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Summary. The cloned rabbit intestinal Na* /glucose cotransporter
was expressed in Xenopus laevis oocytes. Presteady-state and
steady-state currents associated with cotransporter activity were
measured with the two-electrode voltage-clamp technique.
Steady-state sugar-dependent currents were measured between
—150 and +90 mV as a function of external Na* ([Na],) and a-
methyl-D-glucopyranoside concentrations ([eMDG],). Kg¥Po
was found to be dependent upon [Na], and the membrane poten-
tial. At V,, = —50 mV, increasing [Na], from 10 to 100 mm
decreased K§¥P6 from 1.5 mm to 180 uM. Increasing membrane
potential toward negative values decreased K§¥P° at nonsaturat-
ing [Naj,. For instance, at 10 mM [Na],, K§¥PC decreased from
1.5 mM to 360 wM on increasing the membrane potential from
—50 to — 150 mV. The i2MPS was relatively insensitive to [Na],
between [0 and 100 mm and weakly voltage dependent (e-fold
increase per 140 mV). K)2 and i¥2, were found to be dependent
upon membrane potential and [sugar],. In the presence of 1 mMm
[aMDG],, K32 decreased from 50 to 5 mm between 0 and — 150
mV and X2, increased twofold between —30 and —200 mV. The
voltage dependence of K}2is consistent with an effect of potential
on Na* binding (Na*-well effect), whereas the voltage depen-
dence of i\, is compatible with the translocation step being volt-
age dependent. It is concluded that voltage influences both Na*
binding and translocation. Presteady-state currents were ob-
served for depolarization pulses in the presence of 100 mm (Na],.
The transient current relaxed with a half time of =10 msec, and
both the half time and magnitude of the transient varied with the
holding potential and the size of depolarization pulse. Presteady-
state currents were not observed after the addition of phlorizin
or aMDG to the external Na* solution and were not observed for
water-injected control oocytes. We conclude that presteady-state
currents are due to the activity of the carrier and that they may
give a novel insight to the transport mechanism of the Na*/
glucose cotransporter.
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1. Introduction

Na*-dependent cotransporters are membrane pro-
teins found mainly in animal cells. Their physiologi-

calrole is to accumulate organic solutes, ¢.g., sugars
and amino acids, and inorganic solutes within cells.
The energy for this process is provided by the elec-
trochemical gradient across the membrane for Na*t
ions, and the process is frequently referred to as
secondary active transport (for reviews see Semenza
et al., 1984; Schultz, 1986; Hopfer, 1987). Whereas
it has been long established that Na*-dependent co-
transporters are electrogenic and voltage dependent
(for review see Schultz, 1986), few studies have di-
rectly characterized their electrophysiological prop-
erties (Jauch, Petersen & Lauger, 1986; Lapointe,
Hudson & Schultz, 1986; Smith-Maxwell et al.,
1990).

Throughout the years, models that have been
proposed to describe Na'-substrate cotransport
have either featured a voltage-dependent effect on
Na™ binding (Na*-well model) or an effect of poten-
tial on any carrier translocation step (Semenza et
al., 1984; Lauger & Jauch, 1986). Studies reporting
the effect of potential on steady-state kinetics can
provide invaluable information about the mecha-
nism of Na™/substrate cotransport and the site of the
voltage-dependence (Kimmich, 1990). For instance,
Jauch and Lauger (1986) have demonstrated, using
the whole-cell variant of the patch-clamp technique,
that the cotransport of alanine through the Na*/
alanine cotransporter involved a voltage-dependent
Na™/binding reaction step. In the same study, they
also showed that the voltage dependence of
K@anine was only compatible with a simultaneous co-
transport model.

The successful cloning and expression of the
Na*/glucose cotransporter activity in X. laevis oo-
cytes (Hediger et al., 1987; Ikeda et al., 1989) now
makes it possible to investigate the effect of potential
on steady-state and presteady-state Kinetics using
an electrophysiological approach. When expressed
in Xenopus oocytes, the cloned Na*/glucose co-
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transporter can generate net inward currents up to
500 nA (Umbach, Coady & Wright, 1990) that makes
it possible to measure steady-state Na™/glucose ki-
netics on a single oocyte. These advantages led us
to a comprehensive study of the kinetics of the Na™/
glucose cotransporter as a function of voltage. In
addition to steady-state kinetics, we also report our
observations on the presteady-state kinetics of the
cotransporter. Preliminary reports of these results
have been presented elsewhere (Parent et al.,
19904, b).

I1. Materials and Methods

A. cRNA TRANSCRIPTION

Plasmid pMJC424, namely pBluescript KS* with a 2.2 kb insert
containing the ¢cDNA encoding for the rabbit intestinal Na*/
glucase cotransporter, was cleaved with Not 1, and RNA was
transcribed and capped as described previously (Hediger et al.,
1987).

B. OoCcYTE PREPARATION

Stage V or VI oocytes from adult X. laevis frogs (Xenopus 1,
Ann Arbor, MI) were treated with S mg/ml of collagenase-B
(Boehringer-Mannheim, Indianapolis, IN) for 1 hr at room tem-
perature (Ikeda et al., 1989). Oocytes were then manually defol-
liculated after 1-hr incubation in a K-phosphate medium (100 mm
K,;HPO,; 0.1 g/ml bovine serum albumin) and left to recover
overnight. They were injected with either 50 (+1) ng of cRNA or
diethyl-pyro-carbonate (DEPC) treated H,O and were cultured at
18°C in a Barth’s medium containing (in mm): 88 NaCl, 1 KCl,
0.33 Ca(NO;),, 0.41 CaCl,, 0.82 MgSO,, 2.4 NaHCO,, 10
HEPES-Tris, 0.1 mg/ml gentamicin, pH 7.4 for 5 to 14 days.
Experiments were performed from July 1989 to August 1990.

