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The mltochondrlal antlport carriers form a protein family with respect to their structure and function The kinetic antiport 
mechanism, bemg of the sequential type, shows that the dicarboxylate carrier also belongs to this family This was demonstrated 
by bireactant initial velocity studies of the purified and reconstituted carrier protein The transport affinity of the carrier for the 
internal substrate was largely Independent of the external substrate concentration and wce versa, whereas the carner's apparent 
Vma x rose with increasing saturation of internal and external binding sites Thus, the carrier forms a catalytic ternary complex 
with one internal and one external substrate molecule As compared to other mItochondrlal antlport carriers, however, the 
situation with the dicarboxylate carrier is more complex On each membrane side of the protein two separate bmding sites exist, 
one specific for phosphate (or Its analogue phenyl phosphate), the other specific for dicarboxylate (or butyl malonate), that can 
be occupied by the respective substrates without mutual interference This became evtdent from the non-competitive interaction 
of these substrates (or analogues) with the carrier The two external, but not the two internal binding sites could be saturated 
simultaneously with phosphate and malate, thereby causing inhibition of transport All four blndmg sites must be assoctated with 
the same translocatlon pathway through the carrier protein, since the sequential antlport mechanism held true for the 
phosphate/malate heteroexchange as well as for the malate/malate or phosphate/phosphate homoexchange 

Introduction 

The dlcarboxylate carrier of hver mltochondrla plays 
an Important role in gluconeogenesls, urea synthesis 
and sulphur metabolism (for reviews see Refs 1 and 2) 
This carrier catalyzes an electroneutral exchange of 
certain dlcarboxylates (e g ,  malate, succmate) for inor- 
ganic phosphate [3-8] Inorganic sulphur-contaImng 
compounds ( e g ,  sulphate, thlosulphate) are also 
translocated by this transport system [9,10] 

With respect to function, the dlcarboxylate carrier is 
a unique transport system It translocates chemically 
different substrates and, moreover, translocation re- 
volves two separate binding sites present at the cytoso- 
hc side and, as will be shown here, also at the matrix 
side of the carrier protein One binding site is specific 
for phosphate and thlosulphate, the other for dlcarbox- 
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ylates, sulphate and sulphlte For the cytosohc mem- 
brane surface this was suggested by early studies m 
intact mltochondrla [7,11,12] and, after we had purified 
[13] and reconstituted the carrier protein [13,14], was 
demonstrated in a proteohposomal system [15] 

The functional reconstItUtlOn of the isolated protein 
allowed us to gain an insight into the relatwely complex 
kinetic behavior of this carrier resulting from the pres- 
ence of two distinct binding s~tes at either membrane 
surface For the external side of the proteohposomes, 
evidence was obtained that both binding sites could be 
saturated simultaneously w~th malate and phosphate, 
respectwely, leading to the formation of a non-catalytic 
ternary complex with the carrier molecule [15] In the 
present paper we have investigated the reconstituted 
carrier protein with respect to the internal side and the 
kinetic mechanism underlying counterexchange of one 
internal and one external substrate molecule Previous 
studies of mitochondrial antiport carriers have estab- 
hshed a common functional model including as the 
catalytic intermediate a ternary carrier complex with 
one substrate molecule bound from each side of the 
membrane [16-21] In this respect, the finding that the 



dlcarboxylate carrier bears two distinct substrate bind- 
ing sites at its external surface [7,15] and, as will be 
shown here, also at the internal side was a challenge to 
the general carrier concept Therefore, it was our main 
interest to clarify, how the different binding sites par- 
tlclpate in the antlport mechanism in a concerted man- 
ner 

Materials and Methods 

Materials Hydroxyapatlte (Blo-Gel HTP) and Dowex 
AG1-X8 were purchased from Blo-Rad, Amberllte 
XAD-2 from Fluka, Sephadex G-75 from Pharmacla, 
[32p]phosphate and L-[U-14C]malate from Amersham, 
egg-yolk phosphohplds (L-a-phosphatldylchohne from 
fresh turkey egg yolk), Pipes (1,4-plperazlnedlethane- 
sulphonlc acid) and Triton X-114 from Sigma All 
other reagents were of analytical grade 

