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The role and properties of -SH groups of purified pyruvate (monocarboxylate) carrier were investigated. After isolation, 
this protein has all -SH groups in the oxidized state. Upon reduction, the carrier can be labelled with eosin-5-maleimide. 
The shift in apparent M r after the labelling points to the presence of at least two cysteine residues. Pyruvate uptake in 
the reconstituted system is inhibited by both permeable (eosin-5-maleimide at 1 mM concentration) and impermeable 
(mersalyl, p-chioromercuribenzoate) -SH group reagents. Phenylarsine oxide inhibits pyruvate transport only slightly 
(20%), but the inhibition is enhanced after preincubation with the substrate. 

Introduction 

Uptake of many metabolic substrates by mito- 
chondria as well as their exchange between the cytosol 
and the matrix can occur due to the presence of several 
specialized transporting systems in the inner mitochon- 
drial membrane [1]. Many of them have been extracted 
from the membrane and obtained in the reconstitutively 
active form [2], several, as adenine nucleotide trans- 
locase [3], phosphate-transporting protein [4], 2-oxo- 
glutarate [5,6] and dicarboxylate [6,7] carriers have been 
already obtained in a pure form. 

Recently, applying an affinity resin with immobilized 
2-cyano-4-hydroxycinnamate as a ligand, we have suc- 
ceeded in isolating a pyruvate transporting protein 
(monocarboxylate carrier) from bovine heart mito- 
chondria [8,9]. The isolated monocarboxylate carrier 
(M r 34000) had sensitivity towards inhibitors and speci- 
ificity towards different substrates [8,9] which resem- 
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Mops, 4-morpholinepropanesulphonic acid; NEM, N-ethylmalei- 
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chloromercuribenzoic acid); SDS, sodium dodecyl sulphate. 
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bled those of the pyruvate-transporting system in intact 
mitochondria [10,11]. 

The presence of free -SH groups seems to be essential 
for the activity of all carriers from the inner mitochon- 
drial membrane characterized till now. The first of these 
which was shown to be inhibited by organic mercurials 
was the phosphate transporter [12,13]. The use of -SH 
group reagents having different membrane permeabili- 
ties allowed two separate transporting systems to be 
distinguished: one, NEM-sensitive, catalyzing a net up- 
take of phosphate, and another, responsible for the 
exchange of divalent anions [14-16], which was insen- 
sitive to NEM. A similar insensitivity towards NEM 
was also exhibited by the oxoglutarate carrier [6]. In- 
hibition by -SH group reagents was confirmed for puri- 
fied protiens in reconstituted system, as was reported 
for phosphate [17], dicarboxylate [18], oxoglutarate 
[6,19], citrate [20] and aspartate/glutamate [21] trans- 
porters. 

Labelling of mitochondria and inside-out submito- 
chondrial particles with either radioactive NEM or the 
fluorescent maleimide derivative, EMA, and subsequent 
purification of various carrier proteins enabled the 
polarity of the sulphydryl group environment to be 
determined. Based on these results, it was concluded 
that -SH groups essential for the activity of phosphate- 
transporting protein are located at the external side 
[22,23], whilst those in ADP/ATP translocator [23,24] 
and oxoglutarate carrier [19] at the inner side of the 
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inner mitochondrial membrane. The location of -SH 
groups of the adenine nucleotide translocator as well as 
the polarity of their environment were also investigated 
with spin-labelled maleimide derivatives [25]. For this 
protein [26], as in case of the phosphate carrier [27], the 
position in the amino-acid sequence of the cysteine 
responsible for binding of NEM was also determined. 

Pyruvate translocator in intact mitochondria [11,28- 
30] and in a partially purified extract of mitochondrial 
membrane [31] was inhibited by -SH group reagents. 
Based on the results obtained with intact mitochondria, 
Halestrap [29] proposed a scheme of the active centre in 
which oxoacids are transported as thiol-addition com- 
pounds. The present study was carried out to clarify a 
possible role of -SH groups of the pyruvate carrier 
obtained recently in pure reconstitutively active form 
[8,9]. 

