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1. Introduction

ft has been shown by Meijer, Groot and Tager [1]
that strong sulphydryi-blocking reagents such as p-hy-
droxymercuribenzoate (pHMB) and mersalyl can in-
hibit not only the phosphate transporting system
[2, 3] but also the dicarboxylate transporting system
of rat liver mitochondria. Weaker —SH blocking re-
agents such as V-ethylmaleimide and 3',5"-dithio-bis-
(2-nitrobenzoate) on the other hand inhibit the phos-
phate transparting system, [1, 4, 5], but not the di-
carboxylate transporting system.

Since methods are now available |6-- 8] for stud-
ying the exchange reactions of the dicarboxylate, tri-
carboxylate and 2-oxoglutarate transporting systems
in rat liver mitochondria, it was decided to test the
sensitivity of these exchange reactions to p-hydroxy-
mercuribenzoate.

2. Methods and materials

Rat liver mitochondria were prepared as described
by Robinson and Chappell [9] and were loaded with
either 14Ccitrate {7] or 14C-L-malate {6] as described
previously.

L-Malatc was measured by the method of Hohorst
[10] and citrate by the method of Moellering and
Grueber [11]. Further experimental details are given
either in the text or in the legends to figures.

* Address after Qctober Sth 1970: Dept of Zoology, Uni-
versity of Sheffield, Sheffield, England.
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3. Results

Rat tiver mitochondria which had been loaded with
14C.L-malate were added to 1 ml incubations of a buf-
fer containing 125 mM KCl, 20 mM tris HCL, pH 7.4
at 10°, In a series of incubations increasing concentra-
tions of pHMB were present. One minute after addi-
tion of the mitochondria, 1 mM of either citrate, P;,
malonate or 2-oxoglutarate were added to the incuba-
tion. After standing for 2 min, the mitochondria were
then separated by centrifugation at 18,000 g for 4
min and samples of the supernatant and pellet depro-
teinised and prepared for counting and assay of L-mal-
ate as described previously [6]. Unseparated samples
of mitochondria were also prepared for counting and
assay of L-malate to give the total amount of L-mal-
ate in the system.

Fig. 1. shows the effect of increasing concentration
of pHMB on the observed exchanges of labelled mate-
rial, while table 1 shows the results at 100 uM pHMB
obtained by enzymatic assay. The table shows that
pHMB added to the mitochondria in the absence of
an exchanging anion gave a higher level of intramito-
chondrial L-malate than the control incubation show-
ing that a small leak of labelled material occurred in
the control during the time of incubation. For this
reason, the situation found in this incubation (pHMB
only added) rather than the control with no additions
was taken as the reference point for both the radio-
active and enzymatic assay data i.e. the point of zero
exchange. pHMB inhibited toth the Pi/“C‘Lmalale
exchange and the citrate '#C-L-malate exchange. the
concentrations required for half maximal inhibition
being 30 uM and 60 uM respectively. On the other
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Fig. 1. The effect of increasing concentrations of p-hydroxy-
mercuribenzoate on the exchanges of phosphate, citrate,
malonate and 2-oxoglutarate with 14C-L-malate. The experi-
ment was carried out as described in the text. Protein was
19.6 mg per incubation. Additions: | mM 2-oxoglutarate
{&~~—=}, 1 mM malonate (&—.4a), 1 mM citrate (0—o0),

1 mM phosphate (a—s).

hand 2-oxoglutarate/!4C-L-malate exchange did not
seem to be affected by the —SH blocking reagent

over the concentration range used while malonate/14C-
L-malate exchange was inhibited, but not to the same
extent as the P; or citrate driven exchanges. In general,
the resuits found by enzymatic assay of L-malate agree
very well with those obtained by the monitoring of
label exchange, the presence of 100 uM pHMB pre-

Table 1
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Fig, 2. The effect of increasing concentration of p-hydrox-

ymercuribenzoate on citrate /14C-citrate and L—malate/qu-

citrate exchanges. The experiment was carried out described

in the text. Protein was 16.3 mg per incubation. Additions:
1 mM citrate {(o—) 1 mM L-malate (o—s).

venting the transfer of L-malate from the mitochondria
to the incubation medium in the presence of citrate,
phosphate and malonate but not in the presence of
2-oxoglutarate.