Isolation of the dtcarboxylate carrter The dlcarboxyl- 
ate carrier was purified from rat liver mltochondrm by 
the Amberhte/hydroxyapatlte procedure as described 
previously [13] The purity of the 28 kDa band protein 
previously identified as the dlcarboxylate carrier [13] 
was always higher than 95% as checked by SDS-poly- 
acrylamlde gel electrophoresls Furthermore, the purl- 
fled dlcarboxylate carrier was not contaminated by 
known mltochondnal transport systems such as the 
A D P / A T P  carrier and the phosphate carrier 

Reconstttutton of the dtcarboxylate carrier The purl- 
fled dlcarboxylate carrier was passed through a Dowex 
AG1-X8 column, 100-200 mesh, chloride form (0 5 × 8 
cm equilibrated with a buffer containing 10 mM Pipes 
(pH 7 0) and 1 mg/ml  egg-yolk phosphollplds in the 
form of sonlcated hposomes), in order to remove the 
interfering anions such as phosphate from the hydroxy- 
apante and sulphate from the solublllzatlon buffer (see 
Ref 13) Llposomes were prepared as described prew- 
ously [22] by somcatlon of 100 mg/ml egg-yolk phos- 
phohp~ds in water for 60 mln ReconstltUtlOn of the 
dlcarboxylate carrier into hposomes was performed by 
remowng the detergent with Amberhte [23] from mixed 
mlcelles containing detergent, protein and phospho- 
hplds The composition of the mtxture used for recon- 
stltutlon was 200 /xl of the purified dlcarboxylate car- 
her (7-15/xg protein), 60/xl of 10% Triton X-114, 6 7 
mg of phosphohplds in the form of somcated hpo- 
somes, phosphate or malate at the indicated concentra- 
tions, 10 mM Pipes (pH 7) in a final volume of 0 68 ml 
After vortexang, this mtxture was passed 13 times 
through the same Amberhte column (0 5 × 3 2 cm) 
preequlhbrated with a buffer containing 10 mM Pipes 
and the same concentration of the substrate present in 
the starting mixture All the operations were per- 
formed at 4°C except the passages through Amberhte, 
which were carried out at room temperature 

Transport measurements In order to remove the 
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external substrate, the proteohposomes were passed 
through a Sephadex G-75 column (0 7 × 15 cm) pre- 
equlhbrated with 10 mM Pipes (pH 7) and an appropri- 
ate concentration of NaC1 to balance the internal os- 
molarlty The transport actwity was determined by 
measuring the flux of labelled substrates from outside 
to inside (forward exchange) or from Inside to outside 
(backward exchange) [24] For backward-exchange 
measurements, the internal substrate pool of the pro- 
teohposomes was labelled by carrier-mediated equili- 
bration with 05 /zM [32p]phosphate or [laC]malate 
added at high specific radloactwlty whereby the inter- 
nal substrate concentration was not changed (homoex- 
change conditions) After 30 minutes, the radioactivity 
not taken up was removed by passing the proteo- 
hposomes again through Sephadex G-75 (see above) 
The transport measurement was started, in the case of 
the backward exchange, by adding unlabelled substrate 
to the proteohposomes or, in the case of the forward 
exchange, by adding labelled substrate at the indicated 
concentrations In either method, the exchange was 
stopped by addition of 20 mM butyl malonate and 20 
mM pyndoxal 5-phosphate In control samples the 
lnhlNtors were added at time zero according to the 
inhibitor stop method [24] The assay temperature was 
25°C Finally, each sample of proteohposomes (100 tzl) 
was applied on an anion-exchange column (Dowex 
AG1-X8, acetate form, 0 5 x 5 cm) in order to separate 
the external label from the radioactivity remaining 
inside The hposomes were eluted with 40 mM sodium 
acetate directly into the scmtdlatlon hquld 

The isotope equdlbratlon between the external and 
the internal compartment was followed by stopping the 
exchange after different time intervals In the case of 
forward-exchange determinations, the transport rate 
usually was calculated from the radloactwlty taken up 
by the proteohposomes within 60 s It was important 
for heteroexchange experiments to stay as close as 
possible to initial conditions in order to avoid interfer- 
ence of the transported substrate in the opposite com- 
partment Faster kinetics, which were not hnear for the 
first minute, were fitted by a computer program ac- 
cording to a first-order process equation allowing cal- 
culation of the initial transport rate, which is expressed 
as /xmol/mm per mg protem In the case of 
backward-exchange determinations, the decrease of ra- 
dioactivity inside the hposomes until equilibrium was 
fitted according to a single exponentml decay equation, 
from which the first-order rate constant, k, was de- 
rived The backward-exchange rates were calculated as 
the product of k and the substrate concentration in- 
side the hposomes, as described previously [19] g m 
and Vma x values were determined by a computer-fitting 
program based on linear regression analysis 