C. ELECTROPHYSIOLOGY

QOocyte currents were measured with the two microelectrode
voltage-clamp method. Both electrodes were filled with 3 m KCl
with resistances ranging from 7 to 14 M{}. Although oocyte resting
potentials were found to vary from —20 to —70 mV, they were
relatively constant for oocytes coming from the same frog. As
measured in a Na* medium (see below for composition), CRNA-
injected oocytes usually showed a slightly lower resting potential
with a mean membrane potential of —38 mV (SEM = 1; N= 311)
as compared to —48 mV (sem = 2, N = 62) for water-injected
oocytes. Only oocytes with a resting potential more negative than
—35 mV were used in the experiments described here.

Under voltage-clamp conditions, command potentials were
controlled by an IBM-compatible computer (Everex 386/25) via
the software CLAMPEX from pCLAMP (version 5.5, Axon In-
struments). CLAMPEX was modified to include analysis features
such as steady-state [-V curve subtraction and printing of current
traces. For the experiments described herein, current-voltage
(I-V) relationships were obtained with a pulse protocol. For most
experiments, current-voltage relationships were obtaijned with 21
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pulses of potential (4 10-mV increment) between — 150 and + 50
mV. The oocyte membrane was pulsed at time ¢ = 4 msec to the
test potential for 84 msec followed by a I-sec interpulse interval
at the holding potential of —50 mV before the next pulse. Note
that test potentials were symmetrically applied around the holding
potential. No difference in the I-V curve was observed whether
the membrane was pulsed from positive-to-negative or from
negative-to-positive potentials. Currents were filtered at 20 kHz,
digitized at 200 usec (512 samples) and saved on computer.
Steady-state currents were obtained by averaging the current
between 72 to 76 msec (20 samples).

The total current measured at steady state may be repre-
sented by the sum of the current, /, carried by the Na*/glucose
cotransporter plus the current i, = (V,, — V,)/R,, through other
conductive pathways in the cell membrane

i= imeasurcd - iuz 4)]

where R, is the membrane resistance in the absence of sugar, V,,
is the membrane potential and V., is the resting potential. Implicit
in this representation is the assumption that sugar has no other
electrical effect apart from activating the cotransport system.
Experiments performed with known blockers, e.g., 2 mM ouna-
bain, or 500 uM amiloride, or 5 mm BaCl,, or 5 mm TEAC], or
the omission of 1 mMm CaCl,, or 2 mm KCI, or 1 mm MgCl,, and
the replacement of chloride (75%) by gluconate did not affect the
size of sugar-dependent currents.

Membrane currents were measured before and after the
addition of sugar to the bath. The steady-state sugar-dependent
currents / (reported as the difference in current measured in the
presence and in the absence of sugar) were fitted to phenomeno-
logical Egs. (2) and (3) using the software ENZFITTER (version
1.05, Elsevier-Biosoft).

; e [sugar],

T Ky + [sugarl, @
iNe [Nal?
i=
(K" + [Nal? 3

where i is the difference in current measured before and after the
addition of sugar (=sugar) at any given test potential, [sugar], is
the external sugar and [Na], the external Na* ions concentration.
n is the apparent coupling coefficient for Na* jons, i3'¥" the
maximum current at saturating external sugar concentration,
iN2 the maximum current at saturating external Na* concentra-
tion and K§%* is the external sugar concentration that gives half
the value of i %87, K)2is the external Na* concentration that gives
half the value of /Y2, . The error on the fit is shown as * error
value such as in Figs. 3 to 10. To distinguish the ‘‘error’’ of the
fit (+error) from the statistical error of a group of results, the
mean value of a series of experiments will be given in the form:
mean (SEM; N) where Sem is the standard error of the mean
(SEM = sp/VN) and N is the size of the sample.

The kinetic analysis was limited to steady-state sugar-depen-
dent inward currents obtained in the potential range for which
En. — E,, =30mV at all [Na],, given that [Na]; is 15 mm (Dascal,
1987). This allows measurement of steady-state sugar-dependent
currents in a range where the signal-to-noise ratio is optimum.

Experiments performed throughout the year with 62 water-
injected oocytes under voltage-clamp conditions never showed
a sugar dependent current greater than 1 nA. In addition, the



L. Parent et al.: Cloned Na*/Glucose Transporter Kinetics

maximum uptake of 50 uM [*C]-aMDG in water-injected oocytes
as measured in our lab under nonvoltage-clamp conditions was
2 + 1 pmol ococyte™! hr™!*.

D. EXPERIMENTAL PROTOCOL

Qocytes were always impaled to measure the resting potential
and then allowed to stabilize 15 to 20 min before the second
electrode impalement. Current-voltage relations (I-V curves)
were then measured under control conditions in a 100-mm Na*
medium (see section IL.E. for composition). Experiments were
performed in a 500-ul chamber perfused continuously, except for
the 30-sec recording period, at a rate of 8 ml/min. Under these
conditions we were able to keep oocytes under voltage clamp for
periods as long as 3 hr. The bath solution was then replaced by
a test solution (for instance Na* medium + sugar or Na*-choline
medium * sugar) and a new series of I-V relationships was mea-
sured. Exposure to the sugar solution was kept as brief as possible
(<2 min). As an internal control, membrane potential and whole-
cell current were always measured before and after the perfusion
of the test solution. Only oocytes for which potential and current
returned to the baseline after washout of the sugar solution and
return to control conditions were kept for further experiments.
The difference between I-V curves measured at steady state in
the presence and the absence of sugar (+sugar) will be referred
to as steady-state sugar-dependent currents.

Unless stated otherwise, experiments were performed at
room temperature 18-20°C. For the experiment shown in Figs. §
and 6, oocyte chamber temperature was controlled by a thermo-
electric Peltier unit (Model 940-31, Thermoelectric Cooling
America, Chicago, IL) and monitored continuously by a thermo-
couple (Models 650 and Hyp-0-33, Omega, Stamford, CT).

