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The L-lactate/proton symport system of the red blood cell membrane was studied under conditions of 
alternative-substrate inhibition by glycolate. At constant pH of the medium glycolate caused competitive 
inhibition of L-lactate transport. In Lineweaver-Burk plots of l / v  against l / [HI ,  on the other hand, 
glycolate caused an uncompetitive inhibition. These observations indicate, that the monocarboxylate carrier 
exhibits ordered substrate binding, with the proton binding first. 

Monocarboxylate transport across the red cell 
membrane proceeds by three different pathways: 
by nonionic diffusion, via the band 3 anion ex- 
change protein and via a specific monocarboxylate 
carrier system [1-5]. Under physiological condi- 
tions the latter system accounts for about 90% of 
total L-lactate transport [1]. These three pathways 
can be discriminated by the use of specific inhibi- 
tots. Transport via the band 3 anion exchange 
protein is completely blocked by DIDS, whereas 
transport via the specific monocarboxylate carrier 
is highly sensitive to PCMBS [4]. Thus it is possi- 
ble to quantitate lactate transport via the mono- 
carboxylate carrier by comparing transport in the 
presence of DIDS and transport in the presence of 
DIDS and PCMBS. 

It has been shown that L-lactate transport by 
the monocarboxylate carrier proceeds via a sub- 
strate/proton symport system [2,4,6]. In symport 
systems substrate binding may occur either by an 
ordered or by a random mechanism. As has been 
pointed out before, this order of substrate binding 
is very important to the understanding of various 

Abbreviations: DIDS, 4,4'-diisothiocyano-2,2'-stilbenedi- 
sulfonic acid; PCMBS, p-chloromercuriphenylsulfonic acid. 

aspects of the transport process [6,7]. Recently this 
notion prompted many studies, designed to eluci- 
date the substrate binding mechanism in various 
symport systems [6-13]. 

In a previous paper experimental evidence was 
presented, indicating an ordered binding mecha- 
nism, with H ÷ binding first, for the mono- 
carboxylate carrier of human erythrocytes [6]. In 
these studies the influence of the medium pH on 
the kinetic parameters was studied. The possibility 
of random binding could not be excluded com- 
pletely, however. It could be rationalized that if 
the translocation velocity of the loaded carrier is 
much larger than the translocation velocity of the 
empty carrier, the experimenta ! results might still 
be compatible with a random binding mechanism 
[6]. For this reason the binding mechanism of the 
monocarboxylate carrier system was reinvesti- 
gated, utilizing kinetic analysis of alternative-sub- 
strate inhibition. 

Materials and methods. Preparation of erythro- 
cyte suspensions, pretreatment of the cells with 
DIDS and PCMBS, manipulation of medium pH 
and measurements of initial lactate uptake veloci- 
ties were done as described previously [6]. 

As substrate analogue for L-lactate glycolate 
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was used. In control experiments it appeared that 
glycolate was transported via the monocarboxylate 
carrier system. In inhibition experiments unlabeled 
glycolate and 14C-labeled L-lactate were added to  

the red cell suspension simultaneously, followed 
by measurements of the initial uptake velocity of 
[14C]lactate as described before [6]. L-[ 14C]Lactate 
was obtained from Amersham International, DIDS 
from Pierce and PCMBS from Sigma. 

Theoretical. T h e  gene ra l  m o d e l  for  
substrate/proton symport is shown in Fig. 1. Using 
this model to discriminate between random and 
ordered substrate binding, kinetic parameters for 
initial influx (S i = I i = 0) can be derived as de- 
scribed previously [8]. At constant inhibitor con- 
centrations Lineweaver-Burk plots can be made of 
1 /v  against 1/[So] (at constant pH) and of 1/v 
against 1/[Ho] (at constant substrate concentra- 
tion). The relevant parameters for these plots are 
summarized in Table I. It is clear that both with 
random binding and with ordered binding, proton 
binding first, an alternative substrate will cause 
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Fig. 1. Kinetic model of transport via the monocarboxylate 
carrier in red blood cells under conditions of alternative-sub- 
strate inhibition. C o . . , C H S  o, CHI o, C i . . . C H S  i, CHI i, 
ligand-binding sites facing, respectively, the outside and inside 
of the cell. H, proton; S, lactate; I, glycolate; K, dissociation 
constant; a~. . .  c 2, translocation velocity constants. 

competitive inhibition with respect to the sub- 
strate. In both cases a 1/v against 1/[So] plot 
exhibits an increased slope (Kapp/Vapp) in the 
presence of the inhibitor, with an unchanged Vap p. 
The difference between random and ordered bind- 
ing is reflected in 1 /v  against 1/[Ho] plots. In the 
case of random binding both 1/Vap p and K a p p / V a p  p 
are increased in the presence of the inhibitor. With 
ordered binding, proton binding first, however, the 
alternative substrate will cause an uncompetitive 
inhibition: 1 / V a p  p is increased, whereas the slope 
(Kapp/Vapp)  is una f fec t ed .  

Results. Influx of [14C]lactate via the mono- 
carboxylate carrier was calculated from the dif- 
ferences of fluxes into DIDS-treated cells and into 
(DIDS + PCMBS)-treated cells, as described pre- 
viously [6]. Fig. 2 shows the results of such influx 
measurements at constant pH, in the absence and 
in the presence of glycolate. As expected, glycolate 
caused competitive inhibition under these circum- 
stances. 