Other methods The protein concentration was de- 
termined by the Lowry method modified for the pres- 
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TABLE I 

K m talues o f  the reconstttuted dtcarboxvlate carrier 

Transport  afflmtles were determined by the forward and by the backward exchange method (see Matermls and Methods) The values are 
means+-SE (n) n d ,  not de termined 

Substrate Membrane  Counter  K m (mM) 
side substrate 

forward exchange backward exchange 

Malate 

Phosphate  

external malate 0 49 + 0 05 ~ 0 41 + 0 16 (3) 
external phosphate  0 5 n d 
mternal  malate 0 92+_0 24 (8) 0 92+-0 16 (3) 
internal phosphate  0 83 +- 0 20 (5) 0 93 +- 0 18 (3) 

external malate 1 41 + 0 35 d 1 0 
external phosphate  1 4 n d 
mternal  malate 0 84 + 0 19 (8) 0 90 
internal phosphate  0 89 + 0 25 (4) 0 90 +- 0 30 (4) 

a From Ref  18 

ence of Triton [25] SDS polyacrylamlde slab-gel elec- 
trophoresls of acetone-precipitated samples and stain- 
ing with silver nitrate were performed as described 
previously [26] The actlwty of other transport systems 
was assayed by the inhibitor stop method [24] using the 
following stop lnhlbitors N-ethylmalelmlde (phosphate 
carrier), 1,2,3-benzenetrlcarboxylate (citrate carrier), 
phthalonate (2-oxoglutarate carrier), carboxyatractylo- 
side (ADP/ATP carrier), pyndoxal phosphate (aspar- 
tate/glutamate carrier), a-cyanocInnamate (pyruvate 
carrier), N-ethylmalelmlde (carnltme carrier) and mer- 
salyl (ornlthme carrier) 

Results 

Kmettc descnptton of the mternal substrate bmdmg sttes 
At the external membrane surface of the reconsti- 

tuted dicarboxylate carrier two distinct and specific 

binding sites were characterized previously (see Intro- 
duction) The transport affinities referring to the &car- 
boxylate ( g  m 0 5 mM) and the phosphate site (K m 1 4 
mM) are gwen in Table I In order to describe the 
internal binding site(s) of the reconstituted protein we 
apphed two different methods measuring either the 
flux of labelled substrate from outside to inside (for- 
ward exchange) or from inside to outside (backward 
exchange), respectwely (see Materials and Methods) 
Only the latter technique allows us to measure antlport 
activity even at relatwely low internal substrate concen- 
trations (< 200 /xM), as was explained earher [19] 
Both modes of analysis led to coincident results, as was 
checked in particular by determining the g m for exter- 
nal malate yielding values of 0 49 + 0 05 mM (forward 
exchange) or 041 + 0 16 mM (backward exchange), 
respectwely (Table I) 

The determination of the Internal kinetic constants 
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Fig 1 Inh lbmon of ma l a t e / ma l a t e  homoexchange by mtrahposomal  butyl malonate  and phenyl phosphate  Proteohposomes contained malate at 
the mdtcated concentrat ions with (e) and without (©) 0 6 m M  butyl malonate  (A) or 2 m M  phenyl phosphate  (B) The  transport was measured  by 
the forward exchange techmque (see Materials and Methods)  after addmon of 0 1 m M  labeled malate The K m value for internal malate was 1 1 

m M  (A) or 0 81 m M  (B), respectively The K, for internal butyl malonate  was 0 69 mM for internal phenyl phosphate  2 4 mM 
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Fig 2 Inhibition of malate/phosphate heteroexchange by intrahposomal phenyl phosphate and butyl malonate Proteohposomes contained 
phosphate at the indicated concentrations with (e) and without (©) 0 6 mM butyl malonate (A) or 2 mM phenyl phosphate (B) The transport 
was measured by the forward exchange technique (see Materials and Methods) after addition of 0 1 mM labeled malate The K m value for 
internal phosphate was 0 88 mM (A) or 0 85 mM (B), respectwely The K, for internal butyl malonate was 0 57 mM, lot internal phenyl 

