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SUMMARY 

The nature of the inhibition of the dicarboxylate carrier by compounds 
reacting with SH groups has been investigated. 

1. Mersalyl and p-hydroxymercuribenzoate increase the Km without changing 
the V of malonate/Pi exchange, when they are added simultaneously with the dicar- 
boxylate. If, on the other hand, the mitochondria are preincubated with SH reagents 
prior to the addition of malonate, the mersalyl inhibition of malonate/Pi exchange 
becomes predominantly non-competitive with respect to malonate. 

2. In the case of PJPi exchange, catalyzed by the dicarboxylate carrier, the 
mersalyl inhibition is competitive with respect to Pi (as indicated by Lineweaver-Burk 
plots), even when mersalyl is added before the substrate. Dixon plots of the rate 
of Pi uptake against mersalyl concentration are, however, non-linear, suggesting 
that the inhibition is partially competitive. 

3. Dicarboxylates and dicarboxylate analogous protect against SH reagent 
inhibition of both dicarboxylate and Pi uptake via the dicarboxylate carrier. The 
protectors are effective when added before, or together with the SH reagents, 
but do not reverse the inhibition once it has been established. Protection by substrate 
analogues progressively decreases, as the time of incubation with the SH reagent 
increases. 

4. The presence of P~ does not protect against the SH reagent inhibition of 
the Pi uptake. 

5. The rate of SH reagent inhibition of the dicarboxylate carrier is com- 
petively inhibited by dicarboxylates. 

6. It is concluded that SH reagents bind at or near the dicarboxylate specific 
binding site and distant from the P~ binding site. As a result of this reaction these 
inhibitors prevent dicarboxylate binding directly and decrease the affinity for Pi by an 
indirect conformalional change. 

Abbreviations: PHMB, p-hydroxymercuribenzoate; FCCP, carbonylcyanide p-trifluoro- 
methoxy-phenylhydrazone; HEPES, N-2-hydroxyethylpiperazine-N'-2-ethanesulfonate. 
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I N T R O D U C T I O N  

Among the mitochondrial transport systems for anionic substrates, the Pi and 
the dicarboxylate carriers have been shown to be inhibited by low concentrations of 
SH-blocking reagents e.g. mersalyl and p-hydroxymercuribenzoate (PHMB) [1-7]. 
These results provide good evidence that these transport processes are mediated by 
polypeptide components of the membrane, containing SH groups essential for their 
activity. However, nothing is known about the role of these SH groups in the catalytic 
mechanism. One experimental approach to this question is to examine the relationship 
between the binding of the SH reagents and the substrates to the carrier molecules. 

This paper investigates the nature of the inhibition of the dicarboxylate carrier 
by the SH reagents mersalyl and PHMB and the degree of protection against 
this inhibition, which is shown to be afforded by substrate analogues. The results 
are discussed in terms of the possible location of carrier SH groups relative to 
the substrate-binding sites. Preliminary accounts of part of this work have been 
communicated [8, 9]. 

M A T E R I A L S  A N D  M E T H O D S  

Materials 
[1-14C]Malonic acid (sodium salt), [32p]phosphoric acid, [U-laC]sucrose 

and 3HzO were obtained from the Radiochemical Center (Amersham, Great Britain), 
rotenone from F. P. Penick and Co. (New York); antimycin, oligomycin, N-ethyl- 
maleimide and mersalyl [o-(3-hydroxymercuri-2-methoxypropyl)-carbamoylphenoxy- 
acetate] from Sigma, p-hydroxymercuribenzoate (PHMB) from E. G. A. (Albuch, 
Germany), 2-phenylsuccinic acid from K and K Laboratories Inc. (Plainview, New 
York). 2-Butylmalonate was kindly supplied by Dr J. D. McGivan. 

Preloading of the mitoehondria 
Rat liver mitochondria were isolated as previously described [10], using a 

medium consisting of 0.25 M sucrose, 1 mM EGTA and 20 mM Tris-HC1, pH 7.2. 
The technique for loading the mitochondria with PI was similar to that described for 
malate [11 ], except that the mitochondria were preincubated in the presence of 0.5 mM 
Pi plus 5 pg/ml oligomycin, instead of malate. After equilibrium was reached (1 min) 
1.5 mM N-ethylmaleimide was added in order to inhibit the Pi carrier without 
affecting the dicarboxylate transporting system [6, 7, 12]. 

In some experiments the mitochondria were loaded with malonate by incu- 
bating 40-50 mg (protein) mitochondria at 20 °C in 10 ml medium consisting of 
100 mM KCI, 20 mM Tris-HC1, 1 mM EGTA, pH 6.4, in the presence of 1 #lg/ml 
rotenone and 2 mM malonate. After 2 min, the volume was made up to 50 ml with 
ice-cold KCI-EGTA-Tris buffer, pH 6.4, and the mitochondria separated by centrifu- 
gation at 8000 ×g for 10 min at 0 °C. The adherent supernatant was decanted off as 
much as possible and the mitochondria suspended in KC1-EGTA-Tris buffer, pH 6.8. 
The above loading procedures produce the following intramitochondrial concentra- 
tions: about 15 mM malonate and about 20 mM Pi. 

