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Summary. The sodium-dependent L-alanine transport across
the plasma membrane of oocytes of Xenopus laevis was studied
by means of ['*C]-L-alanine, 2*Na* and electrophysiological
measurements. At fixed sodium concentrations, the dependence
of alanine transport on alanine concentration follows Michae-
lis-Menten kinetics; at fixed alanine concentrations, the trans-
port varies with sodium concentration with a Hill coefficient
of 2. In the presence of sodium the uptake of alanine is accom-
panied by a depolarization of the membrane. Under voltage-
clamp conditions this depolarization can be compensated by
an inward-directed current. Assuming that this current is car-
ried by sodium we arrive at a 2:1 stoichiometry for the sodium-
alanine cotransport. The assumption was confirmed by direct
measurements of both sodium and alanine fluxes at saturating
concentrations of the two substrates, which also yielded a stoi-
chiometry close to 2:1. The sodium-L-alanine cotransport is
neither inhibited by furosemide (0.5 mmol/liter) nor by N-
methyl amino isobutyric acid (5 mmol/liter). A 20-fold excess
of D-alanine over L-alanine caused about 60% inhibition.
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Introduction

Since the first discovery of cotransport of sodium
and amino acids in tumor ascites cells (Oxender
& Christensen, 1963 ; Christensen, Liang & Archer,
1967), the nearly universal occurrence of cotrans-
port systems has been demonstrated and many
papers have appeared that deal with the analysis
of their kinetics (for review, see Guidotti, Borghetti
& Gazzola, 1978). One of the central questions
concerns the stoichiometrical ratio between sodi-
um and solute transport. In a number of instances,
notably in experiments with membrane vesicles
(Kinne, Barac & Murer, 1980) and red cells (Vi-
daver, 19644, b), it was possible to measure directly
the influx of sodium and solute. The results suggest
stoichiometrical ratios of 1:1 between sodium and
sugars or certain amino acids, and of 2:1 between
sodium and certain other amino acids or inorganic
phosphate. In experiments with intact cells this

technique frequently encounters difficulties and the
information available only allows one to make sug-
gestions based on indirect reasoning and circum-
stantial evidence (e.g. Samarzija & Fromter, 1982).

In the present paper an attempt is made to de-
termine the stoichiometrical ratio for the cotrans-
port of alanine and sodium in the plasma mem-
brane of the oocytes of Xenopus laevis. A saturable
alanine transport system (Bravo, Salazar & Al-
lende, 1976) has previously been demonstrated to
exist in these cells. We have shown that this system
requires sodium, similar to leucine transport (Bellé,
Marot & Ozon, 1976), and have examined the sodi-
um dependence of the influx of alanine by means
of the radioactively labeled amino acid. These mea-
surements were compared with voltage-clamp de-
terminations of the membrane current that is
known to be associated with the cotransport (Berg-
man & Bergman, 1981; Petersen & Singh, 1981;
Fromter, 1982). This permits a direct estimate of
the stoichiometry of the number of charges that
are moved together with the amino acid.

Materials and Methods

Ovaries of Xenopus laevis were removed from the females under
anaesthesia with MS 222 (Sandoz) and the oocytes were defolli-
culated by enzymatic treatment with collagenase (0.5 units/ml
Barth’s medium, 8 to 16 hr, 18 °C) and subsequent washings
in Ca* *-free Barth’s medium.