phosphate 1 6 mM 

requires many preparations of proteohposomes wlth 
different internal substrate concentrations Therefore 
the results to be obtained were in principle not as 
precise as those referring to the external membrane 
side The backward exchange method led to internal 
K m values that were rather similar for both phosphate 
and malate (about 0 9 mM) This concentration range 
could be investigated also in the forward exchange 
mode yielding K m values of 0 92 _+ 0 24 mM for malate 
and 0 84 ___ 0 19 mM for phosphate (Table I) These 
values obtained by multiple determinations were rode- 
pendent of the nature of the (external) countersub- 
strate (malate or phosphate, respectively), an equiva- 
lent independence was observed when determining the 
external transport affinities (Table I) 

In order to find out whether two binding sites can 
be distinguished at the internal surface similar to those 

we observed outside, we investigated the mutual inter- 
action of dicarboxylates and phosphate with the carrier 
protein at its internal surface For these experiments 
we applied the substrate analogues butyl malonate and 
phenyl phosphate which, on the outside, interacted 
specifically only at the dlcarboxylate or phosphate site, 
respectively, without being transported [15,27] The 
Lmeweaver-Burk plots of Fig 1 show the inhibition of 
malate (external)/malate (Internal) exchange by the 
presence of internal butyl malonate (0 6 mM) or inter- 
nal phenyl phosphate (2 raM) In the case of butyl 
malonate a competitive inhibition was observed (Fig 
1A), whereas phenyl phosphate inhibited non-competi- 
tively (Fig 1B), 1 e ,  only phenyl phosphate gave rise to 
a significant reduction of Vma x Just the opposite result 
was obtained when investigating the exchange of malate 
(external)/phosphate (internal) The presence of inter- 
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Fig 3 Dependence of exchange activity on the concentration of malate and phosphate present together inside the proteohposomes The 
proteohposomes were loaded with different combinations of malate and phosphate, as indicated, at a total concentration of 10 mM (A) or 20 mM 

(B) Exchange was measured as uptake of 2 mM labeled malate 
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nal butyl malonate led to a non-competltwe kinetic 
pattern, internal phenyl phosphate mh~b~ted m a com- 
petitive manner (F~g 2) Non-specific effects of butyl 
malonate or phenyl phosphate at the apphed concen- 
trations on hposome integrity could be ruled out (data 
not shown) These results demonstrate that at the 
internal membrane surface also two different binding 
sites can be d~stmgmshed, one specific for &carboxyl- 
ates and the other specific for phosphate Both s~tes 
show s~mllar half-saturation c o n s t a n t s  ( K  m 0 9 mM) 
that are intermediate between the K m for external 
malate (0 5 mM) and the Kn~ for external phosphate 
(1 4 mM) 

A particular kmet]c property of the dlcarboxylate 
carrier observed at its external side [7,15] was tested 
for the internal compartment of the proteohposomes, 
namely, the occurrence of a non-catalytic carrier com- 
plex when both binding s~tes were occupied simultane- 
ously by the respective substrates This mactwe com- 
plex was documented by a reduced turnover of the 
carrier when, externally, malate and phosphate were 
present at a 1 1 ratio, both at nearly saturating con- 
centrat]on [15] Th~s was tested for the internal com- 
partment as follows ff the sum of malate and phos- 
phate concentration was constant (10 mM), but the 
port~on contributed by the two substrates was vaned 
(0-10 mM), then a minimum transport at about 5 mM 
concentration of each substrate would be expected 
However, this was not the case, neither at 2 mM (F~g 
3A) nor at 0 1 mM external malate (not shown) Obw- 
ously, a non-translocatlng carrier complex is not formed 
because, upon binding of the first substrate, the trans- 
port event takes place before the second binding site 
also Is occupied (see Discussion) Only non-transported 
llgands hke butyl malonate or phenyl phosphate will 
lead to an mactwe carrier, as observed m F~gs 1B and 
2A 