Measurement of  the rate of substrate uptake 
The kinetics of substrate uptake were studied by using the inhibitor stop 
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method, essentially according to the procedure described previously [12-14]. Mito- 
chondria were incubated in 1.0 ml medium under the conditions specified in the 
legends. The assay was started by addition of the labelled substrate, and terminated 
4 s later, by rapid addition of an inhibitor. 20 mM butylmalonate or phenylsuccinate 
were used to inhibit the dicarboxylate carrier [15] ([l#C]malonate or inorganic 32p  i 

transport in the presence of N-ethylmaleimide) and 1 mM mersalyl was used to 
inhibit the Pi carrier (inorganic 32p~ transport in the presence of 10 mM phenyl- 
succinate) (Loebell, A., McGivan, J. D. and Klingenberg, M., unpublished results). 
The rates of substrates uptake were evaluated from the amount of labelled substrate 
taken up in 4 s. Duringthis period the rate of uptake was constant within the limits 
of experimental error. 

The SH reagents mersalyl and PHMB were added to the mitochondrial sus- 
pension simultaneously or before the labelled substrate. In the first condition, the 
inhibitors were let to incubate with the mitochondria only for the short interval of 
time in which the assay was performed and, consequently, higher concentrations of 
inhibitor were required, i.e. higher than those normally used to inhibit fully the dicar- 
boxylate or P~ transport [1-4]. The addition of the SH reagents before the substrate 
allowed to use lower concentrations of inhibitors and to modulate the degree of 
inhibition by changing the time of interaction of mersalyl and PHMB with the mito- 
chondria. In the legends to the figures and tables it is specified at what time after the 
addition of the SH reagents the assay was performed. In some cases the time period 
of the assay (4 s) during which mersalyl is able to interact further with the carrier 
represented a significant fraction of the total period over which the mitochondria 
were exposed to mersalyl (e.g. 14 s and 24 s in the experiment of Fig. 2). However, 
the difficulties in interpreting the data imposed by this problem would appear to be 
minimal, since the character of the inhibition was the same in assays using either a 
10-s or 20-s preincubation period with mersalyl in the absence of substrate. 

Other methods 
Following termination of substrate uptake, the mitochondria were immediately 

centrifuged in an Eppendorf microcentrifuge for 1 min at 0 °C and 14C and 3H radio- 
activity in the pellets and supernatants was measured as described previously [16]. 
The O 2 uptake was measured polarographically with a Clark electrode. The mito- 
chondrial protein was determined by a modified biuret method [17]. 

RESULTS 

Dependence on substrate concentration of the SH reagent inhibition of the dicarboxylate 
carrier 

In Fig. 1 the mersalyl inhibition of the rate of both malonate/Pi and PJPi 
exchange via the dicarboxylate carrier was analysed as a Lineweaver-Burk plot. 
In these experiments N-ethylmaleimide was present to inhibit P~ exchange via the P~ 
carrier specifically [6, 7, 12]. With both substrates, the degree of mersalyl inhibition 
decreases with increasing the substrate concentration, i.e. mersalyl increases the Km 
without changing the V of both malonate and P~ uptake. Similar results were also found 
using PHMB instead of mersalyl (not shown). In these experiments, mersalyl and 
PHMB were added simultaneously with the labelled substrate and left to incubate 
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Fig. I. Kinetic analysis of the inhibition of malonate/Pi and Pi/Pi exchanges by mersalyl, added 
simultaneously with the substrate. Pi-loaded mitochondria (2.0 mg protein in A and 2.5 mg in B) 
were incubated in a medium containing 0.2 M sucrose, 20 mM HEPES-Tris, pH 7.0, I0 mM KCI, 
1 m M  MgC12, 1 fig rotenone,  3 #g  ol igomycin and  1 m M  N-ethylmaleimide.  After  1 rain incubat ion 
the  assay  was started with [~4C]malonate in A (@) or 3zPi in B (@) at the concentra t ions  indicated. 
Where  present,  100 nmoles  ( A )  or  300 nmoles  (11) mersalyl  in A, and  50 nmoles  ( A )  or 100 nmoles  
(11) mersalyl  in B were added s imul taneous ly  with the  labelled substrate .  The  assay was s topped after  
4 s by the  addi t ion  o f  20 m M  butylmalonate .  V is expressed as pmoles  • rn in-  1. g p ro te in -  ' .  Tem-  
pera ture  was 9 °C. Other  condi t ions  as indicated in Materials  and  Methods .  

with the mitochondria only for the short interval of time (4 s) in which the kinetics 
of substrate uptake were measured. 