In order to test further the effect of pHMB on the
citrate transporting system, rat liver mitochondria
were loaded with 14C-citrate and added to 1 ml in-
cubations of KCl/tris HCl medium, as described for

L-Malate (nmoles)

Addition

Exchange (%)

Intramitochondrial Extramitochondrial

None 29.0 14.2 12.7
pHMB 33.1 10.1 0
2-Oxogiutarate (1 mM) 15.2 28.4 55.6
2-Oxoglutarate (1 mM)

+ pHMB 100 uM 18.5 25.4 46.5
P; (1 mM) i5.9 27.2 51.5
P; (1 mM) + pHMB (100 uM) 32.8 10.1 0
Citrate (1 mM) 1¢.1 334 70.6
Citrate (1 mM) + pHMB (100 uM) 31.0 13.3 10.0
Malonate (1 mM) 156 28.4 56.4
Malonate (1 mM) + pHMB (100 uM) 29.3 14.2 12.6

The effect of p-hydroxymercuribenzoate on the efflux of L-malate resulting from the addition of 2-oxoglutarate, phosphate, ci-
trate and malonate to rat liver mitochondria. The experiment was carried out as described in fig. 1.

201



Volume 11, number 3 FEBS LETTERS December 1970

Table 2
Citrate (nmoles)

L. E ‘h 0,
Additions Intramitochondrial Extramitochondrial xchange (%)
Nong 61.1 5.8 0
pHMB 62.0 5.1 -1.1
L-Malate (1 mM) 48.8 17.9 21.1
L-Malate (I mM + pHMB + (100 uM) 58.6 7.5 2.8

The effects of pHMB on the efflux of citrate resulting from the addition of L-malate to rat liver mitochondria. The experiment
was performed as described for fig. 2. in the text and samples from the incubations were assayed for citrate.
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IFig. 3. The effect of increasing concentrations of p-hydroxy-
mercuribenzoate on the exchanges of L-malate, tartronate
and mzlonate with **C-L-malate. Rat liver mitochondria
(17.1 mg protein per incubation) were added to 1 ml incu-
bations of a medium containing 125 mM KCl, 20 mM tris HCI,
pH 7.4 at 10", Increasing concentrations of p-hydroxymercu-
ribenzoate were present in the incubations. After 1 min,
1 mM of either L-malate (s——e), malonate (>—<0) or tar-
tronate (&~—>) was added and after a further 2 min the mi-
tochondria were separated by centrifugation and samples of
supernatant and pellet were prepared as described, previously
[6]. An incubation with p-hydroxymercuribenzoate only ad-
ded was luken as the reference point for calculating the per-
centage exchange, i.e. the point of zero exchange.

fig. 1, containing increasing concentrations of pHMB.
After 1| min either 1 mM citrate or | mM L-malate

was added to the incubations and the mitochondria sep-
arated, after a further 2 min, by centrifugation at
18,000 g for 4 min, Samples of the supernatant and
pellet were deproteinised and prepared for counting
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and assay of citrate as described by Robinsan et al. [7].
Fig. 2. shows the effect of increasing concentrations of
pHMB on the observed exchanges. Both citrate/14C-
citrate and L-malate/!*C-citrate exchange were inhib-
ited by pHMB, the concentrations for halfminimal in-
hibition being around 55 M. Table 2 shows that the
transfer of citrate from mitochondria to incubation
medium brought about by the addition of L-malate
is blocked by pHMB, confirming the results of the ex-
periment as determinated by following the movement
of labelled material. The effects of pHIMB on the ex-
change of 1 mM L-malate, tartronate (2-hydroxymalo-
nate) or malonate with '4C-L-malate in rat liver mi-
tochondria were then investigated (fig. 3). L-Malate/14C
L-malate exchange was not greatly inhibited by pHMB
but tartronate/ 14C-L-malate exchange was completely
inhibited by 200 M pHMB, the concentration for
half maximal inhibition being around 60 M. As was
seen in fig, 1, malonate/!4C-L-malate exchange was
inhibited but not completely by pHMB.
N-Ethylmaleimide at concentrations of up to 2 mM
had no affect on any aof the exchanges reported in this
communication.