Surprisingly, when the experiment of Fig 3A was 
carried out at a total malate plus phosphate concentra- 
tion ot 20 mM (Fig 3B) or 30 mM (not shown), an 
actw~ty maximum corresponding to the carrier's Vma ~ 
(see F~gs 1 and 2) was observed at concentration ratios 
mala te /phosphate  of 1 4 to 4 1 However, if solely 
malate or phosphate (20-30 raM) was present reside 
the llposomes, the carrier was significantly lnh~blted 
(Fig 3B) This inhibition by high substrate concentra- 
tions (above 10-15 mM) more directly ~s demonstrated 
in Fig 4A However, raising the concentration of e~- 
ther substrate to th~s range had no such effect, ff both 
malate and phosphate were present s~multaneously m- 
s~de the hposomes (Fig 4B) Even when choslng a scale 
on the absctssa with respect to only one substrate 
concentration (phosphate m Fig 4C), the posttwe ef- 
fect of the other substrate on carrier actw~ty became 
obvious Osmotic or salt effects as a posssble reason for 
carner  mhlbmon could deflmtely be excluded, e g ,  by 

control hposomes containing 10 mM malate or phos- 
phate plus 0-50 mM NaC1 (Fig 4A) Thus, mternaUy 
an inhibition may result if, at h~gh substrate concentra- 
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Fig 4 Dependence  of exchange actwlty on the concentration of 
&carboxylate and phosphate  present  separately (A and C) or to- 
gether  (B and C) inside the proteohposomes (A) Proteohposomes 
were loaded wtth the indicated concentrations of malate (©), mal- 
onate  (e) phosphate  ( [] ) or NaCI ( ,x ), m the latter case additionally 
a fixed concentration (13 mM) of phosphate  was loaded with NaCI 
(B) Proteohposomes were loaded with eqmmolar  malate and phos- 
phate  at the total concentrat ions indicated (C) Proteohposomes 
were loaded with phosphate  alone (©) or with malate and phosphate  
together ( × )  at the mdlcated concentrations In all experiments 
exchange was measured  as uptake of 0 1 m M  labeled malate Note 
that all data shown m panel  C were obtained in a single experiment 

from parallel samples (©, × ) 



315 

Kmettc transport mechantsm 
The counterexchange of substrates catalyzed by an 

antiport carrier can be described in terms of a two-sub- 
strate reaction involving different assocmtion/dlssocm- 
tion and catalytic steps The sequence of these steps 
follows one of two basically different bireactant mecha- 
nisms, the ping-pong or the sequential type [28] In 
order to find out which of the two mechanisms applies 
to the reconstituted dlcarboxylate carrier the antiport 

12 

reaction had to be analyzed varying in a single experi- 
ment both external and internal substrate concentra- 
tions in the K m range The results of such a blreactant 
initial velocity study of the mala te /phosphate  het- 
eroexchange are given in Fig 5 Lineweaver-Burk plots 
show the dependence of antiport velocity on external 
malate (0 1-1 mM) at four different internal phosphate 
concentrations (0 5-5  raM) This analysis led to a ki- 
netic pattern of straight lines converging close to the 
abscissa axis (Fig 5A) A similar result was obtained 
when plotting the same data as a function of the 
internal phosphate concentration (Fig 5C) This inter- 
secting pattern demonstrates that the antlport reaction 
follows a sequential type of mechamsm [28,29], imply- 
lng that both countersubstrate molecules have to form 
a ternary complex with the carrier protein prior to the 
catalytic step (translocation) The transport rate was 
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tlon, phosphate binds not only to the phosphate but 
also to the dicarboxylate site or if, vice versa, malate 
also brads to the phosphate site (see Discussion). It has 
to be pointed out that in a concentration range up to 
10 mM there was no such interference, so that 
Michaelian kinetics were observed, a prerequisite for a 
reliable analysis of the antIport mechanism 
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Fig 5 Blreactant initial velocity study of the malate/phosphate heteroexchange reaction catalyzed by the reconstituted dicarboxylate carrier (A, 
C) Llneweaver-Burk plots showing the dependence of exchange activity on external malate or internal phosphate, respectively The concentra- 
tions of the countersubstrates were as follows (A) 0 5 (e), 1 0 (©), 2 5 ([]) and 5 0 ( • )  mM internal phosphate (C) 0 10 ( • ) ,  0 13 (<3), 0 20 (o), 
0 30 ( • ) and 1 0 mM ([]) external malate Exchange was measured by the forward exchange method Initial rates were determined from the 
isotope equilibration curve with the help of a computer fitting program (see Materials and Methods) (B, D) Slope ( [] ) and intercept ( zx ) replots 
of primary plots A and C, respectwely The concentration-independent K m values and K, values (see text) were derived from B and D K m 
(external malate) 0 23 mM (B) and 0 27 mM (D), K m (internal phosphate) 0 79 mM (B) and 0 89 mM (D), K, (external malate) 0 20 mM (B), K, 

