed and activated as de-
scribed under Materials and Methods, were equilibrated at 30 °C, 0.18
M in sucrose, 100 mM Hepes, at pH 6.2 or 7.2, with the indicated con-
centrations of oxaloacetate and NaBr. Each point represents the acti-
vation level after 30 min of equilibration measured with respect to full
activation (100% = 0.34 umol/min/mg at 13 °C).

mmol); 150 uM in 50 mM glycine buffer, pH 10, was cata-
lytically oxidized by ETP (0.15 mg/ml) at 30 °C in the
presence of NAD (1 mM) and K3Fe(CN)¢ (1 mM). ETP,
but not ETPy, contains enough malate dehydrogenase to
catalyze the oxidation of malate. The reaction was moni-
tored at 420 nm until all malate was oxidized. The protein
was precipitated by HCIO4 (0.5 M) which was later neu-
tralized by KHCOj3. Excess of K3Fe(CN)g was reduced by
ascorbate.

Results

Equilibrium of Succinate Dehydrogenase with Oxaloa-
cetate. Figure 1 relates the equilibrium level of succinate
dehydrogenase measured in presence of oxaloacetate and
Br~ at a constant pH. Each point represents the equilibrium
level of active enzyme in ETPy, at a given concentration of
oxaloacetate and Br™. It is evident that the level of activa-
tion is a function of both concentrations: the higher the oxa-
loacetate level, the more Br™ is needed to keep the enzyme
active. The relationship between the active enzyme fraction
and the concentration of effectors is pH dependent. At the
higher pH, a lower concentration of oxaloacetate will deac-
tivate the enzyme at any Br™~ concentration.

To find the correlation between the level of activation
and the amount of oxaloacetate bound to the enzyme, we
repeated the equilibration experiment using [!*C]oxaloace-
tate. ETPy were equilibrated at pH 6.2 and various Br™
concentrations with 1 uM [U-14C]-oxaloacetate. After
equilibration the particles were spun down and the radioac-
1343
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FIGURE 2: Correlation between equilibrium level of active succinate
dehydrogenase and its bound oxaloacetate content. ETPy were washed
and resuspended in 0.18 M sucrose, 100 mM Hepes, and 1 uM
['*C]oxaloacetate to 0.5 mg/ml, as in Figure 1 (top). NaBr was added
to various concentrations (0-0.2 M) and, after 15 min equilibration at
30 °C, the particles were spun down at 30 °C and resuspended in 0.18
M sucrose, 50 mM Tris-acetate, and 5 mM MgSQO,. The enzymic ac-
tivity and radioactivity were measured (100% activity = 0.333 umol/
min/mg at 13 °C; 1400 cpm/mg = 1 mol of oxaloacetate/mol of suc-
cinate dehydrogenase).
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FIGURE 3: The variation of the apparent equilibrium constant for acti-
vation with respect to bromide concentration. The values of K’.q were
calculated from the data presented in Figure 1 and other experiments.
The pH of the experiments is indicated on the figures. The different
symbols are for different experiments,

tivity and catalytic activity of the pellet were measured.
Figure 2 correlates the equilibrium level of active enzyme
measured from the pellet with the radioactivity of the pel-
let. The linearity between these two variables is evident.
The difference in bound oxaloacetate between fully active
and completely nonactive enzyme is 1 mol of oxaloacetate
per mole of enzyme, in accord with Ackrell et al. (1974).
The oxaloacetate content associated with the active enzyme
is probably trapped in or between the vesicles, but a wash-
ing procedure to remove it is difficult to devise; any changes
in oxaloacetate or Br~ concentration of the washing solu-
tion will perturb the equilibrium, while a wash with unla-
beled oxaloacetate will initiate an exchange between free
and enzyme-bound molecule oxaloacetate (see below). The
1:1 correlation between nonactive enzyme and increase in
bound oxaloacetate is in accord with the previous sugges-
tion (Gutman and Silman, 1975a,b) that the stable forms of
the enzyme which participate in equilibrium with oxaloace-
tate are nonactive enzyme in a oxaloacetate complex and
oxaloacetate-free, active enzyme.
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FIGURE 4: The time course for exchange of enzyme-bound oxaloace-
tate with free ligand. ETPy were labeled by [*C]OAA as described
under Materials and Methods. The exchange was measured at 30 °C
against 1 mM unlabeled OAA in 0.18 sucrose, 100 mM Tris-acetate,
pH 7.2, and 300 mM NaBr. The reaction was stopped and radioactivi-
ty monitored as described under Materials and Methods. (Insert)
Semilogarithmic plot of radioactivity vs. time.

