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The initial rates of the exchange external oxoglutarate/internal malate through the inner
membrane of rat-heart mitochondria, for various concentrations of the two substrates, have been
reinvestigated for an extended range of concentrations of the external oxoglutarate. This has been
made possible by use of the inhibitor-stop technique that allows 100 times smaller incubation
times than the centrifugation-stop technique used previously.

Under the experimental conditions the uptake of the external-labelled oxoglutarate into the
mitochondrial-matrix space is mediated by the oxoglutarate translocator performing a ono-to-one
exchange of the anions oxoglutarate (external) and malate (internal).

Two intermediary-plateau regions are observed in the kinetic saturation curve of the translocator
by the external oxoglutarate, revealing a complex rate equation which is found to be the product
of two one-substrate functions. Analysing these features it is shown that the model, proposed
earlier, of a “double carrier” as catalyst in a rapid-equilibrium random bi-bi mechanism, is still
applicable but that several external binding sites have to be considered. As already noticed the
external and the internal substrates bind to their respective sites independently of each other.

Furthermore, some additional requirements imposed by the observed kinetics suggest that the
exchange reaction is performed by only one translocator species made of identical interacting subunits.

The anion exchange is tentatively viewed as a rotation of a subunit around an axis situated
in the plane of the membrane after two independent local configuration changes induced by the
binding of the two substrates on this subunit.

The mitochondrial inner membrane contains a
battery of translocators catalysing exchange-diffusion
reactions between intramitochondrial and extramito-
chondrial anions. The translocations follow a one-to-
one stoechiometry [1] and the translocators show
a definite selectivity for the substrates exchanged and
a specific sensitivity to inhibitors (for a review, see [2]).
The physiological réle of these translocators is to
couple metabolic processes occurring in the cytosol
and in the mitochondrial matrix through the inter-
change of common intermediates. This coupling is
determined by the properties of the translocators and
the kinetic characteristics of the translocations they
take part in. Extensive quantitative data are therefore
desirable not only to elucidate their catalytic mecha-
nism bui ais. to understand their possible regulatory
role.

Note. In case of statistical analyses, the values reported are
mean + standard deviation.

Eur. J. Biochem. 56 (1975)

The kinetic study of the exchange reactions catalys-
ed by the oxoglutarate translocator had been under-
taken by measuring the initial rate of 12 exchanges
at different internal-anion and external-anion concen-
trations [3]. The favourable experimental conditions
allowed a rigorous kinetic analysis because only one
translocator took part in the exchange studied.

This study led to the determination of an equation
that related the rate of the reaction to the concentration
of the substrates and of the translocator. This equation

-included the kinetic constants that were functions of

the rate constants of the elementary steps of the reac-
tion. A careful examination of the kinetic constants
allowed one to choose the simplest mechanism that
best applied to the exchange reaction at 4 °C. It was
the so-called mechanism of rapid eyulibrium random
bi-bi. This mechanism was confirmed by the study of
external-product inhibition which revealed a mixed
dead-end and product inhibition [4]. It was concluded
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that the translocator should possess two independent
binding sites for substrates, one internal and one
external, and that the transport of anions should be
achieved by a simultaneous displacement of the two
anions, which would be the limiting step of the ex-
change reaction [3—5]. :

The rather limited concentration range of external
substrates studied was imposed by the slowness of the
centrifugation-stop technique used to block the ex-
change reaction. Accordingly the conclusions reached
may be valid only within this limited concentration
range. To investigate the exchange at lower or higher
external concentrations, an inhibitor-stop technique
was developed to reduce the incubation time; phenyl-
succinate was used as an inhibitor [6].

This paper describes the kinetics of the exchange
of external oxoglutarate for internal malate for a
very large range of oxoglutarate concentrations
(0.1 pM to 100 pM) and also for a somewhat larger
range of internal-malate concentration. These results
have been briefly presented elsewhere [7—9].

MATERIALS AND METHODS
Materials

Special reagents were obtained from the following
sources: 2-oxo[5-'*Clglutarate, [U-'"*CJsucrose and
tritiated water (The Radiochemical Center, Amer-
sham, England); rotenone (Sigma Chemical Company,
Saint-Louis, Missouri, U.S.A.); mersalyl, acid form
(Mann Research Laboratories, New York, U.S.A));
phenylsuccinate (Aldrich, Milwaukee, Wisconsin,
U.S.A.). Because aqueous solutions of 2-oxo[5-'*C]-
glutarate are unstable if frozen and thawed, due to
intramolecular and intermolecular aldol-type conden-
sations, a fresh dry sample was used for each experi-
ment; this precaution was. taken before but not
mentioned [3,4].

Preloading of the Mitochondria

Mitochondria from rat-heart ventricle were prepar-
ed according to Tyler and Gonze [10] and loaded with
malate during a 30-min period at 0 °C in the following
medium: 157.5-mM mannitol, 52.5-mM sucrose,
20-mM Tris - Cl pH 7.4, 10 or 5-mM malate and
0.035-mM EDTA.

The varied concentrations of internal malate were
obtained by washings in large volumes of isolation
medium [10] as indicated before [3].