Materials and Methods 

Materials 
Bovine heart mitochondria were prepared according 

to Yu et al. [32] and stored frozen at concentration of 
35 mg/ml. 

[1-14C]Pyruvic acid, sodium salt, was purchased from 
Amersham International. EMA was delivered by Molec- 
ular Probes, Junction City. Triton X-114, Amberlite 
XAD-2, diaminohexane, succinic anhydride, N-ethyl-N- 
3 -(dimethylaminonpropyl)carbodiimide hydrochloride 
and phenylarsine oxide were from Fluka. Sodium 
deoxycholate, Mops, pyruvate, 2-cyano-4-hydroxycin- 
nemate, mersalyl, pCMB and p-nitrobenzoylazide were 
obtained from Merck; Sephadex G-25 medium and 
CNBr-activated Sepharose 4B were from Pharmacia. 
Dowex l-X8, Cl-form, 100-200 mesh and hydroxy- 
apatite (Bio-Gel HTP) were provided by Bio-Rad. 
Rotenone and oligomycin were purchased from Sigma. 
All other chemicals were of analytical grade. 

Affinity resin with immobilized 2-cyano-4-hydroxy- 
cinnamate was prepared from CNBr-activated Seph- 
arose 4B [8,9]. Synthesis of the affinity resin was started 
by coupling a six-carbon spacer to Sepharose according 
to the procedure given by Szewczyk et al. [7], what was 
followed by an elongation of the spacer performed by 
addition of succinic anhydride (2 mmol/ml gel), fol- 
lowed by coupling the next diaminohexane molecule in 
the presence of N-ethyl-N-3-(dimethylaminopropyl)car- 
bodiimide hydrochloride at pH 4.8. Nitrobenzoylazide 
attachment, reduction and diazotation were performed 
as described by Cuatrecasas and Anfinsen [33], except 
that coupling of 2-cyano-4-hydroxycinnamate as a 
ligand was done at pH 8.1. 

Scintillation cocktail was prepared as described by 
Nal$cz et al. [34]. 
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Isolation of the monocarboxylate carrier 
Mitochondria were solubilized in 50 mM NaC1, 3% 

Triton X-114, 1 mM EDTA, 20 mM Mops (pH 7.2) for 
20 rain; the final protein concentration was 10 mg/ml. 
Material not solubilized was spun down at 120 000 × g 
for 45 rain. 0.6 ml of the extract was loaded on 0.6 g of 
dry hydroxyapatite and eluted with 1.8 ml of the solu- 
bilization buffer. The pass-through fraction collected 
from hydroxyapatite was supplemented with 0.7% de- 
oxycholate, its pH was adjusted to 6.2 and it was 
subjected to affinity chromatography. 0.7 ml of 
hydroxyapatite elutate was bound to 1 ml of the affinity 
resin equilibrated with 2% Triton X-114, 0.7% deoxy- 
cholate, 10 mM Mops (pH 6.2). The resin was subse- 
quently washed with 2 ml of the equilibration buffer 
followed by 2.5 ml of the same medium containing 0.2 
M NaC1, as described previously [8]. 

Reconstitution of the monocarboxylate carrier 
Fractions eluted from the affinity column with 0.2 M 