4. Discussion

Meijer and Tager [12] reported that mersalyl had
no effect on either 2-oxoglutarate/dicarboxylate ex-
change or tricarboxylate/malate exchange in rat ver
mitochondria. However it is obvious from the results
presented here that the somewhat stronger —-SH
blocking reagent p-hydroxymercuribenzoate is able
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to block almost completely the exchange of citrate
with 14C-L-malate as viewed both by measurement of
label exchange and by enzymatic assay of L-malate.
By the same criteria it seems that pHMB is unable to
block the exchange of 2-oxoglutarate for 14C.L-
malate. The inhibition of citrate/14C-citrate and L-
malate/14 C-citrate exchanges by pHMB confirmed
that the exchange reactions of the citrate transporting
system were indeed sensitive to inhibition by —SH
blocking reagents. The inhibition of Pi/14C-L-malate
exchange by the —SH reagent observed agreed with
results obtained previously [1, 12] but Meijer and
Tager found no inhibition of malonate/L-malate ex-
change at 20° by mersalyl, in contrast to the results
presented here, which show that malonate/f 4c.L.
malate exchange is markedly though not completely
sensitive to inhibition by pHMB at 10°. The fact that
the concentration of pHMB required for half maximal
inhibition of citrate transport was double that required
for half maximal inhibition of dicarboxylate (P;/L-
malate) transport is interesting, since it partly explains
why the weaker reagent, mesalyl, gave inhibition of
dicarboxylate but not tricarboxylate/transport [12].
The difference is presumably due to the relative acces-
sibility of the —SH group or groups on the two trans-
porting systems to added --SH blocking reagents.
Robinson and Williams [6] reported that L-malate/14C-
L-malate exchange at 0° could not be inhibited com-
pletely by 2-butylmalenate, a specific inhibitor of the
dicarboxylate transporting system, but could be in-
hibited completely by p-iodobenzylmalonate, a com-
pound, which has subsequently been shown to inhibit
the exchange reactions of the tricaboxylate, dicarbox-
ylate and 2-oxoglutarate transporting systems [8] .
pHMB appeared to be like 2-butylmalonate in being
able to block phosphate/!*C-L-malate exchange but
not L-malate/14C-L-malate exchange. The possibility
emerges then, as suggested by Meijer and Tager |12],
that a system other than the dicarboxylate transporting
system can catalyse dicarboxylate/dicarhoxylate ex-
changes. The most likely candidates for this role are
the 2-oxoglutarate and citrate transporting system,
both of which have affinities for L-malate and other
dicarboxylate anions [13, 14].

If we assume that these two systems can catalyse
dicarboxylate/dicarboxylate exchanges we might ex-
pect that tartronate, since it cannot acitivate 2-oxo-
glutarate transport [14], could exchange for L-malate
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on either the dicarboxylate or tricarboxylate trans-
porting systems but not on the 2-oxoglutarate trans-
porting system. Conversely malonate, since it is un-
able to activate tricarboxylate transport {13, 14],
could exchange for L-malate on either the dicarbox-
ylate ar 2-oxoglutarate but not the 2-oxoglutarate
transporting system. Since pHMB inhibits both the
dicarboxylate and tricarboxylate transporting system:
but not the 2-oxoglutarate transporting system we
would expect tartronate/14C-L-malate exchange to

be fully inhibited by pHMB, which was found to be
the case (fig. 3). On the other hand both L-malate/14C-
L-malate and malonate/14C-L-malate exchanges could
still be catalysed by the 2-oxoglutarate carrier when
both the dicarboxylate and tricarboxylate carriers
were blocked by pHIMB. The fact the malonate/!4C-L-
malate exchange was inhibited much more than L-
malate/!4C-L-malate exchange by pHMB may indicate
that the 2-oxoglutarate transporting system is able te
catalyse an L-malate/14C-L-malate exchange more
rapidly than a malonate/14C-L-malate exchange, which
is not surprising since L-malate is & natural substrate
{or the system.

The evidence then indicates that at 10°, under the
conditions described, a dicarboxy]ate/dfcarboxylate
exchange may be catalysed by not only the dicarbox-
ylate transporting system but also the tricarboxylate
and 2-oxoglutarate transporting systems.
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