J. Membrane Biol. 71, 163 —171 {1983}

The Journal of

Membrane Biology

The Mechanism of Na*-L-Lactate Cotransport
by Brush Border Membrane Vesicles from Horse Kidney:
Analysis of Rapid Equilibrium Kinetics in Absence of Membrane Potential

Raymond Mengual and Pierre Sudaka

Laboratoire de Biochimie, Faculté de Médecine, Chemin de Vallombrose, F-06034 Nice Cedex, France

Summary. Membrane transport of lactate was studied
using vesicles prepared from horse kidney brush border. It
is shown that the carrier-mediated transport of L-lactate is
Na dependent and the D-lactate Na dependence seems
weaker than the L stereoisomer. Augmented transport rate
is observed following imposition of an artificial chemical
Na' gradient of electrical potential difference. The effect
of Na* chemical gradient on the L-lactate uptake was
analyzed using membrane vesicles incubated with 50 mm
KClI and valinomycin in order to short circuit any contri-
bution of transmembrane electrical potential to the trans-
port. Kinetics results and principally the absence of lin-
earity between 1/v (lactate) versus 1/Na™® show that the L-
lactate transport mechanism fit the properties of an or-
dered process with two Na* ions cotransported with one
L-lactate anion. The L-lactate and sodium affinities (K,)
determined under Na® chemical gradient were 1.05 and
48 mm for L-lactate and Na, respectively. The sodium acti-
vation was shown to be highly cooperative with a Hill
number of 2 although no “sigmoidal” activation effect was
observed.
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Introduction

Membrane transport of L-lactate has been stud-
ied in erythrocytes [13, 16, 20], mitochondria
[19] and Ehrlich ascite tumor cells [33]. In
these cases lactate movement was found to be
mediated by a carrier. Studies with isolated per-
fused rat kidneys [8, 9] showed a correlation
between net sodium reabsorption by the kidney
tubules and lactate oxidation. More recently,
studies using vesicles from rat or rabbit renal
cortex [4] or enterocytes [11, 22, 35] have
shown that lactate absorption is sodium de-
pendent. Lactate thus seems to follow the same
sodium-dependent absorption and activation
processes as sugars, amino acids [26, 37] and
phosphate [6, 23].

In the present paper we re-examine the
mechanism of L-lactate transport, in terms of

the gradient hypothesis [12, 31], using mem-
brane vesicles isolated from horse kidney. We
first specified the general characteristics of this
transport system: 1) specificity of Na acti-
vation; 2) stereospecificity; 3) role of Na chemi-
cal gradient and electical potential.

In a second part, we attempt to get more
insight into the mechanism of coupling between
Na ion and substrate by kinetic means. We
have assimilated the transport entity to a rapid
equilibrium multireactant system. Experimental
conditions were chosen so that only chemical
Na and lactate gradient —but not electrical gra-
dient — were present.

It is important to stress that, on these con-
ditions, isotopic movements of L-lactate cor-
responded to net movements. This approach is
therefore different, although complementary,
from the equilibrium (isotope) exchange’s devel-
oped by Hopfer [24] for analysis of the Na-
glucose cotransport studies.

Thus the mechanism of the sodium depen-
dence by analogy with enzyme systems [32,
pp- 320-329] is the subject of the present study
and based on net flux data derived from initial
rate measurements. Our study complements nu-
merous kinetic studies conceived to explain the
transport and coupling mechanism [1, 2, 10, 14,
15, 24, 26, 36]. In our next paper (unpublished)
isotopic exchanges of Na and lactate were used

in order to study the mechanism of Na-lactate
translocation,

Materials and Methods

Vesicle Preparation

Brush border vesicles of the renal cortex of the horse were
prepared as already described [297]. The vesicles were sus-
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pended at a concentration of 10mg/ml in a 300-mmM man-
nitol buffer and 10mm Hepes (4(2-hydroxyethyl)-1-
piperazine-ethane sulfonic acid)-Tris, pH 7.4.

The transport system was characterized by one type of
experiment in which external sodium and L-lactate con-
centrations formed a gradient with those of the intravesic-
ular medium.