Incubation Medium

The incubation medium contained 15-mM KCl,
5-mM MgCl,, 2-mM EDTA, 50-mM Tris - Cl pH 7.4,
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22.5-mM mannitol and 7.5-mM sucrose (the latter
two derived from the stock mitochondrial suspension);
0.5 ml of the incubation medium contained 2 pg of
rotenone, 0.5 pmol of sodium arsenife, 3.3 uCi of
tritiated water and 0.1 pmol of mersalyl.

The amount of mersalyl used (0.2 pmol/mg protein)
does not affect the initial rate of oxoglutarate/malate
exchange at 4 °C, as verified in our laboratory, and is
sufficient to block the malate/phosphate exchange,
even at 20 °C [11].

The mitochondrial concentration was the same
in each experiment: around 0.47 mg of protein per
0.5-ml incubation assay. The concentration of oxo-
glutarate was varied from 0.094 to 105 uM. The final
concentration of the inhibitor (phenylsuccinate) was
22.7 mM.

Timing

The mitochondria were preincubated 1 min at
2°C in 0.35 ml of incubation medium, then supple-
mented by labelled oxoglutarate dissolved in 0.15 ml
of the same medium to avoid osmotic shock. After
0.2—1-s incubation, 0.2 ml of 80-mM phenylsuccinate
was added to block the exchange reaction.

This high concentration of phenylsuccinate is
necessary to produce a satisfactory inhibition (K;
= 250 pM, 98 % inhibition at the final 22.7-mM con-
centration) [6], but increases the osmolarity of the
final suspension.

As a result, the mitochondrial pellet shrinks at the
expense of the matrix space (the sucrose space remains
constant). This must be carefully measured to calculate
the exact amount of labelled substrate taken up.

Exactly 7 s after the_addition of phenylsuccinate,
mitochondria were separated by rapid centrifugation
in an Eppendorf microcentrifuge (model 3200) for

. 50 s. The supernatant was acidified, the walls of the

tube and the surface of the pellet containing the
trapped labelled oxoglutarate were rinsed with the
isolation medium [3], and the tube was blotted rapidly
and the pellet acidified. ;

The radioactivities were determined in a Packard
liquid-scintillation counter with Insta-Gel (Packard)
as scintillation medium.

Internal-malate concentration was determined
enzymically with malate dehydrogenase [12] and
miiuciie 1drial proteins were determined by the biuret
metnoa [13] using bovine serum albumin (fraction V)
as standard.

Equipment

The inhibitor-stop technique made it possible to
perform very short incubations, corresponding to
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Fig. 1. Initial-rate determination of oxoglutarate translocation in
malate-loaded mitochondria. Mitochondria (0.48 mg of protein)
were prepared and incubated as described in Materials and Methods

the time interval between the additions of the sub-
strate and that of the inhibitor. This required an
extremely quick addition of the two compounds,
instantaneous mixing, and a very precise determina-
tion of the duration of the incubation period. These
requirements were fulfilled by using Hamilton syringes
(CR700 Series), large-volume additions (40, of the
preceding incubation volume) and electric coupling
of the injecting syringes to a Jaquet chronoscope
(model 320) of 10-ms precision.

The time resolution of the assay is illustrated in
Fig. 1. The five incubation times, required to determine
the slope satisfactorily, are distributed between 0.24
and 1.16 s.

Requirements

The time interval between the addition of the
inhibitor and the beginning of the centrifugation must
_be kept constant (a 7-s period was selected for the
facility of the operator). This is-essential because
there remains a residual exchange activity in the
presence of the inhibitor that cannot be neglected,
since it may last as much as 100 times the incubation
period itself.

This residual activity may be determined by
measuring the uptake of labelled oxoglutarate after
simultaneous injection of both substrate and inhibitor;
this is illustrated in Fig. 2 where the amount of oxo-
glutarate transported, after subtraction of the sucrose-
space contamination, is expressed as a function of the
time preceding the onset of centrifugation. The slopes
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Fig. 2. Residual rate of oxoghuarate uptake in the presence of
22.7-mM phenylsuccinate. Uptake was initiated by simultaneous
addition of phenylsuccinate (22.7 mM) and labelled oxoglutarate
and for two mitochondrial preparations (0.46 and 0.45 mg of
protein). The incubation time represented the time interval between
the addition of substrate plus inhibitor and the beginning of the
centrifugation. Translocated oxoglutarate was the total oxoglutarate
uptake minus the oxoglutarate contained in the sucrose space. The

value of the intercept with the axis of abscissa (25.7 + 0.9 s) was
calculated by imposing a common intersection, on the abscissa, to
the straight lines calculated by the method of least squares

of the straight lines are the residual initial rates of the
phenylsuccinate-inhibited reactions. The six straight
lines intersect with the abscissa on a common point
at —26 s representing the time required to stop the
residual exchange by centrifugation if bound oxo-
glutarate may be neglected.

The period for which the residual activity persists
in ordinary experiments, is therefore made up of two
parts, the 7 s that separate the injection of the inhibitor
from the onset of the centrifugation and the 26s
required for interruption by centrifugation, thus a
total of 33 s or at least 30 times the longest incubation
period. The amount of oxoglutarate transported
during this period may not be neglected, even though
the activity represents only 29 of the initial non-
inhibited rate. A non-negligible part of this activity
is still due to the translocator as indicated by its
saturation behaviour (not shown).