As shown in Fig. 2, different results were obtained when mersalyl was added 
to the mitochondrial suspension before the addition of the substrate. In this case, 
the mersalyl inhibition of [14C]malonate/Pi exchange is not reversed by raising the 
substrate concentration. The inhibition of the 3Zpi/Pi exchange, however, is decreased 
with increasing Pi concentration and is zero at infinite concentration. Similar effects 
were observed with PHMB (not shown). 

The Lineweaver-Burk plots presented in Figs 1 and 2 show that the SH reagent 
inhibition of the uptake of Pi on the dicarboxylate carrier is competitive with the 
substrate. The marked differences between the Lineweaver-Burk plots in completely 
competitive and non-competitive types of inhibition make then easy to distinguish. 
However, a problem arises if the inhibition of Pi uptake by SH reagents is partially 
competitive, i.e. the inhibitor does not compete directly with the substrate for 
the same binding site, but rather decreases the affinity of Pi for the carrier as a 
result of binding at a different site. One can approach this problem by performing 
experiments in which the SH reagent concentration is varied at fixed substrate concen- 
tration and plotting the results according to the method of Dixon [18]. The plots 
obtained with either mersalyl added before (Fig. 3A) or simultaneously (Fig. 3B) 
with P~ are non-linear (in contrast to the linear relationship expected in the completely 
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Fig. 2. Kinetic analysis of the inhibition of malonate/P~ and PJ/PI exchanges by mersalyl, added 
before the substrate. (,4,) The reaction mixture contained 0.2 M sucrose, 20 mM HEPES-Tris, pH 7.0, 
10 mM KCI, 1 mM MgC12, Pt-loaded mitochondria (2.0 mg protein), 1 fig rotenone, 1 fig antimycin, 
3 #g oligomycin and 1 mM N-ethylmaleimide. Mersalyl (20 nmoles/mg protein) was added after 
1 rain incubation and [14C]malonate, at the concentrations indicated, was added to initiate the assay 
after a further 10 s (A) or 20 s (11). The assay was stopped after 4 s by the addition of 20 mM butyl- 
malonate. In the control (0 )  [14C]malonate was added in the absence of mersalyl after 75 s from the 
addition of mitochondria to the incubation mixture. Vis expressed as ffmoles • min-1, g protein-~. 
Temperature 9 °C. Other conditions as indicated in Materials and Methods. (B) Experimental condi- 
tions as in A. Mitochondrial protein was 2.1 rag. Mersalyl (25 nmoles) was added after 1 min incuba- 
tion and 32p~, at the concentrations indicated, was added to initiate the assay after a further 10 s 
(A) or 20 s (11). The assay was stopped after 4 s by the addition of 20 mM butylmalonate. In the con- 
trol (0 )  32P1 was added in the absence of mersalyl after 75 s from the addition of mitochondria to 
the incubation mixture. 

competit ive type of inhibi t ion).  Similar results were also found with respect to the Pi 
uptake via the Pi carrier and  using P H M B  instead of mersalyl. There are several 
possible explanations for the non-l inear i ty  observed, viz., the free mersalyl is signifi- 
cantly depleted at low mersalyl concentrat ions (al though this would appear  unlikely 
with the range of concentra t ion used), more than one molecule of mersalyl is needed 
to inactivate each site, or that  the inhibi tor  is partially competitive with respect to 
Pi [19]. 

Protection by ligands of the carrier substrate-bindin9 sites 
Since the rate of succinate oxidat ion is quanti tat ively correlated to succinate 

uptake [20], measurement  of  succinate oxidation in the presence of rotenone is a 
simple way of s tudying possible interferences between the in teract ion of SH reagents 
and ligands of  the subst ra te-binding sites with the dicarboxylate carrierl 

Fig. 4A shows that  when mersalyl is added 1 min  before the substrate, succinate 
oxidat ion is markedly inhibited. The further  addi t ion of cysteine restores 0 2 consump-  
t ion to approximately the rate of  the control,  indicat ing that no  permanent  al teration 
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Fig. 3. Dixonplotof theinhibi t ionofPl /P~exchangebymersalyladdedbefore (A) or simultaneously 
(B) with the substrate. Prloaded mitochondria (2.4 mg protein in A and 2.1 mg in B) were incubated 
for 1 rain in a medium containing 0.2 M sucrose, 20 mM HEPES-Tris, pH 7.0, 10 mM KCI, 1 mM 
MgClz, 1/~g rotenone, 5/~g oligomycin and 1 mM N-ethylmaleimide. Following this incubation, 
mersalyl, at the concentrations indicated, was added in (A) 15 s before the addition of 0.5 mM a2pl, 
and in (B) simultaneously with 0.5 mM 32p~. The assay was started with a2p~ and stopped after 4 s by 
the addition of 20 mM phenylsuccinate. V is expressed as #moles • min-  * • g protein- *. Temperature 
was 9 °C. Other conditions as indicated in Materials and Methods. 
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Fig. 4. Protection by succinate and phenylsuccinate against the mersalyl inhibition of the FCCP- 
stimulated succinate oxidation. The reaction mixture contained 0.25 M sucrose, 20 mM Tris-HC1, 
1 mM EGTA, pH 7.2, 2 #g rotenone, 5.5 mg/ml mitochondrial protein in A and B and 3.9 mg/ml in C 
and D. Final volume 2.2 ml. Temperature 26 °C. The other additions, indicated in the figure, were 
made at the following concentrations: mersalyl (Mers) 45 nmoles/mg in A and B and 50 nmoles/mg 
in C and D; 4.5 mM succinate (Sue); 1.8 ffM FCCP; 0.9 mM phenytsuccinate (Ph-suc); 4.5 mM 
cysteine (Cys). The rate of respiration in the control assays (succinate plus FCCP alone) ranged from 
115 to 132 ffatoms O/min per g protein. 
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has been introduced by the SH reagent. Fig. 4B shows the same experiment except 
that  succinate is added simultaneously with the inhibitor. In this case the extent of 
mersalyl inhibition is significantly lowered. It  should be noted that the time of contact 
of  mersalyl with the mitochondria is equal in both experiments. 

