
J. Membrane Biol. 108, 197-205 (1989) The Journal of 

Membrane Biology 
�9 Springer-Verlag New York Inc. 1989 

Characterization of Sodium and Pyruvate Interactions of the Two Carrier Systems 
Specific of Mono- and Di- or Tricarboxylic Acids by Renal Brush-Border 
Membrane Vesicles 

Raymond Mengual, Marie-H616ne Claude-Schlageter, Jean-Claude Poiree, Micael Yagello, 
and Pierre Sudaka 
Laboratoire de Biochimie, Facult~ de M6decine, F06034 Nice Cedex, France 

Summary. The experiments  reported in this paper aim at charac- 
terizing the carboxylic acid transport,  the interactions of pyru- 
rate  and citrate with their transport  sites and specificity. The 
study of  these carriers was performed using isotopic solutes for 
the influx measurements  in brush-border membrane vesicles un- 
der zero t r a n s  conditions where the membrane potential was 
abolished with KCI preloading with valinomycin or equilibrium 
exchange conditions and A 0 = 0. 

Under  zero t r a n s  condition and AtO = 0, the influence of 
pyruvate concentrations on its initial rates of transport revealed 
the existence of  two families of pyruvate transport sites, one 
with a high affinity for pyruvate (Kt = 88/*M) and a low affinity 
for sodium (Kt = 57.7 raM) (site I), the second one with a low 
affinity for pyruvate (K~ = 6.1 raM) and a high affinity for sodium 
(Kt = 23.9 raM) (site II). The coupling factor [Na]/[pyruvate] 
stoichiometry were determined at 0.25 mM and 8 m u  pyruvate 
and estimated at 1.8 for site I, and 3 when the first and the second 
sites transport  simultaneously. 

Under  chemical equilibrium (At0 = 0) single isotopic label- 
ing, transport kinetics of pyruvate carrier systems have shown a 
double interaction of  pyruvate with the transporter;  the sodium/ 
pyruvate stoichiometry also expressed according to a Hill plot 
representation was n = 1.7. The direct method of measuring 
Na+/pyruvate stoichiometry from double labeling kinetics and 
isotopic exchange, for a time course, gives a n = 1.67. 

Studies of  transport  specificity, indicate that the absence of 
inhibition of lactate transport  by citrate and the existence of 
competit ive inhibition of  lactate and citrate transports by pyru- 
rate  leads to the conclusion that the low pyruvate affinity site 
can be attributed to the citrate carrier (tricarboxylate) and the 
high pyruvate affinity site to the lactate carrier (monocarboxy- 
late). 
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Introduction 

The Na+-dependent monocarboxylic acid trans- 
porter, specifically the one for lactate, has recently 
been characterized [1, 3, 5, 7, 18, 20, 21] as well as 

its transport mechanism [10, ll]. It has been dem- 
onstrated that the monocarboxylic acid transporter 
was rather chemically specific. When a single car- 
boxylic group was present, a higher ability was 
shown for molecules with 3 to 6 carbons [14]. In 
rabbit kidney brush borders, citrate or ketoglutarate 
were carried by a Na+-dependent transport system 
[9, 18, 21], which can also transport succinate [24]. 
It has been shown that the dicarboxylate transport 
system deals with molecules with a basic structure 
of a non-ramified carboxylate in a t r a n s  configura- 
tion, the carbon of which can be substituted by 
small steric groups [20]. 

Moreover, it should be noted that the sodium 
coupling (stoichiometry) of the tricarboxylates is 2 
to 3 whereas that of the monocarboxylates (lactate) 
is a maximum of 2 in the kidney brush border [10, 
11] and 1 in the intestinal brush border for the same 
solute [5]. From microelectrode studies, in the pres- 
ence of Na + gradient, a coupling factor of 3 sodium 
ions for the transport of completely dissociated di- 
and tricarboxylates has also been suggested [16]. 

The transport of monocarboxylic acids, or di- 
and tricarboxylic acids on the other hand, would 
appear to depend on different families of trans- 
porters [23]. However, the structure of the trans- 
ported solutes poses a problem about the occur- 
rence of intermediate sites common to both families 
of transorters. 