In further experiments lactate influx was mea- 
sured at a constant lactate concentration, at vary- 
ing medium pH. In all experiments glycolate 
caused an uncompetitive inhibition of lactate in- 
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Fig. 2. Lineweaver-Burk plot of lactate transport via the mono- 
carboxylate carrier at pH 6.8, in the absence of glycolate 
(© ©) and in the presence of 10 mM glycolate 
( o  - • e ) .  
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TABLE I 

KINETIC PARAMETERS FOR SUBSTRATE/PROTON SYMPORT IN THE PRESENCE OF AN ALTERNATIVE SUB- 
STRATE, DURING INITIAL INFLUX 

(1) Random; 1/v  against 1/[Sol 

1 1 [ KhoK'~'o bl blHi ] 
/ ~ + l + - - + - -  

Vapp blCT ~ HoKs,o a2 a2K[i,i ] 

a,Kh.oK,~ ° a,HiKh.oK~'o Kapp 1 K~,oK'£o + Ks, ° + + 
Vapp blCT H o " a2H ° a2noK'H,i 

+ ,o c, :o . . . .  + ) )  
HoKl,o KI.o a2K~o a2K'H,iKi'o 

(2) Ordered (H ÷ first); 1/v  against 1/[So] 

1 b l _ ~ ( l + b l _ _ + _ _ b l n i  ] 
Vapp a2 a 2 K 'l-l.i ] 

Kapp 1 [ K~l,oKs',o alK~i,oK's~o 
Vapp blCT ~ 1to + K~,',o + a2Ho 

allt iK~t,oKs',o+_[K~' o ClK's' o c lH iK ' s ' o ) )  
- -  , 1 o / # + ~  + 

+ a2HoKH,i \ Kl,o a2Ki.o a2g'H.iKi'.o 

(3) Random; 1/v  against 1/[Ho] 

" blHi [ Ks' o 1 1 (K~o _ + h i +  + = - -  - + ,  ClK;:° clHiKs"° I ~ 
a2SoK[,o + a2SoK,H,i~-'~[,o ] ) 

, . Kh,oK~'o alKh,oKi',o alHiKh,oK'~o Kapp 1 KH'°Ks'° 4 - -  ~" + 
V~pp blC v S O Ks, o a2S o azSoK~, i 

IoKh oK..,_ '(,o ] 
+ SoK~,o ] 

(4) Ordered (H ÷ first); 1/v  against 1/[Ho] 

1 1 ( K~'o _ bl blHi [ K'~'o qK's'o 
= - - ¢  -'v + 1 + - -  + ----~7- + lo[  ~ + Vapp blCT ~, So a2 a2KH,i a2SoKi(o - - +  1 /  

a2SoK'H,iKi'.o ] J 

, ,, alKh,oK£o alniK'H,oK~',o gapp 1 KH,oKs.o + + 
Vapp blCT S o a2So a2SoK'H,i ] 

flux via the monocarboxylate carrier (Fig. 3). 
Discussion. Kinetic analysis of symport systems 

yields equations with complicated, composite con- 
stants, which can not be measured experimentally. 
As a consequence, interpretation of experimental 
data will not always be unequivocal. For instance, 
a previous analysis of the influence of medium pH 
on L-lactate transport in erythrocytes via the 
monocarboxylate carrier indicated ordered bind- 
ing, proton binding first [6]. However, it could be 
shown that if K~/[Ho] << 1 + b /a (1  + [Hil/K~), 
the results would still be reconcilable with random 
binding [6]. Therefore it appeared appropriate, to 

reinvestigate the binding order of the mono- 
carboxylate carrier system, utilizing the completely 
different approach of alternative substrate inhibi- 
tion. 

The results shown in Fig. 3 confirm ordered 
binding, proton binding first: as shown in the 
theoretical section, uncompetitive inhibition at 
varying medium pH can only be expected with this 
binding order. 

This type of kinetic analysis is important for the 
understanding of the transport process at the 
molecular level [6,7]. As shown previously, the 
monocarboxylate transport system behaves kineti- 
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Fig. 3. Lineweaver-Burk plot of lactate transport via the mono- 
carboxylate carrier at varying medium pH. Lactate concentra- 
tion: 4 mM. O O: uptake in the absence of glycolate; 
• • :  uptake in the presence of 10 mM glycolate. 

cally as a mobile carrier, signifying that the carrier 
molecule has a single set of binding sites, exposed 
alternately to the outside and to the inside of the 
membrane, via a conformational change in the 
carrier molecule [8]. 

Also the conclusion of ordered substrate bind- 
ing has important implications at the molecular 
level. In the case of random binding more or less 
independent binding sites for proton and substrate 
should be assumed. Translation will be triggered 
by binding of the second ligand, presumably via a 
conformational change of the carrier. With ordered 

binding, on the other hand, two possibilities should 
be considered. Assuming two binding sites, for 
proton and lactate, respectively, binding of the 
proton may induce a conformational change, re- 
sulting in a major increase of the affinity of the 
lactate binding site for its substrate. A second 
possibility would be that proton binding to an 
uncharged group actually creates the binding site 
for the negatively charged lactate ion [6]. Further 
investigations will be required to discriminate be- 
tween these possibilities. 
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