EA + OAA = Ena ¢ OAA

The apparent equilibrium constants for the above reac-
tion (K’eq) were calculated from the data given in Figure 1,
and from other experiments. The variation of K’¢q with pH
and [Br~] is presented in Figure 3, where the log K’¢q de-
creases linearly with an increase in log [Br~]. The slope of
the line is n = 2, both for pH 6.2 and 7.2. The effect of pH
is evaluated from the difference between the two lines: a
tenfold increase in [H*] is associated with a tenfold de-
crease in K’¢q. The value measured at pH 8.0, 800 mM Br~
(1.1 X 1073 M1, is also compatible with the exponent of
—1 for the effect of proton on the equilibrium (calculated
value 1.05 X 1073 M~1).

Exchange between Enzyme-Bound and Free Oxaloace-
tate. The binding of oxaloacetate to succinate dehydroge-
nase is destabilized upon reduction of the enzyme, with con-
comitant accelerated exchange between free and enzyme-
bound oxaloacetate (Gutman and Silman, 1975a,b). An
analogous case is the decrease of K’¢q by high Br~ concen-
tration. Figure 4 demonstrates that, in presence of 0.3 M
NaBr, pH 7.2, enzyme-bound oxaloacetate is exchanged
with free oxaloacetate. As shown in the insert, the reaction
follows first-order kinetics. As the exchange was measured
in the presence of | mM oxaloacetate, no trace of active en-
zyme was detected during the course of the reaction. On the
other hand, activation in the cuvette showed that no inacti-
vation took place and the enzyme retained all its enzymic
activity.

The experiment of Figure 4 was repeated at the pH and
Br~ concentrations as shown in Figure 5, where the ob-
served first-order rate constants for the exchange (k’cx) are
related to Br~ on a double reciprocal plot. This presentation
will be justified in the Discussion. The saturation curves at
the two pH’s are identical; it is only the maximal rate (kex)
which is pH dependent. This property was also varified by a
Hill plot analysis of the data given in Figure 5. The points
of the two curves fit a single straight line withn = 1.

The Effect of pH and [Br~] on Rate of Activation. The
rate of activation was measured as a function of pH and
Br— concentration. In these experiments, no oxaloacetate
was added and the final level of active enzyme was essen-
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FIGURE 5: The effect of pH and Br~ concentration on the rate of the
exchange reaction. The first-order rate constants for the exchange re-
action were measured from experiments similar to that given in Figure
4. The curve for pH 6.2 (0-0O) was measured with 100 mM Hepes;
(0-0) pH 7.2 with 100 mM Tris-acetate (30 °C).

tially 100%. Figure 6 depicts (on a double reciprocal plot)
the increase of the first-order rate constant of activation,
k’,, with the [Br~]. The maximal rate k, is the same at all
pH values, but the lower the pH, the less Br~ needed to at-
tain this rate. A Hill plot of the data for pH 6.8 and 7.2
yielded two parallel lines with n = 1.

Approach to Equilibrium Kinetics. The kinetics of ap-
proach to equilibrium for a reversible first-order (or
pseudo-first-order) reaction follows apparent first-order ki-
netics. The observed rate constant is k/gpsd = k’a + k’q and
the final level of equilibrium is [Ea]/{Ena] = k’a/k'q,
where k’; and k’q are the respective apparent first-order
rate constants for activation and deactivation. By measur-
ing the kinetics of approach to equilibrium in presence of
variable concentration of oxaloacetate and Br~, the effect
of oxaloacetate and Br~ on the rate of deactivation can be
measured.