E. SoLuTIONS

For most experiments, oocytes were bathed in Na' solution
containing (in mm): 100 NaCl, 1 KCl, 1 CaCl,, I MgCl, 10
HEPES-Tris, pH 7.4. For experiments performed with [Na],
lower than 100 mM, NaCl was replaced isoosmotically by Cho-
lineCl. To compare our resuits with uptake experiments (Ikeda
etal., 1989) and to eliminate any interference related to p-glucose
metabolism, steady-state sugar-dependent currents were usually
measured with a-methyl-glucopyranoside («MDG) as the sub-
strate (Brot-Laroche et al., 1987). Chemicals (phlorizin, ouabain,
amiloride, collagenase) and enzymes were purchased from Sigma
(St. Louis, MO), Boehringer-Mannheim (Indianapolis, IN), and
Stratagene (La Jolla, CA).

* Itis unlikely that the native Xenopus oocyte Na~™/glucose
transporter reported by Weber, Schwarz and Passow (1989)
played a major role in our study. As Weber et al. acknowledged,
the addition of 10 mM glucose to a Na-rich medium may trigger
amembrane depolarization (1-5 mV) in native oocytes that would
amount to less than | nA of specific current. We conclude that
the native Xenopus oocyte Na™/glucose transporter currents are
insignificant as compared to the typical current of 100-200 nA
observed in cRNA-injected Xenopus oocytes measured in this
study.
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I1. Results

A. STEADY-STATE SUGAR-DEPENDENT CURRENTS

Figure 1A shows the typical current traces of control
water-injected oocytes measured in the 100 mm Na ™
medium in response to voltage pulses from a holding
potential of —50 mV. The capacitive current de-
cayed monotonically with a time constant (7,) of 1
msect to a steady-state current level. As seen in the
right panel (Fig. 1B), addition of 1 mM oMDG to the
bathing medium failed to increase the size of steady-
state membrane currents.

Figure 1C shows current traces recorded in the
Na* medium with an cocyte obtained from the same
frog but injected with cRNA coding for the Na‘/
glucose cotransporter. While the water-injected oo-
cyte currents reached a steady-state level with a
single time constant of 1 msec, the cRNA-injected
oocyte currents relaxed more slowly to a steady-
state current at positive potentials. This slower de-
cay (=10 msec) was systematically observed at posi-
tive clamp potentials when bathed in Na* medium
and will be discussed in more detail later (section
IIL.D.).

Addition of sugar to the bathing medium in-
creased membrane inward currents and eliminated
the slow transient component (Fig. 1D). The corre-
sponding steady-state current values obtained from
traces of Fig. 1C and D are shown in Fig. 24 as
a function of the test potential. The difference in
membrane currents measured before and after the
addition of «MDG is reported in Fig. 2B. The addi-
tion of sugar shifted the zero current potential from
—60 to —15 mV, a shift similar to sugar-induced
depolarization observed under nonvoltage-clamp
conditions. The addition of sugar caused a threefold
increase in the membrane slope conductance as mea-
sured between 10 and —70 mV from 0.9 to 2.6 uS.
The membrane depolarization and the conductance
increase required the presence of Na* ions in the

T Given that an oocyte is a sphere of I-mm diameter with a
specific membrane capacitance area of 1 uF cm™2, the oocyte
capacitance (C,) would be 0.031 uF (31 nF). For instance,
the charge (Q) associated with a depolarization of
AV = 60 mV from ~50 to +10 mV would be 0 = C,- AV =
1.9 x 107° coulomb. From the values of the exponential functions
obtained at +10 mV, the charge ((Q) associated with the same
depolarization step would be equalto @ = i, - 7, = 0.98 msec - 2
pA = 1.96 x 107? coulomb where i, is the maximum extrapolated
current of the exponential function and 7, is its time constant.
The physical and calculated values of Q agree reasonably well,
considering that the oocyte surface area is underestimated due to
the presence of membrane microvilli. It is concluded therefore
that 7, {I-msec time constant) may correspond to the oocyte-
capacitive transient.
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Fig. 1. Current traces recorded in a Na* medium are shown before and after the addition of 1 mm aMDG to the bathing medium. The
oocyte membrane was held at a holding potential (V,) of —50 mV. In this experiment and in all subsequent records, the test potential
was applied at 4 msec for 84 msec. The six test potentials shown are — 150, — 110, —70, —30, 10, and 50 mV. RNA-injected and water-
injected oocytes were from the same frog, and both experiments were performed the seventh day after injection. The bathing solution
was the Na* medium containing (in mm): 100 NaCl, 2 KCl, 1 MgCl,, 1 CaCl,, 10 HEPES-Tris, pH 7.4. (A) and (B) Water-injected
oocyte. Steady-state current values were not affected by the sugar addition. (C) and (D) RNA-injected oocytes. Addition of 1 mm
aMDG triggered an increase in steady-state inward current for the cRNA-injected oocyte (D). The developing outward current at + 50
mV is due to a native voltage and time-activated conductance and was only observed from time to time. Steady-state current values
are shown as a function of potential in Fig. 2. Note that the current traces in RNA-injected oocytes bathed in the presence of 100 mm
Na* medium decay more slowly to the steady state at positive potentials compared with those obtained in the presence of sugar (D)
and those in water-injected oocytes (A) and (B). See Fig. 8 for further analysis of these current transients.

bathing medium and was blocked by addition of 100
uM phlorizin (results not shown). As seen, the
steady-state sugar-dependent I-V curve was sigmoi-
dal with no measurable reversal potential. This I-V
curve shape is typical of this series of experiments
(see Figs. 3 and 3).