Lactate Uptake Experiments

The osmolarity of each incubation medium was adjusted
to 300 mOsm by NaCl, KCl and/or choline chloride buf-
fered with 10mM Hepes-Tris, pH 7.4. The U'*C lactate (8
x10° to 1.5x 10°dpm) was included in the incubation
medium.

These transport experiments by filtration on Millipore
filter are defined in each Figure. All conditions were re-
peated on 3 to 5 vesicle preparations, each point being
done in triplicate. The radioactivity of filters was mea-
sured by the standard techniques with a liquid scintillation
counter.

Measurement of Vesicular Volume

Vesicular volume was determined by centrifugation using
double labeling with (*H) H,O and (methoxy!*C) inulin.

Material

D- and L-lactic acid (lithium salts and L-lactic acid in
water solution were obtained from Serva (Heidelberg, Ger-
many), D-mannitol and Hepes from Sigma Chemical Co.
(St. Louis, Mo.), L-U**C lactic acid (90 mCi/mmol), and p-
UC lactic acid (45mCi/mmol) were purchased from the
Radiochemical Centre, (Amersham, England), L-2°H lactic
acid (90mCi/mmol) and (*H) H,O by CEA (France) and
(methoxy'#C) inulin by New England Nuclear (Boston,
Mass.).

Results

Osmotic Sensitivity of Accumulated Lactate

It is important to verify that the radioactivity
taken up by our vesicle preparations corre-
sponds really to a penetration into the intrave-
sicular space and not to a simple adsorption on
the membrane surface. Figurel illustrates the
effect of varying osmotic pressure on intravesic-
ular volume and r-lactate transport.

Preliminary experiments showed that L-lac-
tate uptake reached an equilibrium within
3min: measurements were therefore taken after
5-min incubations. The impermeant solute cel-
lobiose was used to modify the osmotic pres-
sure of the incubation medium. Figurel (inset
a) shows that the intravesicular volume (mea-
sured by double labeling) decreases when the
osmotic pressure increases reaching a minimum
at 0.9 ul/mg protein. Under the same conditions
L-lactate absorption decreases proportionally to
the increasing osmotic pressure (Fig.1). This
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Fig. 1. Influence of increasing osmolarity on the intravesic-
ular volume {(a) and on the L-{U'*C)-lactate (lithium salt)
uptake (b). The increasing osmolarity was obtained in
presence of 80mm NaCl and increasing amounts of cel-
lobiose in the incubation medium. Intravesicular volume
was determined by double labeling and centrifugation:
(*H)—-H,0 for total volume and (**C—CH,0) me-
thoxyinulin for extravesicular space. L-(U*C)-lactate up-
take was determined after 5-min incubation in 80mM
NaCl, 40mM mannitol, 10mm Hepes-Tris, pH 7.45, and
1 mMm L-(U'*C)-lactate (lithium salt), medium. Each uptake
value point in both a and b is the average of two assays

sensitivity to the osmotic gradient shows that
the L-lactate is indeed accumulated in the in-
travesicular space and not adsorbed on mem-
brane sites.

General Properties and Energetics
of L-Lactate Accumulation

Figure2 illustrates experiments indicating that
Na specifically increases the transport of L-lac-
tate. The maximum stimulation obtained with
an  electrochemical  gradient of Na™
([Na],, >[Na];,) was about three times greater
than that obtained with KCl at 25sec (open
symbols in Fig. 2). Although not shown, choline
was observed to be ineffective to activate L-
lactate accumulation.