To measure alanine uptake, prophase-arrested, full grown
oocytes were incubated at 21 °C in Barth’s solution containing
['*C]-L-alanine. After suitable lengths of time, 5 oocytes were
removed from the medium and carefully washed in Barth’s solu-
tion. Each of the 5 oocytes was dissolved separately in sodium
dodecyl sulfonate solution and the radioactivity was determined
by liquid scintillation counting. The rates of uptake were de-
rived from the slopes of the straight line through the data points
obtained at 4 different sampling times within one hour of incu-
bation. 2?Na™ uptake was measured essentially similar except
that 60 oocytes were counted in pairs of two per vial.
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Barth’s solution had the following compositon (in mmol/
liter): 88 NaCl, 1.0 KCI, 2.4 NaHCO,, 0.82 MgSO,, 0.33
Ca(NOj),, 0.41 CaCl,, 5.0 Hepes, pH 7.6. Barth’s solutions
with variable sodium concentrations were obtained by isos-
motic substitution of NaCl by choline chloride and of NaHCO,
by Li,CO;. The voltage-clamp experiments were performed
by the conventional 2-microelectrode technique. Micropipettes
contained 1 mol/liter KCl and had electrical resistances of
about 107 Q. The membrane resting potentials given as inside
minus outside potentials, were —67.8+6.5 mV (n=28). During
the time course of the measurements, the oocytes were kept
in a chamber which was continuously perfused with unmodified
or modified Barth’s solution. The temperature was always 20 °C.

Results

The uptake of alanine by the prophase-arrested,
full grown oocytes follows a linear time course for
at least the first 60 min after exposing the cells
to the alanine containing Barth’s solution (Fig. 14,
b). The Figure indicates that the data point at the
first sampling time is in the majority of the experi-
ments situated above the straight line that passes
through the origin. This suggests that the inward
transport of the amino acid may be preceded by
some rapid binding to the outer cell surface. We
have calculated the uptake rates from straight lines
that were forced through zero as well as from the
best straight lines that can be plotted through the
data points without this constraint. We found that
the results of the evaluation of the kinetics of ala-
nine transport were similar regardless of how the
uptake rates were obtained. In all subsequent Fig-
ures we show data that are based on the assump-
tion that binding prior to transport can be ne-
glected and that the curves start at the origin.

Figure 2a shows that with increasing alanine
concentration the rate of uptake increases. The re-
lationship between concentration and rate of up-
take is a function of the sodium concentration in
the medium. In the absence of sodium, the rela-
tionship is linear up to the highest alanine concen-
tration tested. The addition of sodium enhances
the rate of uptake. After subtraction of the sodi-
um-insensitive uptake, the curves show simple sat-
uration kinetics. Both V., and K,, vary with the
sodium concentration: V,,, increases with increas-
ing sodium while K|, decreases (Fig. 2b).

In a second set of experiments, we studied the
influence of the variations of the sodium concen-
tration on alanine uptake in a more systematic
manner. We chose an alanine concentration at
which the transport system is saturated when the
sodium concentration produces maximal effect.
Figure 3 shows an S-shaped relationship between
alanine uptake and sodium concentration. An Ea-
die-Hofstee plot shows deviations from linearity
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Fig. 1. Time course of uptake of [**CJ-alanine by full-grown
oocytes. Each data point represents the mean of uptake into
4 to 5 separately counted oocytes. a) Alanine uptake at constant
concentration of 558 pmol/liter alanine at three different Na*
concentrations (11, 22 and 88 mmol/liter). b)) Alanine uptake
at a constant concentration of 88 mmol/liter Na* at three dif-
ferent alanine concentrations (27, 50, 555 pmol/liter)

when we plot on the abscissa */[Na]. However,
when we plot */[Na]* we obtain straight-line rela-
tionships indicating that the uptake takes place
with a Hill coefficient of 2. When a lower than
maximally saturating alanine concentration is cho-
sen, one again obtains an S-shaped curve, which
again yields a straight-line relationship in an Eadie-
Hofstee plot where */[Na}* is plotted on the abscis-
sa. Again, the Hill coefficient is 2, but the maximal
rate of transport is reduced.

In order to explore whether the sodium depen-
dence of alanine transport represents an activation
process without or with cotransport, we studied
the effects of alanine and sodium on membrane
potential and membrane current. Figure 4 shows
that the addition of alanine to oocytes that are
suspended in sodium-containing Barth’s solution
leads to a depolarization of the membrane. The
extent of this depolarization varies with the alanine
concentration in the medium. The potential drop
reflects a current that can be measured under volt-
age-clamp conditions (Fig. 5). The potential chan-
ge can only be seen when both alanine and sodium
are present (Fig. 6). This suggests that we are deal-
ing with a cotransport of the two substances, un-
charged alanine and, presumably, sodium.