The aim of this study was to determine in 
plasma membrane vesicles from renal cortex [12] 
the presence or absence of the overlapping of the 
carboxylate carrier specifications, namely between 
the monocarboxylic and di- or tricarboxylic carrier 
systems. We have observed the high specificity of 
these last two systems using pyruvate, which is car- 
ried by a two-site system corresponding to the lac- 
tate and citrate carriers. 
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Fig. 1, Effect of Na or K gradients on the time course of pyru- 
vate uptake in renal brush-border vesicles. All experiments were 
carried out under iso-osmolarity maintained with mannitol (300 
mOsm) and buffered conditions (10 mM HEPES-Tris, pH 7.4). 
The NaC1 and KC1 salt concentrations were adjusted to iso- 
osmolarity with choline chloride. All uptake measurements were 
obtained at 20~ using rapid filtration techniques through nitro- 
cellulose filters. [~C] pyruvate (1 raM) uptake by vesicles was 
measured over 90 rain. For the indicated extravesicular salt con- 
centrations, KC1 or NaCI was mixed with the transport buffer 
containing labeled pyruvate. For the indicated intravesicular salt 
concentrations, vesicles were pre-equilibrated in solution con- 
taining these salts. Uptake under electrochemical Na gradient 
(R) ([Na]in = l0 mM, [Na]out = 100 mM, [K]in = [K]out = 10 mM). 
Uptake under electrochemical Na gradient increased by a diffu- 
sion potential (A), [K]in = 100 mM, ([Na]in = 10 mM, [Na]out = 
100 raM, [K]out = 10 mM). Uptake in presence of choline-chloride 
gradient (out) 100 mg,  [K]in= 10 mM (0).  (Number of experi- 
ments = 3.) All experiments were performed in presence of va- 
linomycin (10/xg/mg membrane protein) 

Materials and Methods 

Whole cortex from horse kidney was cut in slices 2 millimeters 
thick [15]. The pyruvate uptake experiments using [t4C] pyruvate 
were studied by a rapid mixing and filtration technique through 
nitrocellulose filters (Sartorius 0.65/xm). All experimental condi- 
tions are specified in the legend of each figure. Incubations were 
stopped using an ice-cold stop solution (buffered by HEPES ~- 
Tris 10 raM) of choline chloride (100 mM) and KCI (50 mM). In all 
experiments, membrane vesicles were preloaded with vafinomy- 
cin (10 txg/ml of membrane protein). Results reported in this 
paper are from three to five vesicle preparations, each point 
being in triplicate. 

Pyruvic acid in solution was obtained from Fluka (Buchs- 
Switzerland); L-lactic acid (water solution) from SERVA (Hei- 
delberg, Germany); all other chemicals were obtained from 
Sigma (St. Louis, MO); and [1,5-~4C]-citric acid (15 mCi/mmol), 
[L-U-14C] lactic acid (100 mCi/mmol) and [ U - 1 4 C ]  pyruvic acid (12 
mCi/mmol) were from Amersham France Corporation (Paris). 

~HEPES: N-2 hydroxyethyl piperazine N'-2 ethane- 
sulfonic acid. 

et al.: Renal Na-Pyruvate Carrier: A Two-Site Transport System 

Table 1, Effect of cations on initial rates of pyruvate transport 

Salt Percent of initial 
rates of pyruvate influx 

KCI 100 
NaCI 142 • 16 
NaSCN 518 _+ 22 
RbC1 80 +- 12 
LiCI 92 • 10 
CsCI 85 • 14 
Chol Chl 86 • 16 

Membrane vesicles in 300 mM mannitol and 10 mM HEPES-Tris, 
pH 7.4, were incubated with 1 m M  [14C] pyruvate and various 
100-raM salt gradients (measured at 3 sec) at 20~ The initial rate 
of uptake of ~4C pyruvate in the presence of KC1 gradient was 
taken as reference 100 and had the value of 1.85 • 0.23 nmol/min 
x mg protein. These results are the means • sE for triplicate 
samples and three membrane preparations. 

Results 

DRIVING FORCES AND CATION SPECIFICITY OF 
PYRUVATE TRANSPORT 

The effect of various ionic gradients on the pyru- 
vate uptake was studied in the presence of valino- 
mycin (10/xg/mg membrane protein). As shown in 
Fig. I, the uptake of 1-mM pyruvate was strongly 
activated when an electrochemical sodium gradient 
was imposed upon the intravesicu[ar medium from 
the incubation medium. When an additional diffu- 
sion potential was applied with an electrochemical 
sodium gradient (100 mM), preloading membrane 
vesicles with 100-ram KC1, a higher accumulation of 
the pyruvate was observed. This uptake, which was 
higher than the equilibrium value, indicated an ac- 
cumulation against its concentration gradient for 
the first 3 min of incubation. These results also dem- 
onstrated a membrane potential sensitivity of the 
pyruvate uptake. 