A typical time course of such a reaction is given in Figure
7, demonstrating the effect of oxaloacetate concentration on
the rate and the level of equilibrium. The rate constants for
activation, calculated from such experiments are essentially
the same as those measured from activation kinetics in ab-
sence of oxaloacetate. This is demonstrated in Figure 6
where k’, values calculated from both types of experiments
fit the same line.

The rate of deactivation is a linear function of oxaloace-
tate concentration, indicating that the rate-limiting step in
the deactivation is the second-order reaction with oxaloace-
tate. The second-order rate constants for deactivation mea-
sured at 300 and 450 mM NaBr (pH 7.2) are 2 X 10% and 6
X 10° M~! min~, respectively. The dependence of rate of
deactivation on [Br~] is shown in Figure 8. The rate is a lin-
ear function of 1/[Br]?. As will be shown in the Discussion,
this linearization is not empirical but predicted by the
model.

The Effect of Temperature on the Rates of Exchange
and Activation. The results just presented indicate that the
exchange of oxaloacetate and activation of the enzyme
might proceed at independent rates. The fact that these two
reactions are not controlled by the same rate-limiting step is
further demonstrated by the difference in their activation
energy (Figure 9). The activation energy for exchange is
21.5 keal/mol, while for activation, E, = 32 keal/mol.

Discussion

We shall first consider the equilibrium and the kinetics
experiments separately and later discuss them as a whole.

DEHYDROGENASE
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FIGURE 6: The effect of pH and Br™~ concentration on the rate of acti-
vation of succinate dehydrogenase. The rate of activation was mea-
sured, at 30 °C at the pH and Br~ concentrations indicated in the fig-
ure, by following with time the appearance of active enzyme. The first-
order rate constants of the activation are drawn with respect to Br™
concentration on a double reciprocal scale. For pH 7.2, closed circles
(®) represent rate constant measured in activation experiments, and
squares (W) are rate constants calculated from approach to equilibrium
in deactivation experiments (see Figure 7). (0-0O) pH 6.8; (a-a) pH
6.2.
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FIGURE 7: The time course for the approach to equilibrium kinetics.
The deactivation was initiated by adding the indicated OAA concen-
tration to activated ETPy suspended in 0.18 M sucrose, 100 mM
Hepes, pH 7.2, and 300 mM NaBr. Oxaloacetate concentrations were:
(0) 5uM; (a) 10 uM; (@) 15 uM; (W) 25 uM.

First we have to define the species which are in equilibri-
um and correlate them with the observed parameters. The
most stable form is the nonactive enzyme-oxaloacetate
complex; it does not dissociate upon dilution, by passing
through a Sephadex column or reduction with malate dehy-
drogenase (Kearney et al., 1972). There is a strict 1:1 stoi-
chiometric relationship between the membrane-bound en-
zyme and oxaloacetate (Kearney et al., 1972; Ackrell et al.,
1974; Figure 2). Characterized by a dissociation constant
(for oxidized enzyme in absence of anions) of ~7 X 106
M~ (Gutman and Silman, 1975a,b; Zimakova et al.,
1970).

The other stable form of the enzyme is oxaloacetate-free
active enzyme. This is the final product of any mode of acti-
vation (Kearney et al.,, 1972). Other forms of active en-
1976 1345
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FIGURE 8: The effect of Br™ concentration on the first-order rate con-
stant for deactivation. The experiment was carried out at 30 °C, in
0.18 M sucrose and 100 mM Tris-acetate, pH 7.2. Deactivation was in-
itiated by addition of 25 uM oxaloacetate. Rate constants were calcu-
lated from the approach to equilibrium kinetics as in Figure 7.

zyme, such as EA-OAA (Ackrell et al.,, 1974), were pro-
posed but, due to its transient nature, it should not be con-
sidered in analysis of equilibrium state. As shown in Figure
2, at equilibrium, there is a linear dependence of the nonac-
tive fraction of the enzyme on the content of activator-re-
movable oxaloacetate, with a stoichiometry of 1 mol of oxa-
loacetate per mole of enzyme; thus in equilibrium analysis
we shall equate the free and the complex forms of the en-
zyme with the respective active and nonactive fraction of
succinate dehydrogenase. (The experimental conditions se-
lected were such that the free ligands are very close to their
total concentration.)