NaC1, containing monocarboxylate carrier, were treated 
for 10 min with 50 mM DTE and passed in 0.2 ml 
portions through small (0.7 × 6 cm) Sephadex G-25 
(medium) columns equilibrated with 2% Triton X-114, 
50 mM KC1, 20 mM Mops (pH 8.0). Samples corre- 
sponding to void volumes were diluted 1:1 with the 
equilibration medium and subjected to reconstitution 
using Amberlite XAD-2 beads (batch procedure). In 
this technique preformed egg-yolk phosphatidylcholine 
vesicles (45 mg lipid/ml in 50 mM KC1, 20 mM Mops 
(pH 8.0)) were used. Such a suspension of liposomes 
was diluted 5 times with a sample containing protein, 
2% Triton X-114, 50 mM KC1, 20 mM Mops and 
subsequently added to moist Amberhte XAD-2 beads, 
previously equilibrated with the lipids. The ratio of the 
detergent was 28 mg and 27 mg per mg of lipids and mg 
of moist beads of Amberlite, respectively. The recon- 
stitution process lasted, under conditions of gentle mix- 
ing at 4 ° C, for 5 h. The proteoliposomes were sep- 
arated from the Amberlite beads and, in order to re- 
move external buffer, were passed through small Dowex 
l-X8 columns (0.4 × 5 cm) equilibrated with 170 mM 
sucrose. The pH value of the effluent was adjusted to 8. 

Pyruvate uptake 
ApH-driven pyruvate uptake of the reconstituted car- 

tier protein was measured at 15 °C in a proportion of 2 
#g protein per ml of incubation medium. After 3 rain of 
preincubation in the absence or presence of inhibitors 
the reaction was started by a simultaneous addition of 
HC1 (to decrease the external pH from 8 to 6.5) and 0.5 
mM [1-14C]pyruvate (about 1600 dpm/nmol). After the 
indicated time, the reaction was stopped by passing 
through small Dowex columns (0.4 × 3 cm) and trapped 
radioactivity was counted in a scintillation counter 
(Packard, Beckman). 
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Uptake of pyruvate into freshly isolated mito- 
chondria was measured at 0 °C with the use of Milli- 
pore filtration technique (0.45 pm filters) [31]. The 
incubation medium contained 112 mM KC1, 20 mM 
succinate, 1 mM MgC12, 0.5 mM EDTA, 32.5 mM 
Mops (pH 6.9) and was supplemented with 2.5 /~g/ml 
of oligomycin and 12 /~M rotenone. Filters were equi- 
librated with this medium supplemented with 1 mM 
2-cyano-4-hydroxycinnamate and 1 mM pyruvate. The 
reaction was started by addition of HC1 and radioactive 
pyruvate after 3 min of preincubation either with or 
without inhibitor and was stopped by filtration of por- 
tions containing 0.5 mg protein and washed with 4 ml 
of the equilibration buffer per filter. 

Miscellaneous techniques 
For SDS-PAGE protein was precipitated by adding 5 

vol. of precooled ( - 2 0 ° C )  acetone [31], stored for at 
least 1 h at - 20  °C and dissolved in one of the follow- 
ing sample buffers: 
buffer A: 0.1 M Tris-HC1 (pH 6.8), 2% SDS, 2% 2-mer- 
captoethanol, 20% glycerol; 
buffer B: 10 mM Tris-HC1 (pH 7.2), 2% SDS; 
buffer C: 10 mM Tris-HC1 (pH 8.0), 2% SDS. 
Gel electrophoresis was performed according to Laem- 
mli [35] using a 17.5% acrylamide gel, as described by 
de Pinto et al. [36]. The polypeptides were stained with 
silver nitrate according to the Bio-Rad procedure. 

For labelling of proteins with EMA, this compound 
was dissolved in 100 mM sodium phosphate (pH 7.2), 
subsequently diluted 10-times with water [37] and stored 
frozen in small portions. Samples containing 2-10 /~g 
protein were dissolved in buffer B (if not otherwise 
stated) and 5 /tl of the EMA-diluted solution was ad- 
ded. The reaction was carried out in darkness and was 
stopped by addition of 2-mercaptoethanol. Before load- 
ing on the polyacrylamide gel, the sample was supple- 
mented with glycerol to diminish convection after load- 
ing. Portions of 40-200 #g of protein were loaded on 
the gel in order to visualize EMA-labelled band(s). 