In the absence of Na electrochemical gra-
dient, ie., when the vesicles were preincubated
in the same NaCl concentration as that of the
incubation medium, the overshoot no longer
occurred (star symbols in Fig.2); the rate of
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Fig. 2. Effect of various saline solutions on the time course
of L-lactate uptake. Membrane vesicles were suspended
either in buffered mannitol or preloaded in 80mm NaCl,
140 mM mannitol. The uptake was initiated by dilution of
vesicles (without NaCl) in incubation medium containing
L—(U'*C)-lactate (lithium salt) and various Na® gra-
dients: NaSCN (e—e), NaCl (o—o), or K* gradient
(KCl, oA—a); these salt concentrations were 80mm with
140mM mannitol buffered at pH 7.4 with Hepes-Tris
10mm. NaCl preloaded vesicles were used with an in-
cubation medium containing 80mM NaCl (k—%) as in
Fig. 1. L-lactate concentration was 1 mM in all experiments.
Each membrane suspension aliquot had a volume of 20 pl
(200 pg) and 1s added to 10pl of incubation medium. The
uptake was stopped by diluting these 120 ul with I1ml of a
150mm NaCl, 10mm Hepes-Tris solution, pH 7.4 (4°C),
filtered on nitrocellulose membrane (0.45pum size pore-
Millipore} rinsed with 4ml of the same buffer; each fil-
tration assay lasted 15 to 20sec for each incubation time
indicated. Means and SE are indicated by points and bars,
respectively, and obtained from two measurements in trip-
licate

uptake of lactate, however, was higher than that
recorded in a KCl gradient (filled triangles in
Fig. 2). This experiment shows that the transient
Na chemical gradient provides the energy for
the transient accumulation of L-lactate.

Two types of evidence suggest that the Na-
L-lactate cotransport is a voltage-dependent
mechanism. First when Cl~ was replaced by the
more permeant anion SCN™, the amplitude of
the overshoot increased (filled circles in Fig. 2);
this potentiation is probably the result of an
increase in the rate of the L-lactate uptake un-
der the influence of the negative electrical po-
tential generated by the diffusion SCN~ into
the intravesicular space [18]. The second evi-
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Fig. 3. Influence of membrane potential (4y) in absence of
Na* chemical potential (4fiy,.). Membrane vesicles are
preloaded in 100mM NaCl, 100mm KCl, 10mm Hepes-
Tris, pH 7.4. Various KCl concentrations in incubation
medium were tested always in presence of 100mm NaCl,
2mM L-lactate. Choline chloride was used to compensate
variation of KCl concentrations. Preloading and incu-
bation mediums contained 10pum valinomycin. Initial rates
of uptake were taken after 5sec incubation time. Means
and sE from four experiments in triplicate are indicated
by points and bars, respectively

dence of the AY effect is given in Fig.3. The
experiments illustrated in Fig. 3 show the mem-
brane potential effect alone on the 1-lactate up-
take. As was found out with the D-glucose up-
take [30], the L-lactate uptake was observed to
be a direct function of the membrane potential.
In absence of chemical gradient of Na*
(100mm NaCl equilibrated) and in presence of
10pm valinomycin (optimal concentration test-
ed) with various [K*], [K™*],,, ratios, uptake
of L-lactate was found to be linearly related to
the log [K+]in/[K+]out'

Vesicles incubated in the presence of D- or
L-lactate have different uptake time courses de-
pending upon which isomer is present (Fig.4).
In the presence of 100mm NaCl gradient, over
the membrane, the lactate uptake shows the
overshoot typical of a transport activated by
sodium; D-lactate transport, however, was
scarcely activated by 100 mm sodium. After 40 to
50sec the uptake of the two isomers tends to-
wards the same equilibrium value.

Initial Rate of L-Lactate Transport
as a Function of External Na
and Lactate Concentration

The aim of the following experiments is to ana-
lyze the variations in initial rates of L-lactate
transport as a function of L-lactate concen-
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Fig.4. Influence of a Na* electrochemical gradient (A, .)
on the time course of L- and D-lactate uptake by brush
border membrane vesicles. Incubation medium-containing
100mm NaCl (100mM mannitol, 10mm Hepes-Tris,
pH 7.4) and (U'*C)-p-lactate (2.5mm) (o—o) or (U*C)-1-
lactate, (lithium salt 2.5 mM) (e—ae), is added to membrane
vesicles at differents times indicated in the Figure. All
filtration conditions are the same as in Fig. 2. Means and
s from four experiments in triplicate are indicated by
points and bars, respectively