The relationship between the effector concentrations and
the stable forms of the enzyme can be described by assum-
ing that the enzyme participates in two independent equilib-
ria.

Ea + OAA = (Ena - OAA) (N
[Ena - OAA]
Koa=—"——"T""~———
[EAl[OAA]
and
Ea + nHY + mBr~ = (EAH*, Br,,)) (2)

[EAH % Br—m]
[EAl[H*]"[Br]™
Regarding the high affinity of succinate dehydrogenase
for oxaloacetate (Zimakova et al., 1970, Gutman and Sil-

man, 1975a,b) and the high concentrations of Br~ used in
our experiments, we approximate

[Etolal] = [Ena - OAA] + [EA . H+nBr_m]

Under such assumptions we derived the following equation,
which related the empirial relationship of Figure 3 (K’eq)
with defined equilibrium constants:

Kup =
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FIGURE 9: Arrhenius plot for activation of succinate dehydrogenase
and exchange of enzyme-bound oxaloacetate. The activation (closed
symbols, A, @) was measured at different temperatures in 180 mM su-
crose, 130 mM NaBr, and 100 mM Hepes, pH 6.2. The exchange reac-
tion (open symbols A, O) was measured in 180 mM sucrose, 50 mM

Tris-acetate, pH 7.2.500 mM NaBr, and | mM OAA. For activation,
E, = 32 kcal/mol. For exchange reaction, E, = 21.5 kcal/mol.
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The log-log plot of this function in Figure 3 yielded n = 1
and m = 2.

Kinetic studies of deactivation demonstrate that the rate
of this reaction is a function of the two ligands. The linear
dependence of k’yq on oxaloacetate indicates a second-order
reaction with oxaloacetate binding in the rate-limiting step,
as in reaction 1.

d[Ena-OAA]

dt
The effect of Br~ is more complex. The concentration of
E4 which participates in reaction 1 is a function of [H*]

and [Br~], as given by reaction 2. Thus the kinetic equa-
tions will take the following form

= k4[OAA][Ea]

d[Ena - OAA
UEnaORAL 1i[0AATIE] = kalOAA]
[EA * H+n * Br—m] 1
[H*]"[Br7]”™ Kup
and
k 1
Kobsd = d [OAA]

KHB[H+]m [Br—]m

The same exponent for [Br~], m = 2, is derived from Fig-
ure 8, where k’q is shown to be linear function of 1/{Br~]2.
The nature of the interaction of Br~ with the succinate
dehydrogenase is ambiguous. On one hand, Br~ can acti-
vate at concentrations too low to be ascribed to chaothropic
effect. (See the 0 and 10 uM oxaloacetate curves in Figure
1.) On the other hand, the activating anions can be ar-
ranged in a series very similar to the lyothropic series
(Kearney et al., 1974). It is likely that we have a case simi-
lar to that described by Aviram (1973a,b). Chaothropic an-
ions were found to alter both conformation and spectrum of
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Table 1: Comparison between Rates of Exchange and Activation Measured at Various pH and Bromide Concentrations.@

[Br] (mM)
B 500 200
, k' , . k'
kex ky Kex kex k'a ex k ex K'a . ’ex
pH (min~") (min~") ky {min™") (min~*) k'a (min™") {min™") k4
6.2 0.7 0.38 1.85 0.5 0.37 1.3 0.34 0.33 1.03
7.2 0.25 0.33 0.74 0.18 0.21 0.85 0.124 0.141 0.9

a Data from Figures 5 and 6.

acid cytochrome ¢. This effect, observed at concentrations
too low to have a chaothropic effect, was due to interaction
of the anion at a site different from the heme group (Lanir
and Aviram, 1975).