The extrapol ted ordinates (1 = 0), in ordinary
experiments (Fig. 1) represent the oxoglutarate uptake
during 33 s in the presence of the inhibitor, plus the
sucrose-space contamination, plus binding contamina-

“tion.

The tritiated-water space after phenylsuccinate
is used to calculate the total oxoglutarate uptake in
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the mitochondrial pellet; this is corrected by subtrac-
tion of the sucrose-space contamination to give the
true translocated oxoglutarate. The internal-malate
concentration must be determined on the matrix
volume before shrinking, and requires sucrose-space
determination in the absence of the inhibitor.

Typical Experiment

In a typical experiment we measure the uptake
of radioactivity at three concentrations of external
oxoglutarate for three concentrations of internal
malate; each rate of uptake is calculated from five
incubation times. The 15 incubations corresponding
to one of the three concentrations of internal malate
are realized within 7 min; during this time the internal-
malate concentration is essentially stable, as verified
by measuring malate concentration before and after
the experimental series.

RESULTS
Time-Course of Oxoglutarate Uptake

The time-course of 2-oxo[5-'*C]glutarate uptake
in malate-loaded mitochondria at 2 °C is illustrated
in Fig. 3. Oxoglutarate uptake increased linearly
with time for 3 s in the conditions specified in the
legend.

Equilibrium was reached after 100 s with a half-
equilibration time of 18 s. Earlier studies [4] had been
carried out with 3 times less mitochondria.

Variation of Internal-Malate Concentration

The dependence of the rate of the external-oxo-
glutarate/internal-malate exchange on the internal-
malate concentration was investigated within the
1.5—9-mM range for different fixed concentrations
of the external oxoglutarate between 0.54 and 53.8 pM.
The saturation curves were hyperbolic.

Fig. 4 shows the double-reciprocal plot made of
straight lines converging to a common point situated
on the abscissa. This common point corresponds to
a K_ of 2.43 4+ 0.32 mM independent of the external-
substrate concentration.

The same was observed previously using a centrif-
ugation-stop technique, with only three concentra-
tions of each substrate: from 2.5 to 3.2-mM internal
malate, and from 0.2 to 1-uM external oxoglutarate
in one experiment [3], from 8.9 to 12.2-mM internal
malate and from 1 to 3-uM external oxoglutarate in
another experiment [4]. The K, -value for internal
malate was 3.60 + 0.44 mM [4], somewhat greater
than the present value.
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Fig. 3. Time-course of oxogluiarate iranslocation. Mitochondria
(0.64 mg of protein) were prepared and incubated as described in
Materials and Methods, except that the volume of the incubation
medium was 0.85 ml. Oxoglutarate concentration was 3.12 uM
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Fig. 4. Dependence of the rate of oxoglutarate/malate exchange on
the internal-malate concentration. Mitochondria (0.47 mg of protein)
were prepared and incubated as described in Materials and Methods.
The straight lines were calculated by the mecthod of least squares,
by 1n sosing a common “intersection on the abscissa, unknown
u wri [4]

The agreement between the two sets of experiments

~shows that the centrifugation-stop technique, despite

its relative crudeness, provides valuable initial-rate
measurements when the substrate concentrations and
amount of mitochondria are properly chosen.
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Fig.5. Initial rate as a function of the external oxoglutarate concentration at 4-mM internal malate. Mitochondria (0.47 mg of protein)
were prepared and incubated as described in Materials and Methods. Each of the 61 points was obtained by measuring the rate (slope cal-
culated from 5 incubation times) at three internal-malate concentrations around 4 mM. Vertical bars represent the standard error

Variation of External-Oxoglutarate Concentration

The dependence of the rate of the external-oxo-
glutarate/internal-malate exchange on the external-
oxoglutarate concentration was studied between 0.1
and 105 pM for a 4-mM internal-malate concentra-
tion. If necessary, the initial rate for 4-mM internal
malate was obtained by linear interpolation of the
double-reciprocal plots obtained with three internal-
malate concentrations around 4 mM. This is justified
by the lincar relations obtained between the reciprocal
of the initial rate and the reciprocal of the internal-
malate concentration (Fig. 4).

The variation of the initial rate as a function of
external-oxoglutarate concentration is illustrated in
Fig. 5A and 5B. The curve obtained deviates from
simple hyperbolic saturation: there is a hyperbola-like
part for oxoglutarate concentrations lower than
2.5 uM (Fig. 5B) followed by two sigmoidal curves
when the oxoglutarate concentration increases
(Fig. 5A). The curve presents two intermediary regions
(near 3 and 15-uM oxoglutarate) like intermediary
plateaus. In our early experiments [3,4], the external-
oxoglutarate concentration was < 3 pM.

Fig. 6 shows the Lineweaver-Burk plot of the
data in which the non-Michaelian behaviour of the
kinetics appears clearly. The graph can be divided into
different regions.

For very low oxoglutarate concentrations (0.1—
0.7 uM) a straight line is observed that may be
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extended to the origin (Fig. 6A);
curve will be designated region 1.

Between 0.7 and 3 pM another straight line is
observed; that part will be named region 2 (Fig. 6B).
To this correspond a pseudo Michaelis constant
(K, of 3.96 + 0.69 uM and a pseudo maximal rate
(Vo) of 187 £ 25 pmol - s™! - mg™".