tration as well as of external Na concentration.
In order to avoid any complicating contri-
bution of electrical parameters on the transport
activity, vesicles were treated with 10um valino-
mycin and pre-equilibrated with 50mm KCL If
such vesicles are diluted in a medium contain-
ing 60 mM NaCl (final concentration) and vary-
ing concentrations of L-lactate, [**C] L-lactate
uptake rate curve as a function of external L-
lactate has a strongly activated saturation pro-
file (Fig.5) (lactate absorption being linear for
the first 10sec for 100mmM Na or 100mm cho-
line, measurement of the initial lactate absorp-
tion rates were therefore made after Ssec). In
contrast, when diluted in choline chloride the
uptake is a simple diffusion process. These ex-
periments suggest that the total uptake of L-
lactate measured in presence of Na is made of
two components: one carrier-mediated com-
ponent requiring presence of external Na ions
and saturation as a function of L-lactate con-
centrations; a second component which appears
to be a simple diffusion process independent of
the presence of Na ions and probably not car-
rier mediated.

On this basis, the rate of L-lactate uptake by
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Fig.5. Influence of r-lactate concentration in the incu-
bation medium on lactate uptake by renal brush border
vesicles, in absence of membrane potential (with 10um
valinomycin). L-lactate used for this experimentation is L-
lactic acid buffered by 1 mm Hepes-Tris, pH 7.4 (and not a
lithium salt). The incubation medium contains 60 mm
NaCl, 50mm KCl, 60mMm choline chloride, 10 puM valino-
mycin, (e—e), or 50mM KCl, 120mm choline chloride,
10uMm valinomycin (a—a). Concentrations of L-lactate are
indicated in the Figure. The uptake is initiated by ad-
dition of membranes suspended in 50mm KCl, 100mm
choline chloride, 10pm valinomycin. The initial rate of
uptake is obtained after Ssec of incubation. Each point
represents 12-15 experiments with their SB

the transport system, in all the conditions de-
scribed below will be corrected for the diffusion
component. Figure6 shows the influence of
Na* and L-lactate on initial rates of lactate
transport. Figure6a gives a reciprocal plot of
the relationship between the initial rates of up-
take and lactate concentration of the extravesic-
ular medium at 5 sodium concentrations. As
can already be seen in Fig. 5, absorption obeys
saturable kinetics. One can also see that sodium
acts as an activator: more sodium in the extra-
vesicular medium raises the initial rate and in-
creases the apparent affinity of the transport
system for lactate. Finally, it can be seen that
activation is of a competitive type; in other
words, at any sodium concentration the maxi-
mum rate is constant.

The plot of 1/v (uptake rate) versus 1/[Na™]
(sodium concentration obtained) was curved as
for allosteric enzyme and approached a horizon-
tal line which intersects the 1/v axis at various
levels; nevertheless the reciprocal plot of v ver-
sus the square of Na concentration (1/v versus
1/[Nal?) has linear shapes which also indicate
a mixed type of activation. The sodium ap-
parent affinity (K,  ,+) for the transport sys-
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Fig. 6. Effects of Na™ and L-lactate concentrations on L-lactate uptake. All values of initial velocities from Na™ gradient
conditions are corrected by subtracting from them the corresponding values m choline chloride gradient., These initial
velocities are taken at 5sec of incubation. (a) Reciprocal plots of initial velocities of L-lactate uptake as a function of
lactate concentration for various sodium gradients, as indicated on the Figure. (Inset): linear plotting of kinetic parame-
ters: K, (lactate) versus 1/(Na*)>mm~2. (b) Reciprocal plots of initial velocities of L-lactate uptake as a function of Na*
gradient concentrations for various lactate concentrations, as indicated on the Figure. (Inset): replot from (b) or 1/ Virapy 88
a function of 1/(L-lactate) mm~*. (All these experiments were conducted in 10uM valinomycin and at the equilibrium

50 mm KCJ). Each point represents 15 experiments with their Sg

tem diminishes as the lactate concentration in-
creases. The data seem to indicate that more
than one Na* ion interacts with the L-lactate
transport system. The influence of sodium on
the apparent affinity constant of lactate in-
dicates that sodium is an essential activator
which directs the transporter towards the form
which combines with lactate.

Since both sodium and lactate combine with
the transport system, this could be brought
about in a random or an ordered form.