Protection against the mersalyl inhibition of succinate oxidation is also brought 
about by dicarboxylate analogues, such as phenylsuccinate, which block the dicar- 
boxylate carrier by attaching to the substrate-binding site without being transported 
[12]. Thus, when 0.9 m M  phenylsuccinate, which alone inhibits succinate oxidation 
only by 3 0 ~  (not shown), is added after mersalyl, the inhibition of succinate oxida- 
tion is slightly increased (Fig. 4C). When, on the other hand, phenylsuccinate is added 
simultaneously with the inhibitor (Fig. 4D) or (not shown) before the inhibitor, 
succinate oxidation is little affected by the SH reagent. In this case the further addi- 
tion of cysteine has no effect, suggesting that phenylsuccinate prevents the SH reagent 
reacting with the transport system. Essentially the same results, as those illustrated in 
Fig. 4, were obtained using PHMB instead of mersalyl, and butylmalonate, phthalate 
and maleate instead of phenylsuccinate. In control experiments, fumarate, pyruvate, 
~-hydroxybutyrate and citrate were found not to influence the inhibition of succinate 
oxidation by mersalyl, in agreement with their inability to react with the dicarboxylate 
carrier [8, 12]. 

Direct evidence that the presence of substrate analogues protects the dicarboxyl- 
ate carrier against inhibition by mersalyl is provided by the data reported in Table I. 
Thus, despite causing some inhibition themselves, phenylsuccinate and ph.thalate de- 
crease the extent of  mersalyl inhibition of [14C]malonate uptake, when added simul- 
taneously with the SH reagent (Expts 1 and 2). Dicarboxylate analogues also protect 
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Fig. 5. Kinetic analysis of the protection by malonate of the SH reagent inhibition of the [14C]- 
malonate/malonate exchange. The reaction mixture contained 0.2 M sucrose, 20 mM HEPES-Tris 
(pH 7.0), 10 mM KC1, 1 mM MgC12, 2/~g rotenone and malonate-loaded mitochondria. Mitochon- 
drial protein was 1.6 mg. (O), unlabelled malonate, at the concentrations indicated, was added after 
1 min followed after a further 20 s by the addition of carrier-free [l*C]malonate; ( × ), 114C]malonate, 
at the concentrations indicated, was added after 80 s; (A) and (11), 40 nmoles mersalyl was added 
simultaneously with unlabelled malonate after 1 min followed after a further 10 s (A) or 20 s (a) by 
the addition of carrier-free [* 4C]malonate. The assay was started with [ ~ 4C]malonate and terminated 
after 4 s by the addition of 20 mM butylmalonate. V is expressed as pmoles • rain- * • g protein- ~. 
Temperature was 9 °C. Other conditions as indicated in Materials and Methods. 
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TABLE I 

PROTECTION BY DICARBOXYLATE ANALOGUES AGAINST THE MERSALYL INHIBI- 
TION OF MALONATE UPTAKE AND OF Pi UPTAKE VIA THE DICARBOXYLATE CAR- 
RIER 

In Expts 1-3 unloaded mitochondria (2.8-3.3 mg protein) were incubated for 20 s in a medium con- 
taining 0.2 M sucrose, 20 mM HEPES-Tris, pH 7.0, 10 mM KC1, 1 mM MgCI2, 1 #g rotenone, 
1/*g antimycin and 3/*g oligomycin. In Expt 4 PL-loaded mitochondria (1.8 nag protein) were incuba- 
ted for 1 nain in a medium (as above) plus 1 mM N-ethylmaleimide. Following these incubations, 
additions were made as indicated in the table at the following concentrations: 0.5 mM [14C]naalonate, 
20-24 nmoles mersalyl/mg protein, 1 mM phenylsuccinate, 0.2 naM phthalate and 5 mM cysteine 
(Expts 1-3); 0.5 mM 32P1, 20 nmoles mersalyl, 0.2 naM phenylsuccinate and 0.2 naM butylmalonate 
(Expt 4). The assay was started with [~4C]malonate or 32p i and terminated after 4 s by the addition 
of 20 mM phenylsuccinate. Without added mersalyl the rate of malonate uptake ranged from 24 to 
30/*moles • rain- 1 . g- 1 protein and that of P~ uptake was 43/*moles • nain- ~ - g- 1 protein. Tempera- 
ture 9 °C. Other conditions as indicated in Materials and Methods. 