Between 3 and 105 pM the doub]e reciprocal plot
presents two jumps (Fig. 6B and 6C). The apparent
maximal rate, obtained by computer simulation, is
963 pmol - s™! - mg~', that is five times the pseudo
maximal rate obtained by linear extrapolation of
region 2. 1

In previous experiments in which the centrifuga-
tion-stop technique had been used [3—5], the limits
of external-oxoglutarate concentrations for the whole
set of experiments had been 0.2 and 3 pM. This con-
centration range covers regions 1 and 2. Since in each
experiment only three points had been determined
for a given internal concentration and since the
determination of the initial rates had been less accu-
rate, the dev ition from linearity could not be detected.
Furthermore, in the interpretation that will be propos-
ed this deviation is dependent on the mitochondrial
concentration and is more important when the mito-
chondrial concentration is higher.

Fig. 7 shows the influence of the internal-malate
concentration on the double-reciprocal plots relative
to the external oxoglutarate. Extrapolation of the
linear parts (region 2) and of the following pseudo-

this part of the
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Fig.6. Reciprocal of the initial rate as a function of the reciprocal of the external-oxdglutarate concentration at 4-mM internal malate.
Mitochondria (0.47 mg of protein) were prepared and incubated as described in Materials and Methods. (A) Region 1 (0.1-0.7-pM
oxoglutarate); (B) region 2 (0.7—3.0-uM oxoglutarate) and the first jump; (C) the last jump

linear parts to the abscissa provides intersection points
independent of the internal-malate concentration.

The unusual kinetic behaviour of the exchange
may also be visualized in the Hofstee plot (Fig. 8) and
in the Hanes plot (Fig. 9). In these plots, the points
corresponding to region 1 are omitted for the sake of
clarity, and the linear region corresponds to region 2
of the double-reciprocal plot.

The pseudo Michaelis constant of region 2 deter-
mined from the Hofstee plot is 3.65 + 0.50 pM and
the pseudo maximal rate determined from the Hanes
plotis172 + 17 pmol - s™! - mg™'.

The Hill plot (Fig. 10) may be schematically
decomposed into five straight-line segments of which
the slopes (h) are alternatively higher and smaller
than unity:

b= 104 at-01—
h =074 at 1.0—
h=118 at 33—
h
h

0.7 uM oxoglutarate
2.8 uM oxoglutarate
8.0 pM oxoglutarate

0.57 at 9 — 17 pM oxoglutarate
1.80 at22 —105 pM oxoglutarate.

Il
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Fig. 8. Initial raic (vo) as a function of vo/[S]5" (Hofstee). Curve
obtained from the data of Fig. 5. The linear region 2 was calculated
by the method of least squares

The values of the Hill coefficients (1) are obviously
dependent on the exact value of the maximal rate
but the observed fluctuation is a reliable feature.
This will be described as a fluctuating “‘apparent coop-
erativity”.
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The h-values are the Hill coefficients corresponding to each straight-
line segment. (B) The h-values are calculated from the points of
curve (A) by a method of derivation described in [26]




DISCUSSION

As previously [3—5], the exchange of anions
through the mitochondrial inner membrane will be
viewed as a two-substrate two-product enzymic reac-
tion. The kinetic data will be tentatively interpreted
using a general equation of the Wong-Hanes type
[14,15]. »

The discussion will first deal with the influence of
the concentration of one (external) substrate on the
initial rate, the concentration of the other (internal)
substrate being fixed. Then the effect of the fixed
(external) substrate concentration on the initial rate
as a function of the variable (internal) substrate
concentration will be explored.

From this the general mechanism of the exchange
reaction will be deduced. In the light of the conclusions
reached, the kinetic behavieur at low concentrations
of external oxoglutarate will be discussed.

Finally, a possible effect of the diffusion of the
substrates to the active sites of the translocator will
be considered.

DEPENDENCE OF THE INITIAL RATE 2
ON THE EXTERNAL-SUBSTRATE CONCENTRATION

The different graphical representations of the
exchange kinetics as a function of the external-oxo-
glutarate concentration clearly reveal a complex
behaviour. To describe such a behaviour it is necessary
to use a general equation of the type

a; [A](i)
1)

oSM=x|~ M=

where v, is the initial rate and [A], the initial concen-
tration of the substrate, external oxoglutarate in the
present case. The coefficients a; and b; are related to
the enzyme concentration, to the second substrate
concentration, and to the rate constants for the
individual steps of the reaction mechanism. The
classical Michaelis-Menten equation is a particular
case of Eqn (1) in whichn = 1.

The degree of the rate equation n may be greater
than unity for one or several of the following reasons.

a) The enzyme po: sesses more than one binding
site for the substrates and these sites interact. In the
Monod-Wyman-Changeux model [16], the binding
sites do not interact but indirect cooperativity is
mediated by displacement of the equilibrium between
two forms of the enzyme.

b) The reaction follows steady-state kinetics and
several pathways are possible. For instance, if there

Cooperative Effects in the Oxoglutarate Translocation

is one binding site for each of the two substrates the
more general mechanism gives rise to a rate equation
in which n = 3 [17].

c) Several enzymes are involved in the reaction.