B. VOLTAGE DEPENDENCE OF i,,, AND K5 FOR
SUGAR

To evaluate the voltage-dependence of Na*/glucose
kinetics, steady-state sugar-dependent currents
were measured as a function of extracellular sugar
and Na™ ion concentrations. Steady-state currents
were measured as a function of external sugar while

keeping extracellular Na™ constant. In some in-
stances, experiments were successfully conducted
where steady-state sugar-dependent currents were
measured both as a function of [MDG], and [Nal],
on a single oocyte.! The results of such an experi-
ment are shown in Fig. 3. Steady-state sugar-depen-
dent currents were measured at fixed [Na], from 10
to 100 mM while [eMDG], was varied from 20 um
to 20 mM. One typical set of current-voltage relation-

! There are variations in the number of carriers expressed
per oocyte in the two- to fivefold range. Such variations influence
proportionally the absolute magnitude of i,,, and of the peak
presteady-state currents (see below). Ky s however are indepen-
dent of the number of carriers expressed as the experimental data
reported in the companion paper (Fig. 6) show.
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Fig. 2. Steady-state current-voltage relations of the sugar-coupled inward Na* currents in cRNA-injected oocytes. The current values
were averaged from 20 points between 72 and 76 msec from the experimental data shown in Fig. 1C and D. (A) Current-voltage
relationships obtained with (in mm): 100 NaCl, 2 KCl, 1 MgCl,, 1 CaCl,, 10 HEPES-Tris, pH 7.4 in the absence (O) and in the presence
of 1 mM [aMDG], (@). (B) Steady-state sugar-dependent current-voltage relationships were obtained by taking the difference between
the current obtained before (O) and after (@) the addition of 1 mM aMDG to the bathing solution. Unless indicated otherwise, the lines
between symbols were drawn by eye in this figure and the following ones.
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Fig. 3. Steady-state sugar-dependent currents as a function of [«MDG], in a single ¢RNA-injected oocyte. (A) Current-voltage
relationships were obtained for each sugar concentration as shown in Figs. 1 and 2 with (in mm): 10 NaCl, 90 cholineCl, 2 KCl, 1
MgCl,, 1 CaCl,, 10 HEPES-Tris, pH 7.4, and varying [aMDG], from 50 uM to 10 mM. Four out of the eight MDG concentrations
actually tested are shown. The /-V curves were sigmoidal, approaching saturation at high negative potentials especially at 5 mMm
[«MDG], and asymptoting towards zero at positive potentials. (B) Steady-state sugar-dependent currents were plotted as a function
of [aMDG], at —70 mV (C)) and —30 mV (M). The curves were fitted to Eq. (2) with the following parameter values: at —70 mV,
D0 = 188 = 11 nA and K§¥P0 = 0.89 + 0.14 mm and at —30 mV, i2MPS = 157 + 12 nA and Kg¥°6 = 2.8 + 0.3 mm. These kinetic

lmax
parameters are included in the larger data set shown in Fig. 4.
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ships is shown in Fig. 3A in which steady-state sugar-
dependent I-V curves were measured with [Na],
fixed at 10 mm as a function of eight different
[eMDG], starting from the lowest (50 um) to the
highest (10 mm). Four current-voltage curves out of
the eight are shown here. Note the absence of out-
ward currents for all I-V curves. For all potentials
investigated, steady-state sugar-dependent currents
increased hyperbolically as a function of [«MDG],,.
A maximum current of —200 nA was measured with
5 mMm [eMDG], at V,, = — 150 mV. This current is
identical to the one obtained in the same experiment
with 1 mM [aeMDG], and 100 mm [Na], at the same
potential (results not shown). At high «aMDG con-
centrations (>500 um) the I-V curves were linear
between —90 to —50 mV and showed saturation
behavior at more negative potentials. Steady-state
sugar-dependent currents obtained as a function of
[aMDG], were well described by Eq. (2).2 Results
are shown in Fig. 3B for —30 and —70 mV. Increas-
ing the membrane potential from —30 to —70 mV
caused Kg¥P6 to decrease from 2.8 = 0.3 to 0.89
+0.14 mM and i2MPC to increase from —157 = 12 to
—188 = 11 nA. From the complete set of results
shown in Fig. 44, it can be seen that at 10 mM [Na],,
K§¥P6 was voltage dependent over the —20to — 150
mV range with a negative membrane potential de-
creasing K§$¥PS. The apparent i2MP6 showed a lower
voltage dependence, being linear between —50 and
—90 mV (e-fold change per 160 mV) and saturating
at more negative potentials.

The entire set of results obtained for this experi-
ment is shown in Fig. 4. K§¥PC was dependent upon
[Nal, at any given potential. For instance, K¢} aMDG
decreased from 7.2 mMm in the presence of 2 mM
{Na], to 200 M when measured with 100 mMm [Na],
(V,, = —70 mV). The Na dependence of Kg¥Po
decreased, however, as the potential was made more
negative. At V,, = —150mV, Kg¥PC decreased from
360 = 13 uM t0 230 = 11 uM between 10 and 100 mm
[Na],. As the [Na], decreased, the voltage depen-
dence of K§¢¥PS became steeper. At 10 mm [Nal,,
K ¥PC increased 2.5-fold from 360 = 13 to 885 + 15
/,LM between — 150 and —70 mV, whereas at 2 mm
[Na], K¢¥PS increased fivefold from 1.3 to 7.2 mm
over the same potential range.

To summarize, K{¥PO was found to decrease as
[Na], increased and as 1he membrane potential was
made more negative. The effect of membrane poten-
tial was stronger at low [Na], (2 to 30 mm).