Reduction of disulphides was performed with tri-n- 
butylphosphine [38]. Protein after acetone precipitation 
was dissolved in buffer C. 1 /tl of 1% tri-n-butyl- 
phosphine dissolved in 1-propanol was added to 1/tg of 
protein. A stream of nitrogen was blown over the surface 
of the sample. After 30 min EMA was added and 
further labelling occurred in darkness, as described 
above. 

Protein was determined by the procedure of Lowry et 
al. [39] modified by adding 5% SDS, as described in 
Ref. 31 in order to avoid disturbances due to the high 
concentration of Triton. 

Results 

Pyruvate equilibration across the mitochondrial 
membrane occurs via an OH- antiport or H ÷ symport 

and thus depends on the transmembrane pH difference 
[10,11,28]. Isolated rnitochondria are also capable of 
catalyzing the exchange of pyruvate with other 2- 
oxomonocarboxyhc acids [10,11,28]. The uptake of 
pyruvate by mitochondria, like its efflux, is inhibited by 
mersalyl, NEM, N-phenylmaleimide and iodoacetate 
[28,30], the inhibition with both mersalyl and NEM 
being noncompetitive [28]. The exchange reaction, al- 
though inhibited by mersalyl, is, however, unaffected by 
NEM [28], an -SH group reagent penetrating through 
the membrane. These observations on exchange reaction 
have been subsequently confirmed in the reconstituted 
system [31]. In the case of bovine heart mitochondria 
the pyruvate uptake was significantly inhibited even by 
micromolar concentrations of pCMB (Fig. 1). 

The activity of the pure monocarboxylate carrier 
reconstituted into liposomes was completely inhibited 
by mersalyl. However, pCMB at a concentration one 
order of magnitude larger than effective in mito- 
chondria did not have the same effect (Fig. 2A). The 
effect of pCMB was much more pronounced after 2 and 
4 min of incubation than at shorter times. The effect of 
pCMB on pyruvate uptake was also measured as a 
function of inhibitor concentration (Fig. 2B). The com- 
plete inhibition, i.e., the uptake level equal to that 
obtained in the presence of 2-cyano-4-hydroxycinna- 
mate, was observed at concentrations of 100 vM and 
higher. 

Table I shows the effect of EMA, an -SH group 
reagent capable of adequately penetrating the mem- 
brane at the concentration used (1.13 mM) [23,37,40], 
on the activity of the reconstituted pyruvate carrier. 
Apart from the fact that in the control vesicles for EMA 
treatment the activity was decreased due to a long 
incubation in the presence of phosphate as well as the 
dilution and loss of some material on the Sephadex 
column, EMA appeared to be a strong inhibitor of 
pyruvate transport. However, the purified carrier could 
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Fig. 1. Effect of pCMB on pyruvate uptake into freshly obtained 
bovine heart mitochondria. Pyruvate uptake was measured at 0 ° C  
after 3 min of preincubation without or with various concentrations of 
pCMB. The transport reaction was stopped after 30 s, the time 

corresponding to the initial rate of the pyruvate uptake. 
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Fig. 2. Effect of SH group reagents on the pyruvate uptake by 
reconstituted monocarboxylate carrier. The pyruvate transporting 
protein was purified and incorporated into liposomes, transport mea- 
surements were performed at 15 o C. 
(A) Time-course of pyruvate uptake after 30 rain preincubation in the 

absence (O) or presence of the following compounds: 1 mM 
2-cyano-4-hydroxycirmamate (o), 0.1 mM pCMB (ix), 0.1 mM 
mersalyl ([3). 

(B) Effect of pCMB concentration on pyruvate uptake. Proteo- 
liposomes were preincubated with the indicated concentration of 
pCMB for 5 min and the transport reaction was stopped 

after 20 s. 