A choline-chloride gradient did not lead to the 
same activating effect and no overshoot was ob- 
served. The sodium specificity for the Na+-pyru - 
vate cotransport appears from this time course. The 
relative effect of various salts on pyruvate transport 
is summarized in Table 1 with a reference value for 
the pyruvate uptake at 5 sec in the presence of an 
outer KC1 gradient (100 mM); no significant differ- 
ence was noted between the cations tested, i.e., K, 
Pb, Li, Cs or choline. But as previously demon- 
strated, the sodium was stimulating the pyruvate 
uptake and moreover when the anion of this sodium 
salt was the thiocyanate (SEN). This property dem- 
onstrates that the rapid diffusion of the SCN anion 
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Fig. 2. Velocity curve of pyruvate transport. Vesicles were pre- 
loaded with 50 mM KC1, 200 mM mannitol and 10 mM HEPES- 
Tris, pH 7.4, in the presence of valinomycin (10/xg/mg protein). 
The incubation medium contained 50 mN KCI, 100 mM NaC1 and 
0.1 to 30 mM [~4C] pyruvate. Each value was corrected for the 
Na-independent pyruvate uptake obtained with 100 mM choline 
chloride. Inset: Woolf-Augustinsson-Hofstee representation v 
vs. v/[S] of the same data (P = pyruvate). The t4C lactate trans- 
port tested in the same conditions as pyruvate, i.e., 0.1 to 35 mM 
(L = lactate). The single diffusion flux was subtracted. (The incu- 
bation time was 3 sec) 

increases  the i nne r  e lec t ronega t ive  m e m b r a n e  po- 
tent ial  ac t iva t ing  the py ruva t e  up take  and conse-  
quen t ly  the e lec t rogenic  na tu re  of the Na -py r uva t e  
co t ranspor t .  

KINETICS OF PYRUVATE FLUX 

The  kinet ics  of py ruva t e  flux were  s tudied un de r  the 
fol lowing p y r u v a t e  and  sod ium condi t ions :  Zero 
trans cond i t ions  where  [pyruvate]in = [Na]in = 0 
and  At0 --~ 0, and  equ i l ib r ium exchange  condi t ions ,  

i .e. ,  [pyruvate]o,t  = [pyruvate] i .  and  [Na]out = 
[Na]i, and  A+ = 0. 

In f luence  o f  Pyruva t e  Concen t ra t ion  on Its Influx 
R a t e  (Zero Trans Condi t ions  and Atb ~-- O) 

In  the p r e sence  of 100-mM chol ine  chloride or KCI,  
a single d i f fus ion process  of the py ruva te  uptake  
was found  where  v = 1.70 n m o l / m i n  x mg pro te in  • 
mM. 

F igure  2 i l lustrates  [Na], the effect of  py ruva te  
c o n c e n t r a t i o n  on  its ve loc i ty  up take  for 100 raM. 
E v e n  if the sys t em t ranspor t  appears  sa turable  near  
30 mN py ruva t e ,  we can  obse rve  on the inset  a 
curv i l inea r  Ead ie  Hofs tee  plot  suggest ing a mult iple  
t r anspor t  pa thway  for p y r u v a t e  as shown  by Nord  
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Fig. 3. Influence of pyruvate concentrations on its influx veloci- 
ties for various sodium concentrations. Woolf-Augustinsson- 
Hofstee representation, v vs. v/[pyruvate]. Initial velocities of 
[14C] pyruvate influx were measured after 3 sec (incubation time) 
under sodium and pyruvate chemical gradient. Vesicles were 
preloaded with 50 mM KC1, 200 mM mannitol and 10 mM 
HEPES-Tris, pH 7.4, in the presence of valinomycin (10/xg/mg 
protein). The incubation medium contained 50 mM KCI, 0.1 to 8 
mM of [14C] pyruvate and 30 mM (IlL 40 mM (O), 60 mM (A), 80 
mM (D) or 100 mM ((3) NaC1. Each value was corrected for the 
Na-independent pyruvate uptake observed with choline chlo- 
ride. v is expressed in nmol/min �9 mg protein; v/[pyruvate] in 
nmol/mM �9 rain - mg protein. Inset: sodium effect on pyruvate 
Kt : K t p y r  (mM) vs. l/[Na] 2 (10 3 x mM-2). Kt values were obtained 
by a computer program, which made a linear regression of the 
velocity curve for enzyme showing two families of active sites. 
The high affinity site K, varies from 0.1 up to 0.4 mM pyruvate 
(�9 the low affinity site Kt varies up to 10 mM pyruvate ([~--[~) 

et al. [13]�9 The  [14C]-lactate t r anspor t  has shown  in 
the same cond i t ions  on ly  one family  of t r anspor t  
site in the range  of c o n c e n t r a t i o n s  tes ted (inset  Fig. 
2). By c o m p u t e r  ana lys i s  of  these  exper imenta l  
points ,  we have  es t imated  the l inear  equa t ion  corre- 
spond ing  to v vs. v/[S] for each pair  of  b ranch .  The  
ma themat i ca l  me thod  used  to fit da ta  invo lved  a 
least  squares  ana lys i s  of chemica l  equa t ion  of  the 
hype rbo la  v vs. v/[S], which  descr ibes  a t r anspor t  
process  where  two i n d e p e n d e n t  carr iers  t ranspor t  
the same subs t ra te .  These  respec t ive  l ines in the 
inset  of  Fig. 2 for the py ruva t e  (P) r ep resen t  the two 
Michae l i s -Men ten  c o m p o n e n t s  ob ta ined  after reso- 
lu t ion of curv i l inea r  plots�9 