The corresponding values of i¥P obtained dur-

? When the fit was performed with a nonlinear Hill-type
equation such as Eq. (3), the Hill coefficient » was found to be
1.2+ 02at —70 mV (Kg¥PG = 0.74 = 0.15 mm and i2MP6 = 75
+15nA)andn = 1.0 £ 03at —30mV (KZ¥PC = 2.7+ 1.4 mm
and /2MP6 = 153 = 51 nA).
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Fig. 4. Voltage dependence of i2¥P0 and Kg¥PC as a function of
[Na],. In one cRNA-injected oocyte, [Na], was varied from 10 to
100 mM (cholineCl substitution), and at each [Nal,, [eMDG], was
varied between 20 uM to 10 mM. (A) Voltage dependence of
K6 was a function of [Na],. At 100 mM [Na],, K§¥°0 was 73 +
20 uM (=150 mV), 177 = 6 uM (=50 mV), and 233 £ 45 umM (— 10
mV). At 10mm [Na], K§¥P% was 0.36 £ 0. 13mm (— 150mV), 1.5 =
0.15 mM (—-50 mV), and 4.6 = 0.9 mM (— 10 mV). [Na], were (in
mm): 10 (O), 30 (@), 50 (A), 70 (A), and 100 (). Also included
are the results of a separate experiment performed with 2 mm (¢)
[Nal,. (B) Voltage dependence of i2MPC as a function of [Na],. At
100 mmM [Na], i&MPG was —268 = 9 nA (- 150 mV), —222 = 4nA
{(—50mV),and — 158 = 11nA (- 10mV). At 10mm [Na),i2M4P0 was
=222 £ 22nA(—150mV), — 176 = 9nA{(—50mV),and — 120 =
14 nA (- 10 mV). i2MP6 increased slightly with potential between
—90and — 150 mV butthe steepestincrease was observed between
~10and —90 mV. i2MPC values obtained for [Na], between 10 and
100 mmM were not found to be significantly different at each potential
(r < 95%). Symbols are (in mm) 10 (O), 30 (®) and 100 () [Na],.
Error bars represent the error on the fit.

ing the same experiment were plotted as a function
of potential in Fig. 4B. i“MPG was weakly dependent
upon membrane potential and varied little with
[Na),. For [Na], between 10 and 100 mm, ;eMPS

decreased with an e-fold change per 160 mV between
—10 and —90 mV and the voltage sensitivity was
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[«MDG]_ = 1 mM
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Fig. 5. Steady-state sugar-dependent currents measured as a function of [Na],. (A) Current-voltage relationships were obtained with
[aMDG], fixed at 1 mM, and [Na], varied from 2 to 100 m™ in a single cRNA-injected oocyte. CholineCl was substituted for NaCl. The
experiment was performed at 32°C with six external [Na]. Only four [Na), are shown. Note the sigmoidal shape of the curves. (B)
Steady-state sugar-dependent currents were plotted as a function of [Na], at —70 mV (M) and —30 mV (). The curves were drawn
according to Eq. (3) with the following parameter values: at —70 mV, n = 2.1 £ 0.1, iN3, = 400 = 9 nA and k)2 = 19 + 1 mm and
at =30mV, n = L9 £ 0.1, 88 = 324 £ 17 nA and K¢ = 53 = 2 mm. The complete set of results is shown in Fig. 6.

less important at membrane potentials more nega-
tive than —90 mV. i2PG was also found to be slightly
sensitive to [Na],. At —50 mV, i?MP6 was — 176 +

42 nA at 10 mMm [Na), and was —222 * 4 nA at 100
mM [Nal,.

C. VOLTAGE DEPENDENCE OF i,, AND Kj 5
FOR EXTERNAL [Na]

The following series of experiments was performed
to determine the voltage dependence of K}? and
N2 . Sugar-dependent inward currents were mea-
sured at fixed [«eMDG], as [Na], was varied from 2
to 100 mm.

Steady-state sugar-dependent currents were
measured at 0.1, 1 and 20 mm [«MDG],. Results of
an experiment performed with 1 mMm [aMDG], at
32°C are shown in Fig. 5A. Current-voltage relation-
ships appeared sigmoidal especially at 100 mm
[Na],. There was no measurable outward current.
Inward currents obtained at a given potential were
fitted to Eq. (3) as a function of [Na],. Curves ob-
tained for potentjals —30 and —70 mV are shown

in Fig. 5B. The relationship between steady-state
sugar-dependent currents and [Na], was best de-
scribed by a sigmoidal function. Accordingly, for V,,
= —30and —70 mV, the best fit was obtained with
nof 1.9 = 0.1and 2.1 = 0.1, K)2 decreased from 53
*3to 19 = 1 mm and iN3, increased from —323 +
3 to —400 = 9 nA. Figure 6 shows the complete set
of kinetic parameters obtained for that experiment.
The best fit was obtained with an apparent coupling
coefficient n of 1.9 (seM = 0.2; N = 5) over the
complete potential range (Fig. 64). K§2 was voltage
dependent, decreasing from 53 + 3 to 3 * 0.5 mm
from —30 to —200 mV (Fig. 6B). From this experi-
ment at 32°C and four others at 22°C, K2 was found
to decrease from 45 (SEM = 6; N = 5) to 17 mMm
(SEM = 1; N = 5) between —30 and —70 mV.
iNa was weakly voltage dependent, increasing by e-
fold per 170 mV (Fig. 6C).

K% was also dependent on the external sugar
concentration. In separate experiments, increasing
[«MDG], from 0.1 to 20 mm caused K }2 to decrease
from30 = 7to5+* ImmMatV,, = —70 mV and from

m

4=5tcolxlmMmatyV, = —150 mV.

I
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Fig. 6. Voltage dependence of n, i}, and K4 from the experiment
described in Fig. 5. (A) The apparent coupling coefficient n was
voltage independent with values ranging from a minimum of
1.7 = 0.8 (— 150 mV) to a maximum of 2.3 = 0.1 (=70 mV). (B)
K2 decreased with negative potentials from 53 + 2 mM (~30
mV) to 2.7 = 0.5 mmM (— 190 mV). Errors on the fit were smailer
than the symbols. (C) /32, increased with negative potentials with
an e-fold change per 160 mV from —321 = 9 nA (—30 mV) to
—600 = 47 nA (— 190 mV).