A 

9 4 - - P  
6 7 " ~  

31 , -~  

1 2 . 5  ,.-~ 

1 2 3 4 5 6 7 8 

1 2 3  4 5 6  7 8 

r 

275 

not  be covalently labelled when treated with E MA  
either in solut ions conta in ing  Tr i ton  X-114 and  deoxy- 

cholate or precipitated with acetone and  dissolved in 
sample buffer  B (Fig. 3, lane 6). It  should be no ted  that  

in the presence of 2% SDS all free -SH groups should 

have been made  accessible to the reagent. SDS-prote in  
complexes, when analysed by optical rotatory disper- 

sion, could be described as either a fully extended 
a-helix folded back upon  itself near  its middle  or a rod 

TABLE I 

Effect of eosin-maleimide (EMA) on the activity of pyruvate uptake in 
reconstituted system 

300 /d portions of proteoliposomes were incubated with 25 #1 of 
EMA (10 mg/rrd) in 10 mM phosphate buffer (pH 7.2). The incuba- 
tion was performed in darkness at 4 °C for 45 rain and was stopped 
by addition of 10 /~1 of 2-mercaptoethanol. Vesicles were passed 
through Sephadex G-25 (medium) columns (0.7 x 6 cm) equilibrated 
with 170 mM sucrose. Fractions corresponding to void volume were 
collected. Pyruvate uptake was measure for 20 s. 

Treatment of vesicles Pyruvate uptake 
(# mol/mg protein) 

None 65 
Preincubation with Pi, Sephadex filtration 36 
Preincubation with Pi + EMA, 

Sephadex filtration 5.6 

Fig. 3. SDS-PAGE pattern representing purification of pyrnvate car- 
rier under different conditions. Mitoehondrial extract (lanes 1, 8) was 
subjected to chromatography on hydroxyapatite and the pass-through 
(lanes 2, 4, 7) was further purified on the affinity resin, as described in 
Materials and Methods. The purified monocarboxylate carrier is 
visualized in lanes 3, 5, 6. Lanes 6-8 represent the control purification 
procedure, lanes 4, 5 the same procedure performed in the presence of 
1 mM PMSF. Lane 1 shows the mitochondrial extract labelled with 
EMA, lanes 2 and 3 - an HTP eluate and pyruvate carrier from an 
extract so treated, respectively. (A) The gel stained with silver nitrate; 
(B) the fluorograph. The following standard proteins were used as 
molecular weight markers: phosphorylase b (94000), bovine serum 
albumin (67000), carbonic anhydrase (31000) and cytochrome c 

(12500). 

half the length of a fully extended a-helix [41,42], 
therefore all the funct ional  groups should be accessible. 
No label l ing with E M A  was observed, either, when  the 
monocarboxyla te  carrier was purif ied in  the presence of 

the proteinase inhibi tor ,  P M S F  (lane 5), which was 
added on the assumpt ion  that  proteolyt ic  degradat ion  

could be responsible for the loss of cysteine(s) residue(s). 
The lack of label l ing of the monocarboxyla te  carrier 

with E M A  could be the consequence  of oxidat ion of 
thiol groups to disulphide bridges. Therefore,  an  at- 

tempt  was under t aken  to reduce the protein.  A n  excess 
of t r i -n-buty lphosphine  was chosen as the reducing agent  
[38] due to its specificity for disulphides and  the rapid-  
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A 1 2 3 4 5 6 

B 3 4 5 6 

Fig. 4. Effect of reduction of disulphides with tributylphosphine on 
SH-group labelling with EMA. The eluate from hydroxyapatite col- 
umns (lanes with uneven numbers) and monocarboxylate carrier 
(lanes with even numbers) were dissolved after acetone precipitation 
either in sample buffer B (lanes 1, 2) or C (lanes 3-6). Lanes 5, 6 
represent samples treated with tri-n-butylphosphine. All samples were 
subsequently treated with EMA, as described in Materials and Meth- 

ods. (A) Gel stained with silver nitrate; (B) fluorograph. 