After 60 s or 15 s (Expt 4) 

Inhibition of malonate 
or PL (Expt 4) uptake (~o) 

[l 4 C ] Malonate 84 
[14 C]Malonate 29 
[14 C]Malonate 49 
[14C] Malonate + phenylsuccinate 95 

[~4C]Malonate 69 
[14 C]Malonate 39 
[14C]Malonate 55 
[14C]Malonate ~ phthalate 85 

Additions 

After 0 time 

Expt 1 
Mersalyl 
Phenylsuccinate 
Mersalyl + phenylsuccinate 
Mersalyl 

Expt 2 
Mersalyl 
Phthalate 
Mersalyl + phthalate 
Mersalyl 

Expt 3 
Mersalyl 
Cysteine 
Mersalyl + cysteine 
Mersalyl 

Expt 4 

[~4C]Malonate 69 
[: 4C]Malonate 0 
[a4C]Malonate 0 
[14 C]Malonate + cysteine 10 

Mersalyl 32P1 84 
Phenylsuccinate 32p1 35 
Mersalyl + phenylsuccinate 32 p~ 67 
Mersalyl 32p~ +phenylsuccinate 89 
Butylmalonate 32p~ 42 
Mersalyl + butylmalonate 32pl 62 
Mersalyl a2p~ + butylmalonate 90 

the  u p t a k e  o f  Pi  via  the  d i c a r b o x y l a t e  ca r r i e r  aga ins t  mersa ly l  i nh ib i t ion  (Exp t  4). 
Thus ,  the  mersa ly l  i n h i b i t i o n  o f  32Pi u p t a k e  is dec reased  by the  presence  o f  pheny l -  
s u c c i n a t e  a n d  b u t y l m a l o n a t e  d u r i n g  the  in t e rac t ion  o f  the  S H  reagen t  w i th  the  m i t o -  
c h o n d r i a .  H o w e v e r ,  as seen in Expts  1, 2 and  4, once  the  S H  reagen t  has  r eac t ed  wi th  
the  car r ie r ,  t he  i nh ib i t i on  is n o t  r e m o v e d  by  the  subsequen t  a d d i t i o n  o f  d i c a r b o x y l a t e  
a n a l o g u e s  t o g e t h e r  w i t h  [14 C ] m a l o n a t e  o r  32p i. I n  fact ,  fu r the r  expe r imen t s  h a v e  s h o w n  

tha t  the  d i c a r b o x y l a t e  a n a l o g u e s  pheny l succ ina t e  a n d  b u t y l m a l o n a t e  d o  n o t  reverse  
the  mersa ly l  i nh ib i t i on  o f  m a l o n a t e  up take ,  e v e n  w h e n  they  are  a l l owed  to  i ncuba t e  
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T A B L E  11 

L A C K  O F  R E V E R S A L  BY S U B S T R A T E - L 1 K E  L I G A N D S  OF  M E R S A L Y L  I N H I B I T I O N  OF  
M A L O N A T E  U P T A K E  

Pj- loaded mi tochondr ia  (2.8 m g  prote in)  were incubated for 1 min  at 20 °C in a m e d i u m  consist ing 
o f  0.2 M sucrose,  20 m M  H E P E S - T r i s  (pH 7.0), 10 m M  KCI, 1 m M  MgCI2, 2/zg rotenone,  5 / tg  
o l igomycin  and  1 m M  N-ethylmaleimide.  Fol lowing this  incubat ion  (0 time), mersalyl  was added 
where indicated. ~ After  fur ther  60 s the  mi tochondr ia  were cooled to 9 °C. Addi t ions  were made  as 
indicated in the  table at the  following concentra t ions :  40 nmoles  mersalyl,  1 m M  phenylsuccinate ,  
1 m M  buty lmalona te ,  1 m M  P~, 5 m M  cysteine and  0.5 m M  [~4CJmalonate.  The  assay was started 
with [~ 4C]malona te  and  te rmina ted  after 4 s by the addi t ion o f  20 m M  phenylsuccinate .  Other  condi- 
t ions  as indicated in Materials  and  Methods .  