In a set of experiments with the oocytes of 3
different animals, an attempt was made to deter-
mine the stoichiometrical relationship between so-
dium and alanine transport. For this purpose, V..
was measured by means of [**C]-alanine and the
sodium-dependent current was determined at con-
stant membrane potential. The Table shows that
after conversion of the current into fluxes, the ratio
between the movements of sodium and alanine are
close to 2:1. This applies not only to the oocytes
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Fig. 2. a) Rate of alanine uptake as a function of alanine concentration in the medium. 0, 22 and 88 mmol/liter refer to the
Na® concentration in the medium at which the rates of uptake were measured. The data at 22 and 88 mmol/liter Na® are

corrected for the Na't-independent alanine uptake. The solid lines with the parameters V,_,

and K,, are least-squares fits of

X

Michaelis-Menten kinetics to the data. b) Eadie-Hofstee plot of the data in Fig. 24
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Fig. 3. @) Rate of alanine uptake as a function of Na' concentration in the medium. 27 and 558 umol/iiter refer to the alanine
conceniration in the medium. The data are corrected for the Na *-independent alanine uptake. The solid lines represent least-squares
fits of V.- [Na*]*/(K,,+[Na™]?), with fixed V,,,, obtained from Fig. 3b. b) Modified Eadie-Hofstee plot of the data in Fig. 3a;
on the abscissa is plotted */[Na*]” instead of ?/[Na*] as in the original version of the plot

from the two animals with nearly equal V_,,
values, but also to the oocytes of the third animal
with a V7, that is only 60% of the value found
in the oocytes of the other two animals. It appears,
therefore, that the cotransport of alanine and sodi-
um in the oocytes takes place at a sodium/alanine
ratio of 2:1.

The stoichiometrical ratio of 2 sodium ions/1
alanine inferred from the electrochemical measure-
ments was confirmed by direct determinations of
sodium and alanine influx, using >*Na* and [**C]-
alanine for double labeling. The fluxes were mea-
sured in 30 pairs of oocytes of the same female
in Barth’s solution containing 558 pmol/liter ala-
nine and 44 mmol/liter Na™. Under these condi-
tions the cotransport system is nearly saturated
with both substrates. Sodium influx, as measured
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Fig. 4. Changes of membrane potential induced by changes of
the alanine concentration. Upper trace: membrane potential;
downward deflections indicate depolarizations of the resting
potential (E,=—75mV). The chamber containing the oocyte
is perfused with alanine-free Barth’s solution. Upward deflec-
tions of the lower trace indicate a replacement of the Barth’s
solution by an otherwise identical medium containing alanine
of one of the concentrations indicated in the Figure
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during 60 min of incubation in the presence of the
radioactively labeled substrates, was 91.01+10
pmol/oocyte/hr; the alanine influx was 48.7 +5.0
pmol/oocyte/hr corresponding to a stoichiometri-
cal ratio of 2:1. Rather similar results were ob-
tained when the fluxes were measured in the pres-
ence of furosemide (0.5 mmol/liter): The sodium
influx was 79.7+10.5 pmol/oocyte/hr, the alanine