ity of  the reaction. As shown in Fig. 4 (lane 6), the 
monocarboxyla te  carder  became labelled with E M A  
after reduction with tri-n-butylphosphine. This was 
demonst ra ted  by appearance of  a fluorescent band  (Fig. 
4B, lane 6) and a shift of  the molecular weight (Fig. 4A, 
lane 6), due to the addit ion of EMA.  Fig. 4A presents 
the same gel as Fig. 4B (fluorograph) after staining with 
silver nitrate. Only  the upper  band  is fluorescent and, 
due to a small increase in molecular weight, we con- 
clude that the fluorescent band  is a 34 k D a  protein after 
binding of  2 molecules of  E M A  per molecule of  protein. 
Therefore, on  the f luorograph only one band  is visible 
(lanes 4 and 6 of  Fig. 4B) and the intensity of  fluores- 
cence (weaker for lane 4) corresponds to the amount  of  
higher-molecular-weight band, as revealed after staining 
with silver nitrate (less in lane 4 than lane 6 of  Fig. 4A). 
Incubat ion  of  the protein at high pH, necessary for the 
reduct ion reaction, already produced a certain reduc- 
tion of  -SH groups, as shown in Fig. 4 (lanes 4). F rom 

the silver-stained gel one could see that, after exposun 
of  the protein to E M A  at p H  8, most  of  the m o n o  
carboxylate carrier maintained its electrophoretic mobi l  
ity and only a faint band  of  higher molecular  weigh 
was visible, interpreted as the addit ion produc t  with 
EMA. The amount  of  labelled protein was higher whet  
the reduct ion of  disulphides was obtained by tri-n. 
butylphosphine,  indicating that most  of  the protein wa~, 
in the higher molecular  weight form. These results indi- 
cate that the monocarboxyla te  carrier, when obtained 
from the affinity column, is in the oxidized state. This 
disulphide is formed between cysteines of  the same 
polypept ide chain, because reduct ion does not  change 
the molecular  weight of  the protein (a small observed 
shift of  M r is due only to the binding of  EMA).  

Before reconstitution, the monocarboxyla te  carrier 
was treated with D T E  and one could thus expect that  
the protein was incorporated into l iposomes in its re- 
duced state. Fig. 5 demonstrates  that D T E  treatment  
for 10 rain was sufficient to reduce disulphide(s) of  the 
monocarboxyla te  carrier and enabled the protein to 
react with EMA. 

F r o m  the fact that  a disulphide bond  can be formed 
in the monocarboxyla te  carrier one can conclude that 
this protein contains at least two cysteine residues. If  
they were in close vicinity they should have reacted with 
phenylarsine oxide [43]. The effect of  this c o m p o u n d  on 
pyruvate  uptake in reconsti tuted system is presented in 
Table lI. In contrast  to pCMB,  which inhibits the 
activity completely (the values obtained in the presence 
of  p C M B  are equal to those measured with l iposomes 
without  incorporated protein), phenylarsine oxide de- 
creases the net uptake by 16-20% only. Preincubat ion 

A B 

i 

1 
Fig. 5. SDS-PAGE of monocarboxylate carder treated with EMA 
after reduction with DTE. Monocarboxylate carrier was isolated by 
affinity chromatography as described in Materials and Methods. It 
was next incubated with 10 mM DTE and passed through a Sephadex 
G-25 medium column (1 × 25 cm) equilibrated with 50 mM NaCI, 25[ 
Triton X-114, 20 mM Mops (pH 8). Fractions corresponding to the 
void volume were collected, protein was precipitated with acetone and 
spun down for 1 h. Protein was dissolved in sample buffer B and 
labelled with EMA, as described in Materials and Methods. Lane A 
presents fluorograph, lane B the same gel stained with silver nitrate. 
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TABLE II 

Effect of phenylarsine oxide on pyruvate uptake catalysed by purified monocarboxylate carrier reconstituted into phospholipid vesicles 

Purification and reconstitution of monocarboxylate carrier were performed as described in Materials and Methods. Preincubation and transport 

were carried out at 15 o C. [l-14C]Pyruvate (final 0.5 mM) and inhibitors (160 pM phenylarsine oxide or 100 gM pCMB) were added in indicated 

order, the reaction was started by pulse addition of HCl, decreasing the external pH to 6.6, and the reaction was terminated after indicated time by 

passing through Dowex colums, as specified in Materials and Methods. 