Addi t ions  Inhibi t ion 
~%) 

After  0 t ime Af ter  2.5 rain After  3 min 

- [14C]Malonate  - 0 
- - [14C]Malonate  0 
Mersalyl [ ~ aC]Malona t e  - 84 
Mersalyl - [~4C]Malonate 88 
- Phenylsuccinate  [14C] Malonate  34 
Mersalyl Phenylsuccinate  [14 C]Malona t e  95 

- Buty lmalona te  [~4C]Malonate 36 
Mersalyl Buty lmalona te  [ ~ 4C] Malonate  94 

- Pt [14C]Malonate  30 
Mersalyl P~ [14C]Maionate  85 
- Cysteine [~ 4C]Malona te  3 
Mersalyl Cysteine [14C] Malonate  0 

T A B L E  III 

E F F E C T  O F  Pl O N  T H E  M E R S A L Y L  I N H I B I T I O N  O F  M A L O N A T E  U P T A K E  

P~-loaded mi tochondr i a  (1.8 m g  protein)  were incubated  for I rain in a m e d i u m  as in Table I, Expt 4. 
T h e  addi t ions  indicated in the table were made  at the  following concentra t ions :  0.5 m M  [14C]malon- 
ate,  25 nmoles  mersalyl  and  0.3-1 m M  P~. The  assay was s tar ted with [14C]malonate  and  terminated 
af ter  4 s by the  addi t ion  o f  20 m M  phenylsuccinate .  Other  condi t ions  as indicated in Materials  and 
Methods .  

Addi t ions  V Inhibi t ion 
(/~moles/ ( ~ )  

After  0 t ime Af ter  15 s rain per g protein)  

- [14C]Malonate  56.8 0 
Mersalyl [14 C ] M a l o n a t e  31.1 45 

- [14C]Malona t e+P l ,  0.3 m M  49.3 13 
Mersalyl  [ 14C ]M al ona t e÷P j ,  0.3 m M  25.3 55 
- [ 1 4 C ] M a l o n a t e + P h  0.5 m M  45.9 19 
Mersalyl  [ 14C ]M al ona t e+P j ,  0.5 m M  24.9 56 
- [14C]Malonateq-Pi ,  1 m M  42.3 25 
Mersalyl  [~4C]Malonate-[-Pl,  1 m M  21.7 62 
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with. the SH reagent-treated mitochondria for 30 s before the addition of the labelled 
substrate (Table II). 

Figs 1 and 2 have shown that the inhibition by mersalyl of Pi uptake on 
the dicarboxylate carrier is decreased by Pi. Therefore, it was interesting to in- 
vestigate whether the mersalyl inhibition of the uptake of [14C]malonate by the 
dicarboxylate carrier is also reversed by Pi. Table III shows that the presence of P~ 
does not decrease the extent of mersalyl inhibition of malonate uptake (in contrast to 
the reversal of the inhibition of Pi uptake); in fact P~ is similarly ineffective in revers- 
ing the established inhibition when added to SH reagent-treated mitochondria 30 s 
before the addition of [14C]malonate (Table II). Thus, once the mersalyl inhibition 
of dicarboxylate uptake is established, this inhibition cannot be decreased by either 
dicarboxylate analogues or P~. The inhibition by mersalyl, when established, is, how- 
ever, removed by cysteine (Tables I and II). 

Comparison between the protection by substrates of the SH reaoent inhibition of the 
Pi and malonate uptake on the diearboxylate carrier 

Table IV shows the effect of the presence of Pi and malonate on the establish- 
ment of the inhibition by SH reagents of the 32Pi/P i and of the [14C]malonate/Pi 
exchange, respectively. N-Ethylmaleimide was present to inhibit the Pi carrier so that 
both these exchanges were catalyzed by the dicarboxylate carrier. Mersalyl and PHMB 
were added to the mitochondrial suspension, either alone or in the presence of unla- 
belled P~ and malonate, and allowed to react for a period of 15 s before the activity of 

T A B L E  IV 

P R O T E C T I O N  BY S U B S T R A T E S  A G A I N S T  T H E  SH R E A G E N T  I N H I B I T I O N  OF  Pj A N D  
M A L O N A T E  U P T A K E  O N  T H E  D I C A R B O X Y L A T E  C A R R I E R  

Pl-loaded mi tochondr ia  (1.8 m g  protein)  were incubated  for 1 min  in a med ium conta in ing  0.2 M 
sucrose,  20 m M  HEPE S -T r i s  (pH 7.0), 10 m M  KCI, 1 m M  MgC12, 2 # g  rotenone,  5 / tg  ol igomycin 
and  2 m M  N-ethylmaleimide.  Following this incubat ion,  addi t ions  were made  as indicated in the  
table at the  following concent ra t ions :  0.5 m M  P~ or a2p~, 0.2 m M  malona te  or  p4C]ma lona t e ,  
25 # M  mersalyl  and  15 # M  P H M B .  Tempera tu re  was 9 °C. The  assay was s tar ted with 3zPL or [~ 4C]- 
ma lona te  and  te rmina ted  after 4 s by the addi t ion o f  20 m M  butylmalonate .  Other  condi t ions as 
indicated in Mater ia ls  and  Methods .  