Saturation curves generated by Eqn (1) when
n > 1 are differently shaped (pseudo-hyperbolic,
sigmoidal, or composite) according to the values of
the coefficients a; and b;. :

Teipel and Koshland [18] have described the
characteristics of the equation when the saturation
curve presents one intermediary plateau. They have
shown that: (a) » must be > 3; (b) in the case of a
multi-site enzyme following rapid-equilibrium kinetics,
the occurrence of a cooperativity (affecting the binding
constant or the catalytic rate constant) first negative,
then positive in the course of the enzyme saturation
can generate a plateau.

A four-site model with cooperative interactions
occurring only at the level of the affinities accounts
fairly well for the saturation curve of glutamate
dehydrogenase from Blastocladiella emersonii [18].

When the double-reciprocal plot presents abrupt
transitions between pseudo-linear sections, negative
cooperativity followed by positive cooperativity must
affect the catalytic rate constant [19].

Zeylemaker et al. [20] observed an intermediary-
plateau in the saturation curve of succinate dehydrog-
enase with succinate and found that steady-state
kinetics with several pathways applies better to this
particular case than a multi-site-enzyme model.

As shown in the present work, there are two inter-
mediary-plateau regions (four inflection points) in
the saturation curve of the oxoglutarate of rat-heart
mitochondria. As the degree of the second derivative
of the rate equation is 3 n — 3, the degree of the rate
equation n must in any case be at least three. However,
in our opinion, the existence of two detectable plateaus
necessitates a much higher degree, probably five at
least as also.claimed by Kagan and Doroshko [21].
It cannot be excluded that such a high degree results
from the contribution of several translocator species.
For example, the saturation curve could be the sum
of the contributions from three translocators with a
quite different half-saturation concentration, one
possessing a hyperbolic curve and two others a sig-
moidal curve.

DEPENDENCE OF THE INITIAL RATE
ON THE INTERNAL-SUBSTRATE CONCENTRATION

Two substrates, one external (A) and one internal

(B), are in fact involved in the transport reaction which
is a one-to-one exchange of anions. Thus the initial

Eur. J. Biochem. 56 (1975)
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rate equation must be written:

2 X aylAk BY
v = AT @)
£, %, by 1AL BY

When the external oxoglutarate concentration
([A]o) is fixed, the dependence of the initial rate on
the internal-malate concentration ([B]y) seems to be
Michaelian (Fig. 4). This means either that ng =1
or that the investigated range of internal concentra-
tions is too narrow. That nz = 1 does not necessarily
imply that there is only one internal site. Indeed, ng
may be unity if the internal binding sites do not
interact either between themselves or with the external
sites.

A PARTICULAR PROPERTY
OF THE EXCHANGE REACTIONS AND ITS IMPLICATIONS

The kinetics of the exchange reactions catalysed
by the oxoglutarate translocator present an important
feature : the double-reciprocal straight lines (or pseudo
straight lines) relative to the variation of the concen-
tration of one substrate, each of them corresponding
to different fixed concentrations of the other substrate,

converge to a common point situated on the abscissa

(Fig. 4, Fig. 7 and [3—5]). This behaviour demon-
strates that the initial rate is in fact the product of
two one-substrate functions. So, Eqn (2) takes the
particular form:

ng

o [AE 2 [BY
gl = meh e, ®)
Epia% 2o Bl

In order to transform Eqn (2) into Eqn (3) the
following relations must be verified :

ij = %i7j (4)

bij = B; ‘51- (5)

If the exchange kinetics are of the steady-state
type, an equation like Eqn (3) would be possible only
if there is a number of quite-fortuitous relations
between the kinetic coefficients. This situation may
thus be considered improbable and may even be ex-
cluded as has been observed for 12 exchanges [3—5]

a
and

among which are corresponding forward and back-

ward exchanges [22].
In the case of rapid-equilibrium kinetics, the kinetic
coefficients are related to the dissociation constants
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of the enzyme-substrate complexes and to the rate
constant of the limiting step of the reaction. Therefore
the conditions resulting from Eqn (3) are simpler
and possess fundamental significance. On the other
hand, rapid-equilibrium kinetics are plausible since
the transport step of the exchange reaction may be
limiting. The remaining part of the discussion will
therefore assume kinetics of the rapid-equilibrium

type.

Implications of Egn (3) (if Several Translocators)

As the exchange kinetics are complex, the possible
presence of several oxoglutarate translocator species
is to be considered.

If more than one translocator is involved in the
exchange reaction, Eqn (3) must apply to the overall
rate of exchange. This is possible if each individual
rate conforms to an equation like Eqn (3) and if the
individual equations have a common part, either the
part depending on the external-substrate concentra-
tion or the part depending on the internal-substrate
concentration. As the overall rate seems to be Michae-
lian when the internal malate is varied, it is the external
part only which would differ from one translocator
to another.

This is not very attractive although cannot be
excluded.

Implications of Eqn (5)

Eqn (5) applies only to a sequential mechanism
and means that the binding of the external substrate
to the translocator (a single one, or each of several
ones) is independent of the binding of the internal
substrate and vice-versa. The mechanism is thus a
particular case of a rapid-equilibrium random mech-
anism.

This conclusion is supported by the previous
observation that the pseudo Michaclis constant (cor-
responding to a limited range of concentrations) for a
given substrate, either external or internal, is inde-
pendent of the nature of the counter-ion [3].