(internal phosphate) 0 72 mM (D) The Vma x was 6 4 (B) and 6 7/.~mol/mln per mg protein 
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stimulated mainly when raising the internal or external 
substrate concentratton, as can be recogmzed from the 
effect on the apparent Vrnax (ordinate intercept and 
slope effect) On the other hand, vartanon of the 
substrate concentration m one compartment only influ- 
enced to some extent the apparent transport affinity 
for the respective countersubstrate in the other com- 
partment (reciprocal abscissa mtercept) Thus, the 
binding of the mternal and external substrate occurred 
largely independently of each other 

These interrelations could be quantttatlvely ana- 
lyzed in secondary plots of the slopes and ordmate 
intercepts of Figs 5A and C vs the reciprocal concen- 
tranon of the respective oppostte substrate, as was 
carried out m Figs 5B and D, respectively The hnear 
relanons obtained allowed us to extrapolate K m values 
which were independent of the concentration of the 
respectwe countersubstrate (cf Ref 28) These con- 
centranon-independent K m values, namely 0 79-0 89 
mM for mternal phosphate and 0 23-0 27 mM for 
external malate, were very similar to those values de- 
termined at finite substrate concentration (Table I) 
Furthermore, the K, values representing the d~ssocm- 
tlon constants of the bmary carrter-substrate com- 
plexes, were derived from the replots These K, con- 
stants have a fintte value only in case of a sequentml 
mechanism [17] Independent  calculations from Fig 5B 
for external malate (K~ 0 20 mM) and from Ftg 5D for 
internal phosphate (K~ 0 72 mM) led to values that 
were shghtly lower than the respective K m values The 
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Fig 6 Blreactant mltml velocity study of the malate/malate homoex- 
change reactmn catalyzed by the reconstituted dlcarboxylate carrier 
The Lmeweaver-Burk plot shows the dependence of exchange actw- 
xty on external malate at three different internal malate concentra- 
tions 05 (D), 10 (*) and 50 mM (11) Exchange rates were 
determined as described m F~g 5 Concentration-independent K m 

values and K~ values (see text) were derwed from slope and inter- 
cept replots (not shown) m the same way as m F~g 5 K m (external 
malate) 0 37 mM, Kin(internal malate) 1 1 mM, K, (external malate) 
0 16 mM, K~ (internal malate) 0 48 mM The Vma x was 7 3 t~mol/mm 
per mg protein All these values were the same whether determined 
on the basts of the primary curves shown (abscissa I/external malate) 

or from the plot 1/V vs I/internal malate (not shown) 

K m / K  ~ ratio of about 1.2 for both external malate and 
Internal phosphate ts in agreement with sequentml 
blsubstrate kmettcs 

In wew of two different bmdmg sites involved m the 
transport of malate and phosphate ~t was important to 
find out whether the homoexchange also, hke the het- 
eroexchange, follows the sequential mechamsm In- 
deed the same basic type of kinetic mechamsm was 
observed, when measuring malate /malate  ant~port 
(Fig 6) or phosphate /phosphate  ant~port (data not 
shown) Moreover, for the malate /phosphate  het- 
eroexchange the result was independent of malate pre- 
sent externally (Fig 5) or internally (not shown) Taken 
together, all kinettc patterns obtamed at different sub- 
strate d~strtbutions were of the same, i e ,  intersecting, 
type and the point of mtersectton usually was located 
close to the abscissa axis The K m / K  , ratios m all 
experiments were constant when determmed indepen- 
dently for the internal or external substrate, respec- 
tively However, this ratio sometimes was clearly htgher 
than 1 (Fig 6 K m / K  ~ 2 3 for both external and inter- 
nal malate) Despite these variations, which are diffi- 
cult to explain, all data shown are in agreement w~th a 
rapld-eqmhbrium-random mechanism operatwe m the 
reconsntuted dicarboxylate carrier 