This analys is  was  appl ied w h e n  var ious  sodium 
concen t r a t i ons  were  tes ted  giving a series of bipha-  
sic curves  (Fig. 3). This  resul t  r emains  in ag reemen t  
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Table 2. Kinetic parameters  of  sodium pyruvate  cotransport  
(under  sodium and pyruvate  gradient  conditions) 

High affinity site Low affinity site 

Ktpy~ 88 -+ 12/xM 6.1 + 0.580 mM 
Kr Na 57.7 -+ 3.1 mM 23.9 + 2.5 mM 
Vm 3.68 -+ 0.51 60 • 2.54 mM 
kpyr 0.0693 _+ 0.010 0.0163 • 0.0008 

(Vm: nmol /min  �9 mg protein; k = Vm/Kt = min ~) 

with the existence of two families of pyruvate trans- 
porters,  one with an affinity site, the second with a 
low affinity site. Kinetic parameters are shown in 
Table 2. 

We observed that sodium affects pyruvate  affin- 
ity expressed by the constant of affinity Ktpyr from 
the slopes of  biphasic curves (Fig. 3) and also re- 
ported in the inset of  Fig. 3 (ordinate axis). 

By linear regression, the actual linear plotting 
of each branch from these biphasic curves was de- 
duced and a common maximal velocity observed 
(Vm, Table 2) for all Na + concentrations tested, 
when [Pyr] was saturating. Plotting the different 
Kt, ..... values vs. I/[Na] ~ concentrat ion (Fig. 3 in- 
set), a good linearity was obtained for n = 2 (corre- 
lation coefficient = 0.98). If we assume from this 
common Vm that this two-site system of pyruvate 
transport follows an ordered mechanism of  Na and 
pyruvate binding as does the lactate transports [11] 
and glucose [6], we can apply this equation to this 
representation [11]: 

Kt, ..... = KtpyrKtr~ a I/[Na] 2 + Kt,,~ (1) 

giving on the y axis the Ktpy r and 1/KtNo on the x axis. 
The apparent  pyruvate  (Kt) affinity constant at 

each site was used to calculate the pyruvate  affini- 
ties, respectively (Ktp,r by extrapolation), at infinite 
sodium concentrations.  By extrapolation, the val- 
ues recorded in the inset of  Fig. 3 give the pyruvate 
affinities (on the ordinate axis) at the two sites as 88 
/~M --+ 12 and 6.1 _+ 0.58 mM. 

The rate constant (first order kl) for the high 
affinity family was about six times that of the low 
affinity one, demonstrating a high specificity of the 
high affinity site (site I) for the pyruvate uptake. 

Moreover ,  if we consider that 2 is the mean 
number of  Na + ions interacting with the carrier sys- 
tem, we can also determine the Kt~, ions by graphi- 
cal extrapolation (inset Fig. 3) on the abcissa axis; 
the sodium affinities of  the two families of site are 
57.7 _+ 3.1 mM and 23.9 _-z- 2.5 mM for the high and 
low affinity pyruvate  sites, respectively. Thus, it 
appears that the high affinity pyruvate  site has, on 

one hand, a sodium affinity (KIN~ about two times 
lower than in the case of  the low affinity pyruvate 
site and, on the other hand, a Vm about 15 times 
lower (368 vs. 60 nmol/min �9  protein). 

Influence o f  Na Concentration on Pyruvate Influx 
(Zero Trans Condition and At) ~-- O) 

The Eadie-Scatchard equation [19] was applied to 
study the Na effect on pyruvate transport and the 
substrate was the sodium in this case: v/[Na]" vs. v 
for two pyruvate  concentrations (0.25 and 8 raM). If 
the pyruvate  carrier is a two-site system, we can 
assume that the high affinity site is mainly efficient 
at 0.25-mM pyruvate.  Figure 4a shows that when n 
= 2 these data are fitted by a straight line. On the 
abscissa axis Vmapp is 4.4 nmol/min x mg. Figure 4a 
was used to determine precisely the coupling factor 
at the peak of the Eadie-Scatchard plot [19] (v/[Na] 
vs. v) n = 1/1 - V' where v' = v/Vm and the v value 
corresponding to the peak, we found n = 1.80. 