Our experimental results can be interpreted
by an activation mechanism correlated to a
well-defined velocity equation. The only mecha-
nism corresponding to an ordered system of
two sequenced interactions is in accordance
with our experimental results and velocity
equation derived from rapid equilibrium as-
sumptions [32, pp.320-329]. The agreement
was obtained when two Na™ ions (A4) interact
in the schematic process:

global step

+24 +B

C CAA

kP
CAAB ", C+20Q+P

+A

(carzier)

+4
c4

rapid steps

The uptake velocity is proportional to the
decomposition of the hypothetic quaternary
complex:

v=k,[CAAB]. 1

The conservation equation applied to the
equilibrium is:

[Cly=[Cl+[CAA]+[CAAB]. )

k,: constant velocity of lactate transport, [C],:
total carrier concentration, [C]: free carrier
concentration, [CAA], [CAAB], are the
sodium-activated carrier concentrations, the lat-
ter being combined with lactate. [4], [B] =ex-
tracellular concentrations, [P]=absorbed lac-
tate, [Q]=absorbed sodium '.

,_[A7°[C],
u"m> (3)
_[BI[CA4]
"= [CAAB] “
The velocity is expressed:
k [CAAB
” i g

[Cl; [C]+[CAAT+[CAAB]

' In the case of (4) and (B) substrates there is an order

consideration contrary to the (P) and (Q) products for the
debinding.
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We can observe from experimental data that
[A] corresponds to sodium and [B] to L-lactate
concentrations. Both sodium ions interact in
first, L-lactate being the second component [ B].
The binary complex [CA] cannot be used in
this mechanism applied on our results. Thus K|
and K, correspond to the dissociation constants
of two sodium ions and L-lactate, respectively.
(These dissociation constants are taken to be
equivalent to the affinity constant K,.) K
and K, are the apparent d1ss001at10n con-
stants. "fﬁus Egs. (8) and (10) correspond to
Figs. 6a and 6b, respectively. In this case from
Fig.6a we observe that the Ky, oo (lactate) Varies
with the Na™ concentration; the linearization
of K,  versus 1/[Na*]? is shown in the inset
and from Eq.(8) to:

(10)

bapp

1
:K:ZKbI:Z]_Z+Kb (11)

which confirms the K, value or the K, L-lac-
tate of 1.05mm. The intercept plot with the

1/[A]* axis gives 1/K, or K/ =2304mm?>, i.c. for
one sodium ion }/2304mm*, K, . =48mm.

On Fig. 6b and from Eq (10) the intercept
point of the family of curves is common and
corresponds to 1/K!, 044x10"*mm~2 or
2272mm?, ie. a value of 47 mM for the dissocia-
tion constant of one Na't ion. The different
intercept plots on 1/v axis corresponding to
1V, . Voo, =apparent maximal velocity) can
be expresse(f from Eq.(10):

1 1 K, 1
Voo Bl Vo W,
which  confirms  the wvalue of 1/V,
15x 107> min mg nmol 1, ie. 66.6
nmol-min~! mg~? (inset of Fig. 6b).

Although the plotting in direct coordinates
does not show some cooperative effect of the
Na* ion on the lactate initial rate uptake, the
cooperativity and number from the Hill plot
were analyzed. The expression of v/V,, versus
[Na'] for each lactate concentration provides
that the S0.9/S0.1 (sodium ion concentrations
which correspond, respectively, to 0.9 and 0.1
value of ¥, apparent) is always 20, indicating a
high cooperativity of the Na* ion with the lac-
tate carrier system. The Hill plot of V/V, _
versus Na™ ion, in log scale, showed a Hill
number of 2 prov1d1ng the st01ch10metry pre-
viously expressed (not shown). The lactate has
revealed no cooperative effect on uptake itself.

Thus from an analysis of the experimental
data one can obtain the respective affinities of
lactate and sodium during lactate transport,
using equations derived from rapid equilibrium
transport system assumptions [32, pp. 320-329];
the interactions of sodium and lactate with the
transport system are therefore coordinated, so-
dium being the first to react.

(12)

Discussion

The main purpose of this study was to de-
termine the characteristics of lactate translo-
cation across renal brush border membranes.
The present experiments support the concept
that transmembrane lactate reabsorption de-
pends on a cotransport with sodium, and yield
further insight on the functional mechanism of
the lactate transporter.