Discuss ion  

The  sequen t ta l  t ranspor t  m e c h a m s m  - c a n a n o n s  on  a 

t h e m e  

Whde on the internal side of the purified and recon- 
stituted dlcarboxylate carrier no signtficant difference 
In the transport affinity for malate and phosphate 
could be found (K m = 0 9 mM), externally the affmlty 
for malate was clearly higher (K m 0 3-0  5 mM) than 
for phosphate (K m 1 4 mM) These K m values were 
mdependent of each other, whether determmed m 
homo- or heteroexchange experiments, i e ,  with malate 
or phosphate on the opposite side of the membrane 
(Table I) Moreover, the K m values also were largely 
independent of the concentranon of th~s countersub- 
strate as became evident from two-reactant analyses 
(Figs 5 and 6) Major Vmax but minor K m effects (on 
one membrane side), were observed, when varying the 
substrate concentratton on the other membrane side 
This predicts a reversible connection between the asso- 
ciation steps of the internal and external substrate 
molecule with the carrter A catalytic ternary complex 
is thereby formed that ~s translocatton competent, 
hence indlcatmg that the dicarboxylate carrier follows 
a sequential antIport mechanism As observed m the 
case of other mttochondrtal anttport carriers [16-21], a 
rapid-equilibrium random mechantsm ~s most proba- 
ble This specific type of a sequenttal mechanism im- 
phes fast and independent binding of the two substrate 
molecules in random order In line with this mecha- 



msm, substrate bmdmg to the free or to the single-oc- 
cupied dicarboxylate carrier, as characterized by K~ 
and K m values, respectively (see Results), occurred 
with similar affimty In any case the ratio Km/K 1 for 
the external substrate was the same as for the internal 
substrate However, a defimte decision whether a ran- 
dom or an ordered type of a sequential mechanism is 
operative cannot be made, smce m carrier kinetics 
product inhibition studies cannot be performed 

In the family of sequential mltochondrlal carriers 
the dlcarboxylate carrier certainly is extraordinary on 
each membrane side there Is not only one blndmg site 
that can be occupied by both countersubstrate species, 
but two binding sites w~th d~stmct specificity which take 
part m translocatlon Dlcarboxylate and phosphate are 
structurally less related than the substrates of the as- 
par ta te /g lutamate ,  oxoglutarate /malate  or A D P / A T P  
carrier, possibly in this way their transport can be 
coupled to one another under retention of sufficient 
substrate specificity It has to be pointed out that the 
experimental finding of two distinct binding s~tes on 
either membrane side cannot be due to a mLxed orien- 
tation of reconstituted carrier molecules, as was ex- 
plained prewously [15] Nevertheless, the question of 
protein orientation in the hposomal membrane Is of 
major ~mportance when interpreting the results of k~- 
net~c analyses There  are several hnes of evidence that 
the oriented reconst~tUtlOn observed m the case of 
other carriers reconstituted by the applied method 
(19-21,30) also holds true for the d~carboxylate carrier 
(1) Upon variation of substrate concentrations over a 
range that covered the K m for both internal and exter- 
nal malate (or phosphate, respectwely) actw~ty data 
were obtained that in double reciprocal plots could be 
fitted by a single straight hne showing that on the 
outside only bmdmg sites of higher (lower) affinity 
were present as compared to the inside (n) The exter- 
nal g m values were almost identical to those measured 
previously at the cytosohc side of mltochondna 
(Km(malate) = 0 25 mM, g m (phosphate) = 1 5 mM 
[7]) (m) Non-competitive mhlbmon due to the forma- 
tion of an lnactwe carner-phosphate-malate complex 
could only be found at the external but not at the 
internal membrane surface, as wdl be discussed below 
A non-compet~twe behavior of malate and phosphate 
also was observed externally in experiments w~th m~to- 
chondna [7] 