The translocator is thus a molecule or a group
of molecules that spans the mitochondrial inner
membrane and possesses binding sites on the two
sides of the membrane. The lack of interactions
between internal and external sites is plausible as
‘hese sites are probably separated by a distance equal
(0 the thickness of the membrane.

Implications of Eqn (4)

This part of the discussion applies also to a single
translocator or to each of several ones.




The rate of reaction corresponding to a trans-
locator E is the sum of the contributions of each active
species this translocator may form when combined
with the substrates. The a;; coefficients, now under
discussion, are related to the activity of the complexes
EA B;. These relations will first be expressed in terms
of dissociation constants and catalytic rate constants
[see Eqn (9) below] in order to see in what conditions
they conform to Eqn (4).

Complexes corresponding to a same formula
EA ;B; may differ by the arrangement of the i molecules
A and of the j molecules B on the binding sites.

Each external binding site will be numbered by
an integer p from 1 to 1, and each internal site by an
integer q from 1 to ng; n, and ny are the number of
external and internal sites respectively.

The occupancy of a site will be characterized by
I, = Oor 1, if external, and by m; = O or 1, if internal.
The whole set of I, and m, for one enzyme-substrate
complex will be noted P and Q. Thus the formula
(EA;Bj)p o completely characterises a complex. In
this complex, the activity of a particular couple of
loaded sites, one external and one internal, is depen-
dent upon a catalytic rate constant kp g, , Which is
zero if the exchange is forbidden between the external
site number p and the internal site number q.

The contribution of (EA;Bj)q to the reaction
rateis: :

2 limgkpgpq (EAB)e ]

pP.q
and the total initial rate is given by:
UO = Z Z X [p ’71q kP.Q.p,q [(EAIBJ)PQ] x (6)
i,j P,Q p.q

If the binding of the external substrate and of
the internal substrate are independent, as shown
above, the following equations may be written:

[(EAB))o) = [ElYp 0q [Als [BI (7
and
[E] = . ®)
Z B: [AlS Z é; B
where

ﬁi=..',,,,and5 _ZOQ
P

Yp and 0, are the association constants corresponding
to

(EAB)po = (EB)q + iA
and to
(EABj)pq = (EA)p + JB.

Cooperative Effects in the Oxoglutarate Translocation

Comparing Eqn (6), after inclusion ol Eqn (7) and
Eqn (8) to Egn (3) one obtains:

a;=1[Elp £ Z lymgkpqpq¥plq- ®)

P.Q p.q

In order to have a;; equal to a product of two
functions, the first dependent only on the external
characteristics (labelled P and p) and the second
dependent only on the internal characteristics (labelled
Q and q), kp g5 Must be a product of two such func-
tions. The constant kpq, 4 is related to the Gibbs
energy of activation of the reaction 4Gy g, 4, by:

kg T 4Gy
kP.Q.p.q = l;] exXp [_ = %E ] (10)

where kg, h, R and T are the Bolzman constant, the
Planck constant, the gas constant and the absolute
temperature respectively. So, the problem is now to
express 4Ggq , o as a sum of simpler terms.

The activation energy can be decomposed into
three components (vide infra) if those interactions
that depend upon P, modified during the p—q ex-
change, are localised in the near neighbourhood of
the external surface of the membrane while those
that depend upon Q are localised in the near neigh-
bourhood of the internal surface. The three compo-
nents are:

a) an intrinsic component A4G; ¥ which is inde-
pendent of the binding sites occupancy:

b) a component AG;, which depends on the
occupancy of the external binding sites only;

c) a component 4G5, which depends on the
occupancy of the internal binding sites only.

Thus,

AGiqpa = 4G73 + 4GF, + 4G5, (11)
and

kP.Q,p.q = A:q ZP.p ZQ.q (12)

where k} . is the intrinsic catalytic rate constant for
the couple of sites p—q. zp, and yq, are factors
dependent uponthe occupancy of the external sites and
of the internal sites respectively. Eqn (9) transforms
into: -

aj = [Elp 2 2 k:,q (lp Xp.p Vp) (mq XQ.q GQ) (13)
P.Q p.q

If the external sites are different from ecach other
in the absence of substrate and if this is also the case
for the internal sites, Eqn (4) cannot be verified

The necessary and sufficient condition to derive
Eqgn (4) from Eqgn (13) .is that the internal substrate
does not distinguish between internal active sites
when none of them is loaded, or that the external
substrate does not distinguish between external active
sites under the same condition. The following demon-
stration will concern the case of identical external
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sites but also applies nuuatis mutandis, to the case of
identical internal sites.

If the n, external sites are identical when unloaded,
Yp and yp , depend on the relative position (X) of the
i loaded external sites only. Among the i loaded
external sites of a configuration X, some may be
identical and some not. Each category of identical
loaded sites will be designated by a letter, s for instance,
and n; will be the number of loaded sites in this
category.

¥x will be the association constant corresponding
to

(EAB)x =EB; + iA.

With these notations, Eqn (13) becomes:

Ny

. [Elo(z A I wx) (2 Z k2, Yoa GQ). (14)
X s Q pgq

LN

This equation is of the same form as Eqn (4). Some
particular cases may be of interest.

It can first be supposed that the internal active
sites are also identical in the absence of substrate.
The corresponding equation is:

Xyt 0\')
(15)

in which Y, t, n,, 7y , and 6y have the same significance
for the internal sites as X, s, n,, xx. and Yy for the
external sites.