The mechanism of activation proposed by Ackrell et al.
(1974) postulated an active intermediate complex, Ea:
OAA, whose appearance is a function of the activator con-
centration.

+Ac
Ena s OAA =—=E, - OAA = E5 + OAA
—Ac

It was further concluded that rate of activation was faster
than the release of enzyme-bound oxaloacetate. We tested
this model by shifting the equilibrium from both ends
toward the middle. High concentration of activator will
favor the appearance of EA-OAA and Ea, while high con-
centration of oxaloacetate will shift the equilibrium in the
other direction. Thus in presence of both activator and oxa-
loacetate, EA*OAA will be a favored species. According to
Ackrell’s model, this complex should participate in ex-
change reaction but, as it is an active complex, the ex-
change reaction must proceed in presence of catalytically
active enzyme. As described in the Results, this is not the
case. The exchange can proceed in a rate faster than the
rate of activation (had oxaloacetate been omitted) without
any trace of active enzyme, contrary to the prediction of
Ackrell’s model. Thus, the nonactive succinate dehydroge-
nase complex can exchange its oxaloacetate by dissociating
without reaching the active conformation of the enzyme.

The exchange represents a reaction taking place at equi-
librium; during the course of the reaction there is no net
change in the concentration of any of the reactants and the
measured reaction is a random transformation between ex-
isting equilibrium-stable forms. Thus variation in rate of
exchange results from variation in the equilibrium concen-
tration of the exchanging species. The mechanism of the ex-
change is not a direct displacement by free oxaloacetate.
Were this the mechanism, the rate would be a function of
oxaloacetate concentration—which is not the case; the max-
imal rate of exchange against 1 mM oxaloacetate (pH 6.2,
saturating Br~, 13 °C) is kex = 0.04 min~!, while under
comparable conditions (pH 6.3, 0.75 M NaBr, 13 °C) the
rate of release of oxaloacetate against zero concentration of
free oxaloacetate is k£ = 0.069 min~! (Ackrell et al., 1974).

A mechanism compatible with the experimental results is
as follows

Ena - OAA + Br~ = Ena - OAA - Br-,
*ex_Ena-Br—, + OAA

All components in these reactions are in equilibrium. High
oxaloacetate concentrations will lower the concentration of
Ena « Br™ to a very low level—as evident by the lack of ac-

tivation. But this will not slow the rate of dissociation of
Ena‘OAA-Br~ which is a first-order reaction independent
of oxaloacetate.

—d[Enzyme - [1*C]OAA]
dt

In the presence of 1 mM oxaloacetate we can approximate

[Etotal] = [ENA . OAA] + [ENA cOAA . Br",,]

= kex[Ena - ['C]OAA - Br,]

At infinite Br= concentration, all of the enzyme will be as
Ena-OAA-Br—, and the rate of exchange will be maximal
(kex). At lower Br— concentrations, the observed rate of ex-
change k’ex will decrease in proportion to the equilibrium
level of the exchanging species. As expressed by the fol-
lowing equation

&& _ [Ena - OAA - Br7,] _ Keopr[Ena - 0OAA] [BI‘_]”
kex

where

Etotal Etolal

{[Exa - OAA -Br—,]
Keop: = —
[Ena - OAA][Br)”
This equation can be rearranged to
11 I 1
k'ex kex kexKeopr [Br]”

Which justified the analysis of the results by the double re-
ciprocal plot (Figure 5). The exponent of Br™ in this reac-
tion is # = 1, the same as obtained from a Hill plot. Kgopr
calculated from Figure 5 is Kgopr = 5 M1, Interestingly
this equilibrium constant is pH independent while the kinet-
ic one (kex) varies with pH. Apparently only the protonated
form of ENa‘OAA-Br~ can participate in the exchange re-
action. The nature of the protonated group controlling this
reaction can be studied by a correlation of k.x with pH.