From the slope of the linear plotting (Fig. 4a), 
we can also deduce KtN, if we assume that these Na 
sites are equivalent; the K,N .... = 35 mM. 

At 8 mM pyruvate,  where the two sites are 
loaded by the pyruvate  (Fig. 4b), the coupling factor 
found is n = 3, as well as from the graphical repre- 
sentations giving a linear plotting (Vm~pp = 36.5 
nmol/mg • min) then from the peak of the Eadie- 
Scatchard plot (v/Na vs. v) (n = 2.9); and then if we 
assume that Na interactions are equivalent, the 
Kt~ .... is 19 mM. Thus, at 8 mM pyruvate,  the in- 
crease of the coupling factor (Na/Pyr) and the so- 
dium affinity can be attributed to the second trans- 
port site from these data. We observed (Table 3) 
that, for the range of pyruvate  concentrations ap- 
plied, the Kt~ .... of  the high affinity pyruvate site, is 
nearly double that of  the low affinity pyruvate site 
and was efficient for higher concentrations as previ- 
ously observed;  moreover ,  the two different cou- 
pling factors for these two pyruvate  sites could 
characterize two pyruvate  transport  sites. 

Influence o f  Pyruvate Concentration on Its Flux 
Rate (Equilibrium Exchange Conditions [Pyr]in = 
[Pyr]out and  [ N a ] i n  = [Na ]ou t ,  At)  ~ 0)  

Two studies, one by single labeling (using [14C] py- 
ruvate) and the other  by double labeling (using [J4C] 
pyruvate and 22Na) ,  w e r e  applied to characterize 
pyruvate transport  in the absence of membrane po- 
tential. 

Single Labeling Study: Membrane vesicles pre- 
loaded with various pyruvate  and sodium (or cho- 
line) chloride concentrations and with 50 mM KC1 



R. Mengual et al.: Renal Na-Pyruvate Carrier: A Two-Site Transport  System 201 

V 
[Na] n 3 0 0  

] 
2 0 0 ,  

o 
x 

1OO, 

O 

et 

PYR : 0 .25  mM 

) 
V 

2 m 

x 

1 

O 

7 0  

5 0  

o 

K 

b 

V 

[N,,]n 

1 

% 
x 0.5 

0 

10 

PYR : 8  mM 

n:3 

(3 �9 

\ 

20 30 
v 

3 

5o 

x 

lO 

o o 

4 

3O0 

200  

lOO 

o 

Fig. 4. Influence of  Na concentration on pyruvate influx, v/[Na] ~ 
v s .  v representation. The sodium gradients were from 15, 20, 30, 
40, 60, 80 to 100 raM. Up to 80 raM, the sodium concentration 
was replaced by choline chloride to obtain 100 mM of  the chlo- 
ride salt. The incubation medium contained 50 mM KCI. Vesicles 
were preloaded with 50 mM KCI, 200 mM mannitol and 109 mM 
HEPES-Tris ,  pH 7.4, in the presence of valinomycin (10/~g/mg 
protein). (a) The uptake starts by addition of  the incubation me- 
dium (previously described) containing 0.25 mM pyruvate. The 
incubation time was 3 sec. (b) Same experiment as in (a) where 
the pyruvate concentrat ion was 8 raM. v is expressed as nmol/ 
min - mg protein 

and 10 /zM valinomycin/mg protein, were used to 
determine the initial rates of pyruvate isotopic ex- 
change. These rates were measured by adding only 
an aliquot (10/zl) of [14C]-pyruvate (at the same con- 
centration as that of the preloading vesicles me- 
dium). After 3 sec of incubation, each sample was 
filtered as previously described. Hill plots of iso- 
topic exchange kinetics are represented in Fig. 5. 

The Hill number value is 1.36 + 0.05 calculated 
from different Na + concentrations. These results in- 

- 0 . 5  0 § 0 , 5  > 0 = ~ l o g  [Pyr] 

Fig. g. Influence of  pyruvate concentration on its influx rate 
(isotopic exchange). Hill plot representation log v / V , ,  - V v s .  log 
[pyruvate]. The inside and outside concentration mediums were 
the same except  that the [14C] pyruvate (0.25 to 4 raM) was in the 
outer vesicular medium. The sodium concentrations tested were 
30 mM (11), 40 mM (e)  and 100 mM(&).  (V,, used was obtained 
on the 1 /v  v s .  l/(pyr) plotting) 

dicate a multiple interaction of the pyruvate during 
the transport event. Another fitting of these data, 
the Eadie Scatchard representation (not shown), 
gave a parabolic curve (v/[pyr] vs. v) proving the 
existence of the two interdependent sites character- 
ized by a cooperative mechanism between multiple 
substrate binding sites. From the Hill representa- 
tion as a function of [Na] (data not shown), sodium/ 
pyruvate stoichiometry is greater than one (n = 1.7 
+ 0.07); this coupling ratio, obtained at the chemi- 
cal equilibrium of Na + and pyruvate, could be con- 
sidered as a mean value if the two types of sites are 
differently coupled to the Na activation. 