This equation also applies to the case of n identical
subunits disposed in a symmetrical way, each subunit
possessing a couple of sites (one external, one internal)
able to perform an exchange. Eqn (15) then takes the
form

LN ng

ai; = n [E)o k*( % L wx) (z e oy) (16)
Xog- N Y «+ h

where A* is the intrinsic catalytic rate constant per
loaded subunit; it does not take into account the sub-
unit interactions.

The existence of one translocator made of identical
subunits (probably five at least) is undoubtedly the
most attractive interpretation of the observed kinetics.
The simplest model that may be proposed f~r the
exchange reaction is the rotation of a subuzit ._ound
an axis situated in the plane of the membrane made
possible by two local configuration changes: one
induced on the external side of the subunit by binding
of the external substrate and one independently
induced on the internal side by the internal-substrate
binding.
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KINETIC BEHAVIOUR
AT LOW OXOGLUTARATE CONCENTRATIONS

At low concentrations of a substrate, the reciprocal
of the initial rate of a reaction tends asymptotically
to a linear function of the reciprocal of the substrate
concentration when the substrate concentration tends
to zero [13].

At low external-oxoglutarate concentrations ([A]y),
the initial rate may be approximated by:

{WBB

aZ) [A]O . ?6 [B]"
0 ‘ ’

“% [Al

(17)
a, + (upf —

to =

Deviation from Eqn (17) may be observed if, at very
low concentrations, [A], is no longer a good approxi-
mation of the free-substrate concentration [23]. At
low external-oxoglutarate concentrations, the observ-
ed kinetics conform well to these predictions (Fig. 6).
Indeed, region 2 may correspond to Eqn (17) and
region 1 to the expected deviation.

If some additional assumptions are made, as will
be seen in the next paragraph, this deviation can be
used to determine the translocator concentration.

Before that, it is of interest to discuss the
significance of the kinetic constants (¥, and K,)
calculated from region 2. These constants are:

2 S ¥ B i
V. = e : Lﬂ
ps ] ny 2
oofy — o 35, [BY
0
=172 + 17 pmol - s™! - (mg protein)~? (18)
ana
K,=—="1  =3654050uM. (19)
axﬂx — %
As V, and K, are positive, one has:
mpy > o (20)
2y [B]{)
oy
Vps > T &= (21)
LB
0
K. > 5 (22)
s = ﬂl :

The inequality (20) means that the “‘cooperativity”
may be either nul (if o, = [(nx — 1)/na)eyB,) or
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positive (if [(na — 1)/na):fy < ap < o,f;) or nega-
tive (if ay < [(ny — 1)/l -
In the double-reciprocal plot (Fig. 6B), the part

of the curve adjacent to region 2 on the high oxo-

glutarate concentrations side possesses a negative
concavity and this implies that o, cannot - be
> [(na — 1)/np)x;B,. The case of “‘positive cooperativ-
ity” is thus excluded. The case of ““nul cooperativity”
is improbable. More plausible is the case of “‘negative
cooperativity”. Moreover, the product-inhibition pat-
tern [4,5] seems to indicate that o, is negligeable
compared to a, f;.

Relation (22) provides the information that S,
> 2.5%10° M~! at 2 °C. The constant f8; characteri-
ses the affinity of oxoglutarate for the free translocator
or the sum of them if there are several translocators.

Relation (21) is not of direct interest but may be
used in the comparison of ¥, with the total apparent
maximal rate V:

V BN O
V. oy

ps

« B
e 2
8., (23)

In the plausible case of external sites all identical
when unloaded, relation (23) becomes:

Kia M ; (24)

ZoEi s

One can imagine that the catalytic rate constant
is not influenced by binding site interactions assuming
that the sites once loaded escape to the interactions
with neighbouring sites by a local conformational
change analogous to a subunit dissociation. In that
case y1a = X, = 1 and n, must be > 5. This later
condition is consistent with the evaluation of the
number of external sites performed at the beginning
of the discussion.

CONCENTRATION OF THE TRANSLOCATOR

As stated in the preceding section, the initial rate
for low external-oxoglutarate concentrations (regions
1 and 2) obeys the following equation

Ug = 4]<VP—;ME—/LT (25)
ps >
in which [A] is the free-substrate concentration.

If the contribution of one translocator E is pre-
dominant at low external-o» >glutarate concentration,
and if the substrate bound to the membrane is ex-
clusively bound to the translocator, one also has:

[Ab = Al + X I i[EAB] ~ [A]
L MERR
B+ (B — 2B [A]

(26)
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Fig. 11. Determination of the 1otal concentration of the translocator
([EJ,). Calculated from the data of Fig. 6 by imposing an inter-
section with the origin to the straight line calculated by the method
of least squares

If the fixation of a first substrate molecule to an
external site of E exhibits an important negative effect
on the remaining external sites i.e. if fi — 2 f, = "
and if o8, — o, = o, B;, the EAB; complexes are
predominant and

[A] [Eo

= —_——— 27,
(Al ~ [A] + a7 @
Egn (25) gives:
o
[A] = K, — (28)
and : e
,,‘_[él_ = »1;'—0 3 (29)
Kps =+ [A] J ps
Thus Egn (27) becomes:
: Vo Uo
Aly — K, =~ [Elg—— . (30)
[ ]O p Vps == vo 0 Vp,;

This relation may be used to determine [E],, the
total concentration of the translocator. The value
obtained for [E], is 0.5 pM (Fig. 11) that is 0.5 pmol/g
of mitochondrial protein.