Our results with the membrane vesicles sug-
gest the following conclusions: (1) The energy
necessary for the active (secondary) transport of
L-lactate is furnished by the electrochemical
gradient of extravesicular Na*; sodium does
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not activate D- and L-lactate transport to the
same degree, i.e. the transport systems studied
seem specific. (2) L-lactate absorption is brought
about by an ordered mechanism with two sub-
strates (sodium preceding lactate); 2 Nat must
interact with the transport system indicating a
stoichiometry of 2:1, Na* versus lactate.

Characteristics and Energy Relations
of Lactate Transport

At equal concentrations D- and p-lactate are
not equally sensitive to an electrochemical gra-
dient of Na*. Sodium gradient-dependent lac-
tate transport would therefore appear to be
more specific to the L isomer than to the D, but
not as strongly as in the case for phenylalanine
[27] and for p-glucose as compared with its L
isomer [29]. Furthermore, as to the specificity
of the lactate carrier, it is possible that the D
and L isomers interact with the same carrier,
the L isomer having the greater affinity owing
to its molecular structure: this interpretation is
supported by the fact that the D-lactate changes
the overshoot of the time course of L-lactate
absorption [4].

The L-lactate transport system described
here shares numerous properties of different
Na-dependent cotransport systems for sugar,
amino acids and anions in other brush border
membranes. In these systems the Na gradient is
the driving force which provides energy for the
accumulation by the two components of the
electrochemical potential (4u and Ays) or of the
chemical potential (4uy,) alone. From the data
obtained by several authors and those presen-
ted in this paper, the electrogenic character va-
ries in function of the membrane origin (en-
terocytes or kidney proximal tubule cells). It is
interesting to compare first the electrogenic
properties of L-lactate uptake with other sys-
tems, and second the influence of chemical po-
tential on the L-lactate uptake kinetics. Indeed
the time course of L-lactate absorption shows
an overshoot dependent of the sodium gradient,
as observed in brush border vesicles of ente-
rocytes of rabbit [22], rat [11, 35], and rat
renal cortex [4]. This uptake which can be
activated even in vesicles preloaded in NaCl,
indicated that the lactate is coupled with so-
dium in a cotransport process; since a KCI
gradient has no effect, sodium is specific for this
process as it has been reported for glucose [3]
and amino acids [17, 28].

In the presence of a NaSCN gradient, re-
placing Cl1~ by SCN~ has the effect of increas-

ing the membrane potential (4¥), and an in-
crease of maximum lactate absorption occurs at
the level of the overshoot. When the intravesic-
ular medium is made more negative, lactate is
therefore absorbed more rapidly, as has already
been shown to occur for glucose [5], proline
[30] and phenylalanine [17] where the sodium
cotransports are electrogenic contrary to the
phosphate uptake demonstrated to be electro-
neutral [237.

Moreover, we can note that according to the
nature of the membrane in question, the elec-
trochemical Na* gradient is completely or par-
tially used as the energy source for lactate
transport: for enterocytes [22], Na-lactate co-
transport is insensitive to any variation of mem-
brane potential, whereas in the kidney, chemi-
cal and electrical potentials act on lactate ab-
sorption.

These properties concerning this membrane
potential dependence [4] corroborate with the
gradient hypothesis [12, 13] which postulates
that NaCl ionic or H* gradient provide the
driving force for the cotransports systems.

Ordered Cotransport of Na™ and L-Lactate
under Na Chemical Potential Conditions

The saturable r-lactate transport is a function
of the chemical potential of sodium and is close-
ly regulated by the electrochemical potential
(Figs. 2 and 3). The chemical potential of the
lactate itself does not give sufficient energy for
facilitating and activating L-lactate transport.
Several general analyses of cotransport have
been made [2, 10, 31, 34, 36]. According to
Heintz’s terminology [217, our system is of an
“affinity” type: sodium modifies the affinity of
lactate for its transport system. The analysis of
the kinetics of the cotransport system in rapid
equilibrium agrees with the experimental lactate
influx results. This model where the sodium
acts as an essential cofactor in transport mech-
anism, advances the presence of a binary com-
plex (carrier-sodium) and a ternary one (carrier-
sodium-lactate). Thus we can observe for the
range of concentrations studied, that first the
sodium interacts with the membranc system,
then the lactate, the uptake of two Na ions
being coupled to one lactate anion. Since the
system is coordinated, the sites of lactate and
sodium interaction are distinct but functionally
interdependent. This sequential system is al-
most a kinetic fact but does not correspond
necessarily to an existing entity, especially with
regard to the ternary complex (C—AA—B) as
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such; the sodium (two ions), while being car-
ried, could have an activating effect on a func-
tional lipoprotein component of the membrane
lactate carrier, like an energization process.