Double Labeling Study: These experiments 
were performed to determine the degree of coupling 
of the two cotransported solutes at chemical equi- 
librium using their isotopes, 22Na and [14C] pyru- 
vates, simultaneously. 

As in the lactate experiments [10], Na-pyruvate 
cotransport was measured in the presence of 20-raM 
ZZNa and 5-raM [~4C] pyruvate. Control measure- 
ments of the uptake of one solute without the other 
enable the interdependence of the two solutes ab- 
sorption to be determined. The results from the si- 
multaneous uptake at 3.5, 12, 25, 40 and 60 sec are 
summarized in Fig. 6. The uptake percentages of 
the two solutes in relation to equilibrium, expressed 
as 1 - F (F = nmol at time t/nmol at equilibrium) 
are correlated: [14C] pyruvate against 22Na on loga- 
rithmic scales. The slope of 1.67 shows the Na-py- 
ruvate cotransport coupling factor to be higher than 
1 (under equilibrium conditions of the two solutes). 

These results confirmed by isotopic exchange 
of [14C] pyruvate, could demonstrate that Na effect 
is an activation of positive cooperatively or a multi- 
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Fig. 6. Correlation between 22Na and []4C] pyruvate uptakes un- 
der chemical equilibrium of the two solutes (log-log scale repre- 
sentation). These data were obtained using the same time course 
for isotopic Na and pyruvate uptakes at 3, 5, 12, 25, 40 and 60 
sec; the uptake compared to equilibrium is expressed as (1 - F). 
F is the ratio of uptake value at one incubation time vs. the 
uptake at equilibrium (90 rain). The sodium-independent p4C] 
pyruvate uptake and pyruvate-independent Na uptake were sub- 
tracted from the data, 

site ac t iva t ion  [17]. Since,  however ,  a direct  mea-  
su r emen t  of the coupl ing  factor  (by double  label ing 
of 22Na and  [14C] py ruva t e  uptake)  gives a n u m b e r  
of 1.67 N a  ions per  py ruva t e  molecule ,  as observed  
at sa tura t ing  p y r u v a t e  concen t r a t i ons ,  we a s sume  
that  N a  § has at least  two types  of in te rac t ion  con-  
s idered as a mul t ip le  essent ia l  ac t iva t ion .  

SPECIFICITY OF EACH PYRUVATE 
TRANSPORT SITE 

Since py ruva t e  is t r anspor t ed  by  two families of 
t r anspor te r s  and  it was  suggested [25] that  the two 
t r anspor t e r  types  were  those for lactate  (monocar-  
boxylic)  and  ci t rate  (polycarboxyl ic) ,  it seemed  im- 
por t an t  to de te rmine  the over lapp ing  of the t rans-  
por ter  specif icat ions in our  sys t em and  the type  of 
compe t i t i on  occur r ing  b e t w e e n  the solutes  dur ing 
t ranspor t .  

Inhibi t ion o f  the Lac ta t e  and Citrate Uptakes  
by Pyruva te  

The init ial  rates  of  the s o d i u m - d e p e n d e n t  L-[14C] 
lactate  t r anspor t  were  m e a s u r e d  at 0.25- and 5-mM 
lactate  concen t ra t ions .  Inh ib i t ion  by 1 mM citrate 
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Fig. 7. Pyruvate influence on the L-lactate and citrate transport. 
Hunter and Down representation: [I] x cd(1 - a) vs. (concentra- 
tion of transported solute) both expressed in riM, [I]: inhibitor 
concentration, i.e., 1 mM pyruvate in this case; c~ = VdVo, Vo = 
control velocity and Vi = velocity in the presence of I. Incuba- 
tion conditions were 100 mM NaC1 or choline chloride, 50 mM 
KCI, 10 mM HEPES-Tris, pH 7.4, and isotopic solute [[4C] cit- 
rate or L-[t4C] lactate. Membrane vesicles were preloaded with 
50 mM KC1, 200 mM mannitol, 10 mM HEPES-Tris and valino- 
mycin (10/xg/mg of membrane protein). Initial rates were taken 
at 3 sec by rapid filtration on cellulose nitrate membranes as 
described in Materials and Methods. The stop and washing solu- 
tion was 100 mM choline chloride, 50 mM KC1, 10 m~4 HEPES- 
Tris, pH 7.4. (a) p4C] lactate and [~4C] citrate transport for a 
range of substrate concentrations indicated in abscissa in the 
presence of 1 mM pyruvate in the incubation medium. (b) []4C] 
citrate transport in the presence of 18 mM L-lactate and 1 mM 
pyruvate in the incubation medium. All data obtained in the pres- 
ence of Na are corrected for the simple diffusion measured in the 
absence of Na (replaced by choline chloride) 

was pract ica l ly  nul l  (1.2 -+ 0.3% and  0.5 + 0.2% for 
0.25-mM and 5-mM lactate ,  respect ively) .  