Preincubation 

Pyruvate 10 min 

Pyruvate 2 min, then phenylarsine oxide 10 min 
Phenylarsine oxide 10 min then pyruvate 2 min 

pCMB 10 min, then pyruvate 2 min 

Pyruvate uptake 

Expt. l(1 min) 

( pmol/mg protein) 

58.3 

43.3 
50.0 

6.7 

(W inhibition) 

0 

29.1 
16.1 

100 

Expt. 2 (4 min) 

( pmol/mg protein) 

30.6 

16.7 
25.8 

8.2 

(W inhibition) 

0 

62.1 

21.4 

100 

with pyruvate before addition of phenylarsine oxide 
does not protect against this inhibition but, on the 
contrary, it seems to have an amplifying effect (30-60% 
inhibition) on the reaction with phenylarsine oxide. This 
would imply that the amount of -SH groups located in a 
lipid environment and being close to each other changes 
upon addition of the substrate. 

Discussion 

The monocarboxylate carrier as isolated from bovine 
heart mitochondria contains oxidized sulphydryl groups. 
It is not clear whether the disulphide bridge(s) is (are) 
formed during isolation procedure or are a character- 
istic of the native protein. The pyruvate carrier purified 
from mitochondria labelled with EMA was in the 
oxidized form, suggesting the presence of disulphide 
bond in the carrier already after extraction. One cannot 
exclude, however, the possibility that the protein frac- 
tion which contains reduced -SH groups and would 
react with EMA did not bind to the affinity column. 

The disulphide bond is present in a single poly- 
peptide and is not the result of crosslinking of two 
polypeptides of a dimer: in fact, no drastic change in 
molecular weight was found by electrophoretic analysis 
after reduction of the protein with tri-n-butylphosphine. 
From the fact that no reaction with EMA occurs upon 
formation of disulphide bridges, one can conclude that 
there is an even number of cysteine residues in the 34 
kDa protein. After reduction of this protein with an 
excess of tri-n-butylphosphine, a process which should 
reduce completely all -S-S- bridges [38], and after the 
subsequent reaction with EMA, M, 740, one can ob- 
serve a shift of the band on SDS-PAGE, corresponding 
to an increase of the molecular weight close to 1500 and 
never exceeding 3000, indicating that the reaction oc- 
curred with two or at most four cysteines. 

The question arises as to whether these cysteines are 
essential for the activity of the pyruvate carrier. The 
activation energy of pyruvate exchange in reconstituted 

system is 31 kJ/mol (7.4 kcal/mol) [31] and that of 
pyruvate uptake by intact mitochondria equalled 113 
kJ/mol (27 kcal/mol) [lo]. It has been impossible to 
estimate the latter value for the reconstituted pure 
monocarboxylate carrier due to the fact that at higher 
temperatures the activity of pyruvate uptake collapsed. 
Most probably, a difference of pH values was kept for a 
very short time after the pulse addition of HCl and/or 
the proteoliposomes were more leaky. The values of 
activation energy of both activities of the mono- 
carboxylate carrier are significantly lower than the bond 
energies of typical -S-S- linkages, which are in the 
range of 53-89 kcal/mol [44]. Therefore, it seems more 
likely that the sulphydryl groups of the carrier remain in 
the reduced state and that the catalytic process does not 
involve their oxidation to -S-S- bridges, as was pro- 
posed for the phosphate-transporting protein [17]. 