The stoichiometry observed during the lac-
tate transport, in presence of chemical potential
is consistent with the electrogenic properties of
the lactate uptake and explains that the global
charge of Na-lactate is not zero.? The absence
of a “sigmoidal” effect of the Na ion on the
lactate uptake, but the high cooperativity and
the apparent Hill number of 2 observed, can
indicate the weak representation of the carrier
complex (CA), with one Na ion. The apparent
process seems to result from the single interac-
tion of 2Na ions; these data were observed
from the correspondence between the velocity
equations and experimental curves of the lac-
tate transport. This conclusion was also
suggested when the proton gradient, across the
brush border membrane, was found without
stimulation on the sodium-dependence of lac-
tate [25].

The experimental data also show that the
salt sodium lactate is not the true substrate of
the transporter; in fact if this were the case the
reciprocal plot, 1/V versus 1/lactate would be
straight and parallel lines at low lactate con-
centrations and would form a series of plateaus
at the level of the 1/V axis at high lactate con-
centrations [32, pp.245-250]. Our results thus
agree with the presence of distinct sites for lac-
tate and sodium.

We can again observe that this L-lactate up-
take seems to present some analogy with the
phenylalanine uptake [17] of which the data
were obtained without annulling the membrane
potential and which is characterized by an elec-
trogenic transfer and a coupling factor of two,
2Na ions for one phenylalanine molecule. If we
compare the lactate system to that of inorganic
anions, a study of the kinetics of absorption
and binding (using specific probes) let to the
concept of a sequential exchange mechanism
[7]. In fact these studies showed that, in ad-
dition to an anion-absorption site, a second site

2 A same stoichiometry of Na-coupled lactate absorp-

tion (2 Na versus one lactate anion) is suggested by analy-
sis of the cell potential response (depolarization) under
lactate perfusion conditions (I. Samarzya, V. Molnar and
E. Fromter, 1980.) Advances in Physiological Science
Vol.11, Kidney and Body Fluids. L. Tabécs editor.
pp. 419-423. 28th International Congress of Physiological
Sciences (Budapest). Pergamon, Akademiai Kiado, Bu-
dapest, 1981.

may exist: the “modifier site”. A series of in-
teractions would thus be necessary for activat-
ing the inorganic anion absorption mechanism.

Finally, a comment should be made on the
nature of the information obtained using either
our “rapid equilibrium” approach or that re-
sulting from an “isotopic exchange” technique
as developed by Hopfer [24]. It is clear that
our approach enables us to be precise only
about the first step of the transport reaction, iLe.
the sequence of binding of the cotransported
species (ordered process). Hopfer’s approach,
one the other hand, indicates whether the pro-
cess is ordered and also shows that the first
solute which interacts with the membrane car-
rier is the first one which is released. The “ra-
pid equilibrium” technique appears therefore to
bring complementary information on the mech-
anism of Na-solute cotransport.

Thus to exclude some limit of this proposed
mechanism, namely, about the debinding step
of the solute from the membrane carrier system,
a second paper using lactate and sodium isot-
opic exchange will confirm more insight into
Na-lactate transport as an isoordered bibi-type
mechanism corresponding to an A.S. glide mod-
el [36] (a system where the binding and un-
binding steps of rectants are symmetrical, ie.,
the activator (A) interacts before the solute (S)
for the binding on the carrier, and also this
activator is released first in the intravesicular
medium corresponding to a glide model).

Addendum

The time course of the (**C) r-lactate (5mm) and 2*Na
(120mm) uptake, measured under isotopic exchange con-
ditions has shown a coupling factor of 1.67 (R. Mengual,
unpublished results).
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