Addi t ions  V (/tmoles • m i n -  ~ • g p ro te in -  ~ ) 

After  0 t ime Af ter  15 s 

- 32p i 34 
Pl Carrier-free 32pi 31 
Mersalyl 32P1 9 
M e r s a l y l + P l  Carrier-free 32pi 8 
P H M B  32P1 8 
P H M B + P I  Carrier-free 32P1 I 1 
_ [ 14 C l Malona te  54 
Malona te  Carrier-free [t 4C]malona te  61 
Mersalyl  [t 4C]Malona te  20 
M e r s a l y l +  ma lona te  Carrier-free [t 4C]malona te  41 
P H M B  114C]Malonate 21 
P H M B + m a l o n a t e  Carrier-free It 4C]malona te  39 
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the two exchanges was measured. The data show that the inhibition of the 32pI/P i 
exchange by both mersalyl and PHMB is not significantly affected by the presence of 
Pi during the incubation of the mitochondria with the SH reagents. In contrast, the 
inhibition by mersalyl and PHMB of the malonate/Pi exchange is reduced by the 
presence of malonate during the interaction of the SH reagents with. the mitochondria. 

Competition between dicarboxylates and SH reagents for the dicarboxylate carrier 
In a series of experiments of the type reported in Fig. 4, it was observed that 

the degree of protection by phenylsuccinate against the mersalyl inhibition of succi- 
nate oxidation decreased as the time increased between the addition ofmersalyl plus 
the substrate analogue and the addition of succinate plus carbonylcyanide p-trifluoro- 
methoxyphenylhydrazone (FCCP). Thus, in a typical experiment, the rate of succinate 
(10 raM) oxidation was decreased 66~ by mersalyl (34 nmoles/mg mitochondrial 
protein), but only 33 ~ by mersalyl plus phenylsuccinate (0.5 raM) added simulta- 
neously 1 min before the respiratory substrate. When, on the other hand, the mito- 
chondrial suspension was allowed to incubate 4 rain with mersalyl, the degree of 
inhibition was decreased only slightly (from 66 to 58 ~ ) by the addition of phenyl- 
succinate together with the SH reagent. These results suggest that the substrates (or 
analogues) exert their protective effect by reducing the rate of interaction between 
the SH reagent and the dicarboxylate carrier, rather than by decreasing the degree of 
inhibition ultimately established. 

The nature of the protection against SH reagent inhibition by substrate (or 
analogue) was further investigated by varying the concentration of malonate present 
during the interactions of mersalyl with the mitochondria. The method used was as 
follows: malonate-loaded mitochondria were incubated with mersalyl and different 
external concentrations of unlabelled malonate. After an incubation of 10 or 20 s the 
rate of malonate/malonate exchange was measured by adding carrier-free [~4C]- 
malonate. There are two observations that warrant comment. Firstly, during the 
incubation period any uptake of unlabelled malonate occurs in exchange with the 
internal malonate so that the internal and the external concentrations do not change. 
This was checked by measuring the rate of [a4C]malonate uptake under two condi- 
tions: (a) after a preincubation period of 20 s with. unlabelled malonate (following 
which, the [~4C]malonate was added), and (b) by adding the unlabelled malonate 
together with [a4C]malonate. The lower curves of Fig. 5 are the results of these con- 
trol experiments and demonstrate that any changes in the intramitochondrial concen- 
tration of malonate which possibly may occur during the preincubation period are 
not sufficient to significantly change the subsequent rate of [14C]malonate uptake. 
Secondly, the malonate transport in rat qver mitochondria is catalyzed by both the 
dicarboxylate and the oxoglutarate carriers [21, 22]. However, the low mersalyl 
concentrations used in these experiments are insufficient to inhibit the oxoglutarate 
carrier [5, 23-25], i.e. the inhibition of malonate uptake by the SH reagent is due sole- 
ly to an inhibition of the dicarboxylate carrier. Furthermore, in spite of the fact that 
two distinct exchanges are occurring, there is no obvious distorsion of the reciprocal 
plots from linearity. It is likely that the contribution by the oxoglutarate carrier to 
the total rate of malonate exchange is small, since the V for the dicarboxylate carrier 
is approximately twice the V for the oxoglutarate carrier [8, 12, 25] and also the Km 
of the oxoglutarate carrier for malonate is about 400 pM (unpublished results) 
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compared to about 50 pM for the dicarboxylate carrier in the conditions used in these 
experiments. Fig. 5 reveals that the degree of mersalyl inhibition decreases when the 
concentration of malonate (present together with the SH reagent) is increased, and 
is zero at infinite concentration, i.e. the protection by substrate is competitive with 
the inhibitor. Furthermore, since the degree of inhibition by mersalyl approximately 
doubles on increasing the time of incubation from 10 to 20 s, these results indicate 
that the rate of inactivation of the dicarboxylate carrier by mersalyl is competitively 
inhibited by the dicarboxylate. Similar results, as those illustrated in Fig. 5, were 
obtained using PHMB instead of mersalyl (not shown). 