D. PRESTEADY-STATE CURRENTS

One of the most exciting observations of this study
was the recording of presteady-state currents associ-
ated with the cotransporter. As observed in Fig. 1,
current traces obtained from voltage-clamped RNA-
injected oocytes typically show a slower relaxation
(Fig. 1C) than water-injected oocytes (Fig. 14) in
response to a positive voltage pulse to +50 mV.
Only current traces recorded for positive volt-
ages in the presence of 100 mMm Na* (Fig. 74) exhib-
ited these slow transients. There were no observable
transients in the other test groups: nominal absence
of Na™ (Fig. 7D), in the presence of Na* and sugar
(Fig. 7C), and in the presence of 100 uMm phlorizin®

3 Addition of 100 uM phlorizin to a 100-mm Na* medium
also decreased the magnitude of currents measured at steady
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(Fig. 7B). The threshold Na* concentration for ob-
servation of current transient was 50 mm. Current
transients measured in the presence of high Na™
were unaffected by the addition of 2 mM ouabain,
400 uM amiloride, S mm BaCl,, 5 mm TEACI, and 5
mM DIDS (results not shown). From all these obser-
vations, it was inferred that current transients were
linked to the Na™/glucose cotransporter activity un-
der presteady-state conditions.

Current traces obtained at V,, = +50 mV in
Na* medium were fitted to a sum of two exponential
functions* of 7, or 7, = 1.3 msec and 7y, or 7, =
13 msec with corresponding maximum currents i,
or i; = 5000 and iy, or i, = 900 nA (Fig. 84). The
half time constant =, (1.3 msec) was also observed
in water-injected oocytes and was identified as the
oocyte-capacitive transient (see footnote 2). Pre-
steady-state currents of the Na*t/glucose cotrans-
porter were identified by a slower time constant 7,
of 13 msec. In addition, the fast time constant 7 =
1.2 msec (i, = 6000 nA) was the only time constant
measured in presence of phlorizin (Fig. 8B).

Presteady-state currents can be observed at po-
tentials more positive than the holding potential,
V, = —50 mV. The parameters of the fast and the
slow exponential functions are reported in Fig. 94
and B. The time constant, r; (capacitive transient),
was not found to be significantly voltage dependent
with values ranging from 2.3 to 0.95 msec between
S0and — 150 mV, whereas 7, (carrier presteady-state
current) was voltage dependent, decreasing 4.5-fold
from 18 to 4 msec between 50 and —30 mV. It was
almost impossible to distinguish two time constants
at potentials more negative than the holding poten-
tial. The maximum current {, and i, are shown in the
right panel (Fig. 9B). Currents i, and i, increased
with the amplitude of the voltage step from a fixed
holding potential V, = —50 mV.

Finally, the size of presteady-state currents was
also found to be conditioned by the holding potential
as shown in Fig. 10. In one experiment, presteady-
state currents were measured at a fixed test potential
of +50 mV from a holding potential V, varying be-
tween — 100 and 0 mV. In this instance, presteady-
state currents were reported as the difference be-
tween the current measured at 7, (10 msec) and the

state. These phlorizin-sensitive Na-dependent currents indicate
some Na™ translocation in the absence of sugar. They represent
5 to 15% of the sugar- and Na-dependent currents.

¢ The determination of presteady-state time constants relies
critically on the speed of the voltage-clamp amplifier. In many
experiments, it was impossible to voltage clamp adequately the
first S msec after the pulse onset. Although lack of resolution at
these short times does not impair the steady-state data, perfect
time resolution was required for presteady-state current evalua-
tion. Therefore, only experiments where the voltage was clamped
at 1 msec after the pulse onset were considered.
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Fig. 7. Na™/glucose cotransporter presteady-state currents. Current traces were recorded at four 84-msec test potentials (— 150, — 110,
10, and 50 mV) from a holding potential, V}, of —50 mV. Records were obtained in the same experiment: (A) in 100 mm [Na],, (B)
in 100 mm (Na}, and 100 w™m phlorizin, (C) in 100 mm [Na], and 1 mm [aMDG],, and (D) in 100 mum cholineCl medium (nominal absence
of external Na*). Only current traces recorded in 100 mM Na* medium show slow transients. Note the change of scale for the 100 mm
[Na], and 1 mm [MDG], current traces (C). At V,, = ~150 mV, steady-state currents were (4) — 155 nA, (B) — 136 nA, (C) —373
nA, and (D) — 126 nA. Steady-state phlorizin-sensitive currents (Na* = phlorizin) were — 19 nA which is 9% of the steady-state sugar-

dependent currents of —218 nA measured at the same potential.

steady-state current (76 msec). Presteady-state cur-
rents appear as rectifying outward currents. The
more negative the holding potential, the larger the
presteady-state current, e.g., as measured at a mem-
brane potential of +90 mV, the transient outward
current increased from 28 nA for a holding potential
of 0 mV to 97 nA for a holding potential of — 100
mV.

IV. Discussion

The purpose of this investigation was to obtain a
complete description of the kinetics of the intestinal
Na*/glucose cotransporter as a function of the cis
Na™* and sugar concentrations and of the membrane
potential. Experiments were specifically designed to
vield the maximum Kinetic information (Kg¥PC,
ioMDG | gNa iNa ) in single oocytes over a wide range
of membrane potentials (— 30 to —200 mV). In addi-
tion, unique kinetic information was obtained from

the analysis of presteady-state current transients in
the millisecond time scale. Altogether, steady-state
and presteady-state findings constitute a compre-
hensive set of data which were used to develop the
Na™/glucose transport model described in the com-
panion paper. As will be seen, the presteady-state
and steady-state electrical properties of the Na*/
glucose cotransporter can be explained by a trans-
port model with an effect of voltage on both ion
binding and carrier translocation (Parent et al.,
1991qa,b). Experimental results that constitute the
basis for the transport model are reviewed below.