Pyruvate uptake catalyzed by the purified mono- 
carboxylate carrier is inhibited by permeable (EMA) 
and impermeable (pCMB, mersalyl) -SH group re- 
agents. These results could indicate either that the car- 
rier is randomly incorporated into proteoliposomes, or, 
if this is not the case, that essential -SH groups are 
exposed on both sides of the protein. A similar effect of 
permeable and impermeable -SH group reagents on the 
pyruvate uptake was observed in case of intact mito- 
chondria [28]. Phenylarsine oxide does not inhibit tot- 
ally pyruvate uptake, which could imply that either only 
a certain percentage of -SH groups are located in close 
vicinity one to the other, or that the mutual position of 
sulphydryl groups changes as a reflection of the confor- 
mation change of the carrier protein. Inhibition by 
phenylarsine oxide is much lower than 50%; moreover, 
the amount of cysteines is most probably not higher 
than four. Therefore, we would rather expect that 
sulphydryl groups change their position in relation to 
each other and that the distance between two -SH 
groups is regulated by the presence of substrate. 
Halestrap [29] proposed a model of the active centre of 
pyruvate carrier in which the interaction between the 
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subs t ra te  ( the inhib i tor )  and  the t r anspor t ing  p ro te in  
involved one  -SH group  and  two o ther  pos i t ive ly  charged  
groups  (p resumab ly  lysine, arginine  or  his t idine)  [45]. 
Differences  in inh ib i t ion  of  pyruva te  up take  by  phenyl -  
ars ine oxide  in the absence  and  presence of  pyruva te  
suggest that  con fo rma t iona l  changes  of  the pyruva te  
car r ie r  occur.  U p o n  add i t i on  of  the subs t ra te  two -SH 
groups  exposed  on to  oppos i t e  sides of  the m e m b r a n e  
could  move deeper  in to  phospho l i p id  bi layer ,  which 
could  result  in their  much  closer loca t ion  relat ive to 
each other.  This  would  expla in  a more  p ronounc e d  
inh ib i t ion  b y  phenyla r s ine  oxide  in the presence of  
pyruvate .  The  lack of  inh ib i t ion  by  N E M  of  the ex- 
change  process,  in which the carr ier  p ro te in  is exposed  
to the subs t ra te  ins ide  m i t o c h o n d r i a  or  p ro t eo -  
l iposomes,  could  be  in te rpre ted  as well as the resul t  of  a 
deeper  loca t ion  of  -SH group  exposed  on the inner  side 
of  the  membrane .  

These  confo rma t iona l  changes  of  the pyruva te  carr ier  
cou ld  be regula ted  by  add i t i on  of  subs t ra te  and  p H  
value on bo th  sides of  the membrane .  A s imi lar  effect of  
p H  on the react iv i ty  of  -SH groups  has been  recent ly  
r epor t ed  for phospha t e - t r anspo r t i ng  p ro te in  [46]. In  this 
case, a l te ra t ions  of  the react iv i ty  of  -SH groups  were 
also inf luenced by  mat r ix  pH,  in spite  of  the fact  that  
-SH groups  of  the phospha t e - t r anspo r t i ng  p ro te in  are  
loca ted  at or  close to the outer  surface of  the inner  
mi tochondr i a l  membrane .  As  was suggested above  for  
pyruva te  t ranspor t ,  in case of  the phospha t e  carr ier  it is 
p r o p o s e d  that  changes  in the react iv i ty  of  -SH groups  
are  para l le l led  by  con fo rma t iona l  changes  of  the  p ro te in  
which can mod i fy  the funct ion of  the t r anspor t  [22,47]. 
These  s imilar i t ies  be tween  bo th  carr iers  are  especial ly  
s t r ik ing if  one  considers  the fact  that  bo th  of  them 
ca ta lyze  the t r anspor t  of  anions  dr iven b y  a p H  grad ien t  
across  the membrane .  
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