10 min

@ 2mmol/t L-alanine

Fig. 5. Changes in membrane potential and current in response
to perfusion with 2 mmol/liter L-alanine. The periods of perfu-
sion with alanine-containing media are indicated by the lower
traces. @) Membrane potential; a downward deflection indicates
a depolarization of the resting potential (E,= —62 mV). b) and
¢) Membrane currents during constant voltage clamp fo the
resting potential E,; downward deflections indicate inward cur-
rents of positive charges. a and b are obtained from the same
oocyte. The gradual current decline seen in part b was observed
in many experiments and reflects an additional transmembrane
charge movement that is not attributed to Na¥ movements.
In some experiments this decline of inward current was not
observed (part ¢). Comparing steady-state currents as in part
¢ or peak currents as in part » during alanine application with
measurements of the alanine flux give the same stoichiometrical
ratio of 2:1 for the sodium-alanine cotransport
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influx was 48.7 +-12.5 pmol/oocyte/hr, giving again
a stoichiometrical ratio of 2:1. The latter set of
data does not only confirm the former but also
shows that furosemide neither affects the sodium-
alanine cotransport nor the alanine-independent
sodium transport. Measurements of the alanine-
induced current were performed parallel to the
measurements of the cotransport by means of ra-
dioisotopes. When the membrane potential was
clamped at the resting potential seen before initia-
tion of cotransport, the alanine-induced current
was 3.0 nA, which corresponds to a flux of
114 pmol/oocyte/hr. This is close to the isotopi-
cally measured sodium flux of 91.0 pmol/oocyte/hr
that accompanies the alanine movements.

@ 2 mmolflL-alanineBarth’s O mmot/l Na
@ 2 mmol/t L-alanineBarth’s

- Barth’s 0 mmol Na

—— Barth's

Fig. 6. Addition of alanine in the absence of Na* (Na* substi-
tuted by tetramethylammonium (TMA)) produces no potential
drop (1); when added in the presence of Na*, the potential
drop is induced (2). Note: the change from TMA-substituted
barth’s medium to Na*-containing Barth’s medium is accom-
panied by a potential drop of no more than 5mV; resting
potential in Barth’s solution: —50 mV

Table. Comparison of isotopically measured maximal velocity (V,,,,) of alanine uptake with current
induced by exposure of the oocyte to a saturating alanine concentration (I,,)

Animal V. I, Ratio 1,/ V., after conversion
of I, in pmol/oocyte/hr®
(pmol/oocyte/hr)  (nA) 1:1 2:1 3:1
1 58.9+3.2 31406 284+ 5.1 56.8+10.3 852+154
(n=4)
2 324+4.6 23404 208+ 3.7 4164+ 7.3 62.44+11.0
(n=5)
3 54.7+4.3 32405 298+ 44 59.5+ 87 89.3+13.0
(n=8)
% of measured V.,
1 100+ 5.4 482+ 8.7 96.4+17.5 144.7+26.0
2 100+14.2 64.2+11.4 128.4+22.5 192.6+34.0
3 100+ 7.8 545+ 8.0 108.8+15.9 163.3+23.8
Mean 1004+ 7.6 55.6+ 7.3 111.2+14.5 166.9+21.7

* These 3 columns give values of ¥, to be expected from I, for three different stoichiometrical
ratios of I,/V,... It is evident that the ratio 2:1 gives the best agreement with the determinations

of Vax
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Differences of V,,, values do not only repre-
sent biological variations between the oocytes from
different animals. When the oocytes in the same
animal are removed from their follicles and incu-
bated in wvitro, an increase with time of V,_,, at
nearly constant K,, is observed (Fig. 7). The differ-
ence between the oocytes from different animals
reflects, perhaps, differences of the developmental
stages of the oocytes.

To classify the transport system of the oocyte
of Xenopus, with respect to the other hitherto
known amino acid transport systems, we studied
the sensitivity of alanine transport to D-alanine and
N-methyl amino isobutyric acid. The latter pro-
duced no inhibition, even when added at a large
excess over the alanine. D-alanine produced about
60% inhibition at a 20-fold excess (Fig. 8). In the
presence of sodium, p-alanine was also found to
induce a sodium-dependent voltage drop, although
the effects were only about one-half as large as
with L-alanine.