A. SUGAR-DEPENDENT STEADY-STATE CURRENTS

The cloned intestinal Na‘/glucose cotransporter
was expressed in Xenopus oocytes, and transport
was assayed by measuring inward currents under
voltage-clamped conditions. In cRNA-injected oo-
cytes, the addition of «MDG to a Na* solution depo-
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Fig. 8. Presteady-state current time constants. Current traces obtained from the experiment shown in Fig. 7, in the presence of the
Na*medium before (4) and after the addition of 100 um phlorizin (B) to the bath. (A) Current traces (dots) obtained at +30 mV were
fitted to a sum of two exponential functions (solid line). The same data are shown with an expanded scale in the insert. In the absence
of phlorizin, the fitting parameters were 7, = 1.3 msec, ; = 13 msec, {; = 5000 nA, i, = 900 nA. The 1.3-msec time constant was
identified as the capacitive time constant. Currents {; and i, were the current values extrapolated at time zero as given by the fitting
procedure for exponential 1 and 2, respectively. (B) After the addition of 100 um phlorizin, the second exponential function (r,) was
not observed. The exponential function parameters were 7, = 1.2 msec and /; = 6000 nA. The effect of phlorizin on r, was totally
reversible. Note that the time zero of the time axis does not coincide with the time zero of the exponential function. The potential is
stepped at 4.2 msec, and the experimental point at 7.2 msec was the first point fitted by the exponential function. The current maximum
(i) given by the fitting procedure underestimates the actual current extrapolated at the beginning of the pulse.
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Fig. 9. Dependence of presteady-state current time constants on membrane potential. (4) Voltage dependence of time constants was
measured under three different experimental conditions: Na* medium, Na*™ mediuma + 100 um phlorizin, and Na* medium + 1 mm
«MDG. The holding potential, V,, was —50 mV. Two exponential functions r, (@) and 7, (O) were observed in Na* medium. Presteady-
state current time constants (r,) were only found for depolarization steps and increased with the size of the potential step. In contrast,
only one exponential function (r)) was observed after the addition of phlorizin (A) or the addition of aMDG (A) to the Na* medium
with 7; values of 1.9 and 2 msec, respectively, at +50 mV. (B) Voltage dependence of currents i, and i,. The magnitude of j, and {,
were directly proportional to the potential step. Note that the current scale is in uA. Current i, actually ranged from 0 10 0.6 uA and
is shown 10 times bigger than its actual size. Current i; ranged from 0 to 6 pA.
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Fig. 10. Dependence of presteady-state current on holding poten-
tial. Holding potentials, V,, were varied from — 100 to 0 mV, and
currents were recorded in Na* medium at test potentials between
—150to + 100 mV. Presteady-state currents were reported as the
difference between the current measured at 10 msec (roughly at
7,) (to minimize the interference by the capacitive transient) and
the current measured at steady-state (76 msec). Presteady-state
currents arise as rectifying-outward currents. The more negative
the holding potential, the greater the presteady-state current. As
measured at a clamp potential of +90 mV, the transient outward
current increased from 28 nA for a holding potential of 0 mV to
97 nA for a holding potential of —100 mV.

larized the membrane potential and increased the
membrane conductance (Fig. 2; Umbach et al., 1990;
Birnir, Loo & Wright, 1991).Under voltage-clamp
conditions, sugar increased inward currents, and
this increase was reversibly blocked by 100 um
phlorizin, a specific inhibitor of the Na*/glucose
cotransporter (K; = 10 um; Ikeda et al., 1989; Birnir
et al., 1991). In the absence of sugar, phlorizin also
inhibited a distinct component of the cotransporter,
current flowing through the cotransporter, but this
sodium-dependent current amounted to less than
15% of the sugar-dependent current (Fig. 7; Umbach
et al., 1990). This indicates that the cotransporter
is able to carry current, albeit inefficiently, in the
absence of sugar.

1. 1-V Curves

The sugar-dependent I-V curves were sigmoidal (see
also Umbach et al., 1990; Birnir et al., 1991). The
currents approached asymptotically to zero at posi-
tive membrane potentials, and in this series of exper-
iments, outward currents were not generally ob-
served (Figs. 2, 3 and 5). At high negative potentials
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(—150 mV), the inward currents approached satura-
tion (Figs. 2, 3 and 5). The absence of outward cur-
rents suggests that there was no sugar accumulation
in these oocytes during the experiments®, and the
saturation of the /-V curves at high negative poten-
tials indicates the presence of both voltage-sensitive
and voltage-insensitive steps in the transport cycle.

In a substantial number of experiments, it was
possible to measure sugar-dependent I-V curves in
a single oocyte over a wide range of external sugar
and/or Na*™ concentration without significant
changes in the background currents.

2. Sugar-Dependent Currents as a Function of the
External Sugar Concentration at Fixed External
Na* Concentrations

At each fixed external Na* concentration and mem-
brane potential the currents were a saturable func-
tion of the external sugar concentration (Fig. 3).
The data were fitted by a Michaelis-Menten type
equation, Eq. (2), which suggests that there is only
one sugar binding site on the cotransporter. At 100
mM [Na],and — 50 mV, an apparent affinity constant
for aMDG, KPS of 230 = 50 uM (N = 6), was
measured which is comparable to that obtained pre-
viously for eMDG uptake and «aMDG currents in
Xenopus oocytes (Ikeda et al., 1989; Birnir et al.,
1991).

3. Kg¥PS and iMPS gs a function of [Nal,

At =50 mV, KZ¥PC increased as [Na], decreased
without a significant change in i°MPC (Fig. 4), e.g.,
K§¥PS increased from 0.23 to 1.52 mm when [Na],
was reduced from 100 to 10 mm. Similar Kg¥PC re-
sults were obtained by Birnir et al. (1991) using this
system and by Kaunitz and Wright (1984) when they
measured glucose uptake into BBMV (brush-border
membrane vesicles). This suggests that external
Na™ alters the apparent affinity of the Na*/glucose
cotransporter for external sugar. This allosteric ef-
fect of [Na], suggests an ordered binding mechanism
rather than a random one. Evidence in support of
a Na"-induced conformational change at the sugar
binding site was obtained from biophysical studies
of extrinsic fluorescence probes covalently attached
to lysine residues near the active site (Peerce &
Wright, 1984),

° In previous experiments where oocytes were preloaded
with oMDG, phlorizin-sensitive outward currents were recorded
in a sugar-free bathing medium (Umbach et al., 1990).
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4. K3, iNa andn

At fixed external aMDG concentrations, sugar-
activated currents were measured as a function of
[Na],. With 1 mm [aMDG], at both 32 and 22°C, the
currents were a sigmoidal function of [Na], with a
Hill coefficient n close to 2. For example, it can be
deduced from Fig. 6, that at —50 mV, n = 2, K}?2
= 30 mm and i}3, = —350 nA. In previous studies
of aMDG uptakes with oocytes under nonvoltage-
clamp conditions, the Hill coefficient and K2 were
1.5 and 32 mM (Ikeda et al., 1989).