From binding experiments, Klingenberg has de-
termined the concentration of the adenine-nucleotide
translocator [24]. In rat-heart mitochondria the con-
tent of ‘“high-affinity sites” for ADP is 0.3 pmol/g
of protein and the content of “low-affinity sites™ for
ADP is 0.9 umol/g of protein. -

DIFFUSIONAL RESISTANCE

The interpretation proposed so far supposes that
the diffusion of the substrates to the appropriate face
of the mitochondrial inner membrane is sufficiently
rapid to avoid substrate depletion near the active sites.
The rate of uptake measured was assumed to depend
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only on the substrate concentrations in the bulk solu-
tions and on the characteristics of the active complexes.
However, deviations from the Michaelis equation
due to diffusional resistance must be considered in the
case of immobilized enzymes.

The system studied here seems a perfect candidate
for external diffusion effects because (a) the internal
~ and external solutions are unstirred, (b) the external
substrate has to diffuse through the mitochondrial
outer membrane to reach the surface of the inner
membrane. Furthermore, electrostatic effects may be
expected as the substrates carry electric charges and
as the membrane may be electrically charged as well
[25].

In a stationary state, the exchange rate (r) must
be equal to the diffusional rate of each substrate:

v =hy[Alo — hi [A] = hy [Blo — hg [B]. (31)

[A]o and [A] are the external substrate concentra-
tions in the bulk external solution and in the environ-
ment of the active sites. The concentrations of the
internal substrate, [B], and [B] are defined in the same
way. ha, h,, hy and hy are the transport coefficients
implied in the expression of the diffusion rates.

As the exchange rate v is a function of the sub-
strate concentrations near the sites, [A] and [B],
Eqn (31) implies that [A] will depend not only on
[A], but also on [B],. Similarly [B] will depend on
[B], and on [A],. Under such conditions, the rate of
exchange as a function of the bulk concentrations
[A], and- [B], cannot be a product of two one-sub-
strate functions. As this behaviour is observed, it is
concluded that the diffusion of the substrates is not
rate-limiting.

CONCLUSIONS

The kinetic study of the oxoglutarate translocator
of rat-heart mitochondria carried out at 2 °C leads
to the following observations. (a) The oxoglutarate
uptake does not conform to a simple Michaelis-Menten
kinetics: the saturation curve by external oxoglutarate
presents two intermediary-plateau regions in the
extended range of concentrations investigated. (b) The
initial rate equation is the product of two one-sub-
strate functions.

Important conclusions may be reached from the
analysis of this kinetics.

a) If several translocator species participate in the
exchange reaction, their individual rate equations
have a common part, the external or the internal
substrate function. This is not quite plausible and the
assumption of only one translocator species is prefered.

b) The content of the oxoglutarate translocator
is of the order of 0.5 pmol/g of mitochondrial protein.
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c) The translocator is a **double carrier™ (i.e. with
an external and an internal face) [1] which possesses
several external binding sites (probably five at least)
and one internal site at least. On one side of the
membrane at least, the binding sites are identical
when none of them is loaded. This is quite compatible
with the attractive model of a translocator made of a
symmetrical association of identical subunits each of
them bearing a couple of binding sites (one internal
and one external).

d) The external and the internal substrates bind
to the carrier independently of each other.

e) The apparent association constant of the free
translocator with one external oxoglutarate molecule
is2.5x10° M1,

f) The saturation of the external sites by oxo-
glutarate has on the exchange rate an alternating
cooperative effect which is first negative.

g) Substrate diffusion to the active sites and sub-
strate binding to the translocator are not rate-deter-
mining while the exchange step is rate-limiting (rapid-
equilibrium kinetics).

The reaction mechanism stated previously from
measurements performed in narrower concentration
ranges [3—35] is thus extended now to a multi-site
translocator. The estimation of the minimum number
of binding sites is susceptible to revision since it
depends on the still limited concentration ranges
investigated and on the possible presence of an un-
identified effector. More critical is perhaps the fact
that the experiments were carried out at low tempera-
ture. Indeed. we do not know if all the conclusions
are tenable at physiological temperatures. For in-
stance, subunit associations could be stable at low
temperatures only and the complex kinetics described
might be without physiological significance. However, -
subunit associations may be a key feature of anion
transport through the mitochondrial inner membranes:
a small number of subunit species could perhaps
account for the various anion translocators according
to the way they are associated between them and with
other components of the membrane.
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ERRATUM

Evidence for cooperative effects in the exchange reaction catalysed by the oxo~
glutarate translocator of rat-heart mitochondria, by F.E. Sluse, C.M. Sluse-
Goffart, C. Duyckaerts and C. Liébecq

'age 12, column 1, lines 3-12

should be replaced by In t» . double- -

reciprocal plot (Fig.6B), the part of the curve adjacent to region 2 on the

high-oxoglutarate-concentration side possesses & negative concavity.
not imply that «

rativity '

This does

2 cannot be > [(nA - 1)/nA]a1B1. The case of " positive coope-
cannot be excluded in this way.