F igure  7a shows the effect of  1 mM pyruva t e  on  
the lactate  or ci trate up take  (abscissa  values)  where  
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Fig. 8. Influence of  sodium on initial rates of  
[14C] citrate. (a) The effect of  Na 
concentrations were examined in the presence 
of [~4C] citrate, 0.5 mM and 50 mM KCI, 10 
mM HEPES-Tris ,  pH 7.4; choline chloride 
was used to maintain iso-osmolarity at 300 
mOsM. Before incubation, membrane vesicles 
were preloaded with 200 mM mannitol, 50 mM 
KC1 and valinomycine (10/xg/mg protein). 
The incubation time was 3 sec and filtration 
conditions were the same as in Fig. 6. Inset: 
Hill representation of the same data, i.e., log 
v (Vm - v) vs. log [Na]. Vm (33.10 -3 nmol/min 
x mg protein) (maximum velocity) used in 
this representation was obtained from a 
reciprocal plot of  the data. (b) Garay and 
Garrahan representation N a / V  ~/n vs. [Na] from 
the Fig. 8a. For  a value of  n = 3, a good 
linearization was obtained (assuming that 
these three sodium sites are identical) 

the inhibition is expressed as the product of [I] in- 
hibitor concentration by the activity ratio (ordinate 
value) as defined by Hunter and Downs [2] equa- 
tions: 

a --  K i  + K i  [I1" 1 - a ~--~m" [S]  (2) 

where a = VJVo activity coefficient ratio, Vi inhibi- 
tion velocity and Vo control velocity. 

Inhibition by 1 mM pyruvate indicates a com- 
petitive type since linearization of the results is an 
increasing function of the lactate concentration (in 
noncompetitive inhibition this ratio would be con- 
centration independent). From this representation, 
the Ki of pyruvate (0.400 -+ 0.038 raM) and the Kt of 
lactate (1 raM) is determined. 

[14C] citrate transport was inhibited by pyruvate 
(1 mM), under the same experimental conditions as 
for the L-lactate experiments (Fig. 7b). The pyru- 
vate-citrate transporter interaction is also one of 
competitive inhibition. The Km of citrate (1.7 mM) 
is, like that of lactate, higher than the Ki pyruvate, 
(0.64 -+ 0.05 raM). 

These results confirm that the pyruvate sub- 
strate is transported by two transporters, those of 
lactate and of citrate, which are distinct since cit- 
rate does not affect lactate transport (Table 3). 

Sodium Dependent of  the Citrate Transporter 

We have measured the degree of coupling of sodium 
with the citrate transporter, and its affinity, in order 

Table 3. Kinetic parameters of  Na interaction on pyruvate trans- 
port 

Pyruvate 0.25 mM 8 mM 

Kap o Na 35 mM 19 mM 
n coupling factor: 

Linear fitting 2 3 
Peak value 1.83 2.9 

to complete the comparative study of the lactate, 
pyruvate and citrate transport sites. The effect of 
sodium on citrate transport is shown in Fig. 8. We 
have developed two models to analyze the Na acti- 
vation for the citrate uptake as applied to succinate 
[3]. The data shown in Fig. 8a (transport rate vs. Na 
concentration), were also analyzed by the Garay 
and Garrahan representation [Nal/v 1In vs. [Na]) [4, 
22]. As shown in Fig. 8b, the best value giving a 
linear transformation is obtained only when n = 3, 
assuming that 3 sodium ions interact on multiple 
binding sites and have an identical affinity. The Ktapp 
Na, determined on the abscissa axis is 13 -+ 2.1 mM 
for a 0.5-mM citrate concentration and the Vm,pp, 
estimated from the slope, is 43.5 nmol/min x mg. 
This last value of Vm,p, for the same citrate concen- 
tration is used for our second analysis to fit the 
logarithmic representation of the Hill equation (in- 
set Fig. 8a); this plotting yielded a Hill coefficient of 
1.75 for this range of Na + concentrations. This Hill 
coefficient assumes the cooperative effect of each 
sodium interaction on the transport system site. 
The K' value (intercept plot) is estimated at 683. 
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Fig. 9. Schema of the two transport pyruvate sites. The lactate 
carrier (left) and the citrate carrier (right) 

Discussion 

Our experimental results suggest several conclu- 
sions: (i) The main driving force permitting the 
transmembrane passage of pyruvate is the chemical 
sodium gradient. (ii) Pyruvate is transported by two 
families of sites for which the pyruvate and sodium 
affinities are different as the coupling factor of Na 
with pyruvate. (iii) The fact that pyruvate inhibits 
the lactate and citrate transporters, but that citrate 
does not inhibit the lactate transporter, suggests 
that the first family of sites (site I) corresponds to 
the lactate transporter and the second to that of the 
citrate. The distinction between these two sites is 
proposed from the kinetic parameters. 