The effect of pH and [Br~] on rate of activation are com-
pletely different from their effect on exchange. The same
maximal rate of activation k, is obtained at all measured
pH values (Figure 6); it is the dependence of the rate on
Br~ concentration which varies with pH. We conclude that
the mechanism leading to the appearance of active succi-
nate dehydrogenase is not identical with that controlling the
exchange. A comparison between rate constants for ex-
change and activation is given in Table I. The rates of these
two reactions can vary independent of each other. At pH
6.2 exchange is faster or equal to rate of activation. This is
compatible with the linear mechanism? described below and
the equilibrium equation derived before:

2 Experimental data do not allow distinction between the two possi-
ble pathways, ENaAH*Br~— + Br~ —ENaH*Br—2 (k,) -~ EAH*Br—;and
the one written above. Other formulations might be possible too.
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Ena - OAA -H*Br- ‘k_—e‘x_ EnaH* - Br™ + OAA

k -
ENAH+‘ Br— LN EAH+BI'

EAH*Br~ + Br- = EAH*Br—,

The distinction between activation and exchange is also
supported by the activation energies of the two reactions
(Figure 9). For activation, the £, = 32 kcal/mol is similar
to that observed by Singer et al. (1973), 33 kcal/mol. But
the exchange has a significantly lower activation energy E,
= 21.5 kecal/mol.

A complicated situation is observed at pH 7.2 where ex-
change is slower than activation. It is an inevitable conclu-
sion that at this pH we encounter an activation pathway
which does not incorporate the exchanging species as an in-
termediate. Accordingly we concluded that the same equi-
librium can be formed by two parallel reactions consisting
of a close circular pathway. A simplified model, which does
not include all steps discussed above, is given in Scheme 1.

Scheme I
E.,-OAA-H™-Br™ ~— E_ -H"-Br + 0AA

/ \

E.,-OAA E.,-H' B,

\ /

E, OAA ————— E, + 0AA

The upper part of the scheme is the mechanism dominating
at pH 6.2. The lower one is the alternate pathway contrib-
uting to activation at pH 7.2 and high Br~ concentration.
The latter one was already proposed to account for the ef-
fect of OAA and Br™ on rate of deactivation (vide supra). It
also bears resemblance to Ackrell’s model, except that the
step where the activator interacts with the enzyme is not the
same. Ackrell et al. (1974) proposed that the activator
reacts with ENAOAA, while we place it as ligand stabiliza-
tion of the active enzyme.

The rate of the reaction EAOAA — EnaOAA is ex-
tremely fast. Zimakova et al. (1970) reported a rate con-
stant of 4 X 10° M~! min™! (25 °C). At pH 7.4 and in ab-
sence of anions, the deactivation still follows second-order
kinetics, with rate constant ~1.5 X 10 M~! min~! (30 °C)
(Gutman and Berger, 1973). Consequently EAOAA is a
very unstable form and can act as an intermediate in the di-
rection of activation only under conditions where the con-
centrations of both free oxaloacetate and free active enzyme
are extremely low so that the equilibrium is shifted to the
right. This is achieved at less acid pH, in presence of high
[Br~], and in absence of oxaloacetate.

The last point for discussion is the difference between
various preparations of succinate dehydrogenase. With
membranal preparations, the £, for activation is the same
(30-33 kcal/mol) for succinate, malonate (Kearney, 1957),
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CoQH> (Gutman et al,, 1971a), and pH 6 (Singer et al,,
1973), or pH 6.2 + Br~ (Figure 9). (A known deviation
from this value is in the reductive activation of the enzyme
(Gutman and Silman, 1975a,b), where it is the reduced
form of the enzyme which undergoes activation.) Soluble
preparations are activated by malonate or succinate with an
activation energy of 30-33 kcal/mol, by pH 6 or anions, E,
= 20-25 kcal/mol (Kearney et al., 1972), and some soluble
enzyme preparations (made by ClO4~ extraction) activated
by succinate are with E5 = 22 kcal/mol (Coles et al.,
1974). An inevitable conclusion is that the removal of the
enzyme from its natural environment in the membrane re-
sults in some major changes in the enzyme which are re-
flected by the observed variations in the mechanism of the
activation. If the physiological importance of the activation
is kept in mind, then the membranal preparation should be
the favored material for investigation.
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