Discussion

The dependence of alanine flux on sodium concen-
tration is sigmoidal and yields a straight-line rela-
tionship when the flux is plotted against */[Na]*.
This strongly suggests that the binding of two sodi-
um ions is required for the transport of one amino
acid molecule. The measurement of the membrane
current shows that at complete saturation of the
transport system with both sodium and the amino
acid, 2 positive charges are moved inward together
with 1 amino acid molecule. On the basis of the
electrical measurements alone the possibility can-
not be ruled out that this cotransport process may
be associated with the movements of other anions
or cations that electrically balance cach other out
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Fig. 7. Change of V., of the rate of Na*-independent alanine
uptake (left ordinate), and of K,, (right ordinate) with time
after defolliculation. The incubation medium is standard
Barth’s solution. ¥_,, and K, are corrected for the Na*-inde-
pendent uptake
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and thus do not contribute to the current. The
stoichiometrical ratio 2:1 represents, therefore, a
minimum estimate. The simultaneous measure-
ments of sodium and alanine uptake into single
oocytes by double labeling with 2?Na™ and [**C]-
alanine confirms, however, that the ratio refers in-
deed to the coupled transport of 2 sodium ions
and 1 alanine molecule.

The sigmoidal dependence of the alanine influx
on sodium seems to represent a cooperative effect
of sodium ions that cannot be related to membrane
depolarization and the concomitant reduction of
the driving force for sodium. There are two reasons
that support this view: (i) large changes of the sodi-
um concentration exert only minor effects on mem-
brane potential (see Fig. 6 and Kusano, Miledi &
Stinnakre, 1982); (ii) experiments with metaphase-
arrested, shed oocytes (Jung & Richter, 1983) with
resting potentials of —15 to —18 mV gave the
same dependence on sodium concentration of the
alanine transport as the experiments with the full-
grown oocytes used in this work with resting po-
tentials of about —68 mV.

Among the various transport systems for neu-
tral amino acids that have been described so far
there are 3 that are dependent on sodium. Two
of the systems are designated by the letters ASC
and A. Both are widely distributed in different
types of cells. The third system prefers glycine as
a substrate, and it has been found in red blood
cells. The ASC system can be distinguished from

279pmol/l L-alanine
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pmol /oocyte /h

control Me-AIB D-ala

Fig. 8. Na"-dependent rate of uptake of 279 pumol/liter L-ala-
nine in control medium containing 88 mmol/liter Na™, and in
the presence of either 5 mmol/liter N-methyl amino isobutyric
acid or 5 mmol/liter D-alanine added to the control medium
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the others by its stereospecificity, its insensitivity
to inhibition by N-methyl amino butyric acid or
other methylated amino acids, and pH changes.
The rate of amino acid transport is hyperbolically
related to the sodium concentration in the medium.
The ASC system has been shown to transport ala-
nine in a number of tissues. Deviations from hyper-
bolic relationship between alanine flux and sodium
concentration, toleration of an N-methyl group as
a substituent, and its sensitivity to pH changes are
important properties of the A system. [t has been
suggested that this system and the glycine trans-
port system may just be variants of each other
(Guidotti et al., 1978). The rate of glycine trans-
port is linearly related to the reciprocal of the
square of the sodium concentration in the medium
(Vidaver, 1964 a; Al-Saleh & Wheeler, 1982).

As shown in Fig. 3, the dependence of alanine
transport in Xenopus oocytes on the square of the
sodium concentration is similar to that of the gly-
cine transport in red blood cells (Vidaver, 1964 a).
In unpublished experiments a strong pH depen-
dence in the range of pH 4.4 to 8.1 was observed,
similar to the pH dependence for the A system
in Ehrlich ascites tumor cells described by Chris-
tensen et al. (1967). This suggests that our results
with Xenopus oocytes refer to the A system. The
lack of inhibition by N-methyl amino isobutyric
acid and the slight-inhibition by D-alanine (Fig. 8)
is similar to that observed in the ASC-system (Gui-
dotti et al., 1978). We believe, therefore, that the
stereospecifity and the specifity with respect to the
methyl group in the A system of Xenopus oocytes
is higher than in other types of cells. The existence
of the A system has been demonstrated previously
in Xenopus embryos developed to stages 23 to 25
(Mlot, Prahlad & Hampel, 1978).
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