Kmettc regulatton of a four bmdmg stte sequenttal system 
The presence of two binding sites on either mem- 

brane s~de was indicated by the non-competxtwe rater- 
action of d~carboxylates and phosphate w~th the car- 
rler Whereas on the outside this could be observed 
directly when malate and phosphate were present si- 
multaneously [7,15], on the reside no lnhlbltlOn was 
found The non-competltwe inhibition became evident 
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internally only when applying the substrate analogues 
butyl malonate and phenyl phosphate (Figs 1B and 
2A) The common mtersectxon point on the abscissa 
obtained in these experiments indicates that K. = K . ,  
meaning that substrate and mhlbltor can bmd to the 
respectwe sites without mutual interference However, 
both sites will only be occupied simultaneously, thus 
causing inhibition ff binding is faster than transloca- 
tlon This prereqmslte obviously Is fulfilled for external 
but not for internal substrate binding, unless the sub- 
strate analogues butyl malonate and phenyl phosphate 
were applied which were not transported by the dlcar- 
boxylate carrier (not shown) 

In hne with this model a non-catalytlc complex of 
the carrier when saturated by both malate and phos- 
phate could be found only at the external [15] but not 
at the internal membrane side (Fig 3A) This means 
that cytosohc phosphate, which has to be Imported into 
the mitochondnon, cannot be displaced competmvely 
from Its binding site by dlcarboxylates These, however, 
inhibit transport non-competltwely when accumulating 
in the cytosol 

A different situation was encountered at the inter- 
nal membrane side Inhibition by the simultaneous 
presence of malate and phosphate did not occur (Fig 
3A) Instead, inhibition was observed if only malate or 
phosphate was present at very high concentrations 
(Fig 4A) Since the lntramltochondnal malate concen- 
tration is at or below 1 mM [31] and mtramltochondrlal 
phosphate does not exceed concentrations of about 11 
mM [32], the inhibition at the internal side presumably 
is not relevant in VlVO On the other hand, the mtra- 
m~tochondnal malate concentration varies from values 
significantly below the K m measured In our experi- 
ments up to values higher than the transport affinity, 
depending on the metabohc state [31,33] Thus, it is 
reasonable to assume that the transfer of reducing 
equivalents from m~tochondna to cytosol by the dlcar- 
boxylate carrier, which has to occur in particular in 
gluconeogenesls from pyruvate [34], may be regulated 
by the change in the mltochondnal malate concentra- 
tion 

The inhibition of the reconstituted dlcarboxylate 
carrier observed at high internal phosphate or dlcar- 
boxylate concentrations is most easily explained by 
binding of malate also to the phosphate site, or of 
phosphate also to the malate site, respectwely A sec- 
ond low-affinity dlcarboxylate s~te was suggested as 
well by non-hnear Dixon plots showing an exponential 
increase of inhibition of mala te /mala te  exchange at 
internal butyl malonate concentrations above 1 mM 
(data not shown) These data therefore suggest that the 
dlcarboxylate s~te has some affinity also for phosphate 
and, vice versa, the phosphate slte also for dlcarboxyl- 
ates A weak specificity overlap between the two sites 
may not be surprising It should be emphasized that 
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the &carboxylate carrier accepts a relatwely broad 
spectrum of substrates External sulphate or sulphlte 
was transported by the dtcarboxylate s~te but th~osul- 
phate was a hgand of the phosphate site [12,15] Trans- 
port inhibition at very high external substrate concen- 
trations could not be investigated for technical reasons 
So far only substrate binding was discussed Transloca- 
tion m the framework of the so-called gated-pore model 
[35-37] assumes a transmembrane channel (see Refs 
38-40) that ts gated in a 'flip-flop' manner Gating is 
triggered by substrate binding to a site in the center of 
the channel, t e ,  between the two gates In the case of 
the dtcarboxylate carrier two bmdmg sites on each 
membrane side have to be accessible for the respectwe 
hgands without mutual interference To match the 
'fhp-flop' gating model to the sequenttal mechanism, 
thts demand for independent binding sites can only be 
fulfilled assuming the presence of two channels (per 
dimenc carrier molecule), one associated with two in- 
ternal, the other wtth two external binding sites, which 
have a more superficial locahzatton A central active 
stte m e~ther channel may be occupied during translo- 
cation after transfer of one substrate molecule from a 
superficial bmdmg site This transfer then could be the 
deciswe step for transport catalysts to proceed 
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