Thus, the main data in this paper corresponds 
to the existence of a multiple pyruvate interaction 
with the carrier system. This conclusion is sug- 
gested from the transport studies under chemical 
gradient conditions and at the chemical equilibrium. 
The chemical gradient shows two independent 
transport sites. 

The data obtained by isotopic exchange of 
[14C]-pyruvate (Hill plot) confirm the suggestion 
that the interaction of more than one pyruvate ion 
reacts with its transportation system. 

Indeed the data from the above analyses sepa- 
rately, concerning lactate and citrate transport, sug- 
gest that site I (high affinity) and site II (low affinity) 
for the pyruvate transport should be assigned to the 
specific transporters of lactate and citrate, respec- 
tively. 

In the case of the high affinity site I, the param- 
eters KtN~, k are similar to those obtained for lactate 
transport [11]. Inhibition kinetics, however, have 
shown that pyruvate has a higher affinity (expressed 
by Kip,r = 0.4 mM) than lactate on site I measured for 
[14C] lactate transport. The difference in the maxi- 
mum rate (Vm) could correspond either to a modifi- 
cation of the number of sites available on the exter- 
nal face of the membrane or to reduction of the 

translocation rate constant. It should be noted, 
however, that the low value for the maximum rate 
does not affect the efficiency of the transporter, k 
(Vm/Kt), which is similar for the lactate and pyru- 
vate transports (site I). The sodium affinities of the 
two transporter types are different. This, and the 
lactate coupling coefficient are additional evidences 
that site I is the lactate transporter (the monocar- 
boxylic acid carrier). 

Site II shows similar KtN~ and Vm values for py- 
ruvate or citrate transport: thus, neither the interac- 
tion with sodium KtN~ nor the maximum transport 
capacity (V,,) is modified. That the transporter has a 
lower efficiency (expressed by k) for pyruvate than 
citrate, confirms a higher specificity of site II for 
citrate than for pyruvate. 

Competitive inhibition of citrate transport by 
pyruvate may be the result of either a mutual exclu- 
sion of the two solutes or an interaction of each 
solute with different specific sites, assuming a com- 
mon third site, which could be concerned with cit- 
rate transport. Competition at this site would result 
in mutual exclusion of pyruvate and citrate. The 
pyruvate Ki of 0.64 mM could be related to citrate 
transport by.pyruvate Ki = 0.95 mM (in the pres- 
ence of a saturating lactate concentration for its 
specific transporter) showing that pyruvate and cit- 
rate are mutually exclusive at the low affinity site. 

In conclusion, our experiments demonstrate 
that the transport sites for monocarboxylic acids, 
such as lactate, and for tricarboxylic acids, such as 
citrate are district and are responsible for transport 
specificity (Fig. 9). 

The present study of pyruvate transport, with 
accurate measurements of the kinetic parameters, 
furthers our existing knowledge [13, 14, 22]. 

The high specificity of the family of monocar- 
boxylic acid transporters was demonstrated, and in 
the same family a slight variability in affinity de- 
pending either on the substitutions of carboxyl func- 
tion [14] or on a modification of carboxyl function. 
It has also been shown that citrate transporter spe- 
cificity extends to dicarboxylic acids such as succi- 
nate [14]. This double specificity of the citrate trans- 
porter would explain its capacity to interact with 
pyruvate. In this case, it would not be the a-hy- 
droxyl group of the lactate but rather the ketone 
function, which would interact with the second car- 
boxylic site with higher or lesser affinity according 
to whether the site had been initially activated by 
citrate (low Ki) or not (high Km of pyruvate) at the 
low affinity level of the site. A chemical and specific 
labeling of these sites will allow more precisely defi- 
nitions of these mechanisms. 

These results, on whole cortex, complement 
the data recently published on the pyruvate trans- 
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port by rabbit proximal tubule and about the malate 
interaction on this system [8]. 

We thank Mrs. N. Limare for excellent technical assistance and 
Mrs. A. Rainaud and Mrs. H. Steiner for secretarial assistance. 
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