DISCUSSION 

Previous work [12] has suggested that the dicarboxylate carrier may have 
two separate binding sites, one specific for Pi and the other specific for the dicarboxyl- 
ates. 

The SH reagents establish a covalent bond with. thiols [26] and their interaction 
with the carrier has to be regarded as practically irreversible. Hence, if mitochondria 
are preincubated with mersalyl in the absence of added malonate or Pi, one can study 
the affect of bound mersalyl on the kinetics of dicarboxylate and Pi transport. The 
results presented in Fig. 2 show that under these conditions, i.e. mersalyl added befole 
the substrate, the inhibition of dicarboxylate uptake is not reversed by raising the 
substrate concentration, whereas the inhibition of Pi uptake is decreased by increasing 
Pi concentration. A possible interpretation is that the reaction between mersalyl and the 
dicarboxylate carrier occurs at or near the dicarboxylate binding site and, being irre- 
versible, prevents dicarboxylate binding in a non-competitive manner. This binding 
of mersalyl at or near the dicarboxylate binding site, i.e. away from the P~ binding 
site, may be considered to change the Km of Pi binding by an indirect conformational 
change. 

The rate of binding of mersalyl with the dicarboxylate carrier is slow; this is 
evident since the establishment of full inhibition by mersalyl requires an incubation 
of at least 1 rain [1-4]. Since the rate of binding of the substrates to the carrier, as 
deduced by the rate of their transport, is much faster [13], the simultaneous addition 
of substrates and mersalyl provides a suitable condition to establish whether the pres- 
ence of the substrates interferes with the binding of the SH reagents to the dicarboxyl- 
ate carrier. Fig. 1 shows that, when mersalyl is added simultaneously with malonate 
and let to incubate with the mitochondria only for 4 s, the mersalyl inhibition of the 
dicarboxylate carrier is decreased by malonate in a manner which is competitive with 
mersalyl (in contrast to the non-competitive inhibition by mersalyl when added before 
the substrate). This result is in agreement with the proposal that mersalyl binds at or 
near the dicarboxylate binding site and that the dicarboxylates may decrease the rate 
at which mersalyl gains access to the carrier. Tiffs interpretation would explain why 
dicarboxylates added simultaneously with the SH reagents decrease the extent of 
inhibition, but do not release the inhibition if added after the SH reagent, i.e. when 
the inhibition has been established (Fig. 4, Tables I and II). Direct evidence that 
dicarboxylates protect against mersalyl inhibition by depressing the rate of binding 
of SH reagents to the carrier was obtained by measuring the inhibition by mersalyl 
which occurred during fixed time periods in the presence of different concentrations of 
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malonate (Fig. 5). These data further indicate that dicarboxylates decrease the rate 
of binding of  SH reagents in a manner competitive with mersalyl. 

Our experiments, however, do not necessarily imply that dicarboxylates bind 
directly with SH groups. It has been earlier proposed that a metal ion is an essential 
component of the dicarboxylate carrier [27, 28 ] and that the substrate carboxyl groups 
bind to the metal [8]. It is possible that the SH groups hold the metal ion located at 
the dicarboxylate-binding site (see ref. 29 for references). 

The following observations suggest that the Pi-binding sites of the dicarboxyl- 
ate carrier are not occupied by the SH reagent: (a) The inhibition of Pi uptake by 
SH reagents is abolished at infinite Pi concentration, even when the inhibitor is added 
before the substrate (Figs 2B); (b) The presence of  Pi does not protect the Pi uptake 
from being inhibited by SH reagents (Table IV); (c) Dixon plots of the rate of Pi 
uptake against SH reagent concentration are non-linear (Fig. 3), suggesting partial 
competitivity. 

As a simple explanation it may be assumed that, although the SH reagent 
and Pi combine to the carrier at different sites, the interaction energy of the reaction 
between Pi and Pi-binding site is changed when SH groups are occupied by the SH 
reagent, presumably through a conformational change of the carrier. In this case the 
carrier forms a complex between both the SH reagent and P~ which translocates at 
the same rate as the carrier-P~ complex. Consequently the V is not affected, but the 
dissociation constant for Pi in the presence of the SH reagent is increased. A decrease 
in the affinity of the dicarboxylate carrier for P~ has also been observed as a conse- 
quence of malate binding to the dicarboxylate carrier [12]. Thus, the interaction 
energy of  the reaction between P~ and the P~-binding site may be influenced by the 
binding of compounds at or near the dicarboxylate-binding site. Evidence of a differ- 
ent type has suggested that binding of ADP and ATP to the adenine nucleotide carrier 
induces a conformational change [30]. Conformational changes of the mitochondrial 
carriers as a result of substrate binding may be a general phenomenon. 
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