The Na™-to-sugar coupling coefficient n has
been controversial but it should be noted that in
chicken enterocytes under voltage-clamped condi-
tions (K gradient in presence of valinomycin), simul-
taneous aMDG and Na™' fluxes yield n of 2 (Kim-
mich & Randles, 1984). A coupling coefficient 1 of
2 was also inferred from both fluxes (Misfeldt &
Sanders, 1982) and reversal potential measurements
(Smith-Maxwell et al., 1990) in a cultured renal cell
line (LLC-PK)).

K3 and N2 were also dependent upon
[eMDG],. Increasing [«MDG], from 0.1 to 20 mm
caused K to decrease from 30 = 7t0 5 = 1 mM at
V = —70mV and from 14 = 5to 1 = | mm at

V. = —150mV. K} was also found to be voltage-
dependent at any given [eMDG],. Reported values
for K4 measured at V,, = —150 mV and in the
presence of 1 mmM[aMDG], tend to converge toward
a limiting value of 5 mm (Fig. 6; Umbach et al.,
1990). K2 measured in the presence of 200 um
[eMDG], are also voltage dependent and approach
toward a limiting value of 10 mm (Birnir et al., 1991).
iNa measured at 1 mm [«MDG], was found to be
weakly voltage dependent over the complete poten-
tial range (Fig. 6B). Sugar uptake measurements per-
formed with pig BBMV also showed that K,, and
V...x for Na* ions was dependent upon [p-Glucose],,

between 0.1 and 5 mM (Supplisson, 1988).

B. VOLTAGE DEPENDENCE
oF KINETIC PARAMETERS

In the gated-channel model applied to ion-driven
(carrier-mediated) cotransport (Kessler & Semenza,
1983; Liauger & Jauch, 1986), each reaction step is
described by a single energy barrier that may be
influenced by the membrane potential. These reac-
tion steps consist of (i) binding of ligands to the
carrier at the external face of the membrane, (ii)
translocation of ligands across the plasma mem-
brane, (iii) release of ligands at the cytoplasmic face,
and (iv) reorientation of ligand binding sites from the
internal to the external face of the membrane. Two
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limiting cases for Na*-driven cotransport have
emerged where membrane potential may affect ei-
ther Na* binding (high-field access channel or Na*
well) or either carrier translocation (low-field access
channel) (Lauger & Jauch, 1986). The voltage depen-
dence of the kinetics of the Na*/glucose cotrans-
porter can be used therefore as a fine tool to discrimi-
nate between ion-driven transport models (Jauch &
Lauger, 1986).

Voltage-clamp experiments allow one to di-
rectly extract the voltage dependence of K5, i,
and n values as a function of membrane potential.
K $MPG was found to be insensitive to voltage at phys-
iological [Na],, but as [Na], was reduced toward 2
mM, KPS became progressively more voltage-
dependent and decreased from —10 to — 150 mV
(Fig. 4). In fact, the apparent sugar affinity ap-
proached the same value at high membrane poten-
tials as that observed at saturating external Na™
concentrations. In other words, negative membrane
potential may partially compensate for the decrease
in Kg¥PC ag [Na], was reduced. Thus it appears that
the apparent affinity of the cotransporter for sugar
may be increased to the limiting value by either
increasing [Na], to 100 mM or increasing the mem-
brane potential from 0 to —200 mV at low [Na],.
Similar results were observed by Birnir et al. (1991).
These results suggest that the voltage dependence
of K¢¥PG is due to the voltage dependence of Na*
binding, i.e., an ion-well effect. This is supported by
experiments showing a similar voltage dependence
of K)2 (Fig. 6), e.g., K)2 decreased from ~50 to 5
mM as the membrane potential was increased from
—20to —150 mV.

The apparent Na*/glucose coupling coefficient
n was independent of voltage, while iY2 and i2MPG
showed a slight voltage dependence. As with the /-
V curves (Figs. 4 and 6), the i, parameters showed
voltage-sensitive and voltage-insensitive regions. In
the 0- to 100-mV membrane potential range, i,
increased with voltage and then saturated at higher
potentials. This is further evidence that there are
voltage-dependent and voltage-independent steps in
the transport cycle.

Studies addressing the effect of membrane po-
tential on the kinetics of Na* cotransporters are
important as they allow us to distinguish between
two different transport models: one model involves
a potential dependent translocation step (see Kessler
& Semenza, 1983; Sanders et al., 1984), while the
other involves a potential dependent Na™ binding
step, the so-called ion-well effect (Mitchell, 1969;
Jauch & Lauger, 1986). In the case of the Na™/
alanine cotransporter, whole-cell current measure-
ments have demonstrated that K{' is voltage depen-
dent from which it was concluded that the cotrans-
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porter behaved as a Na™-well (Jauch & Léauger,
1986; Hoyer & Gogelein, 1991).

Indirect measurements of Na*/glucose cotrans-
porter I-V curves led Lapointe et al. (1986) to con-
clude that the potential effects were mainly at the
level of the translocation step. However, Kimmich
and Randles (1988) observed a “‘sharp’ voltage de-
pendence for K* when measuring sugar fluxes as a
function of [Na], and voltage, from which they in-
ferred a Na*-well effect. Our results show that K 5
and i, are both voltage dependent which suggest
that the potential influences both the ion binding
reaction (ion-well effect) and carrier translocation.

C. PRESTEADY-STATE CURRENTS

A novel outcome of these experiments was the mea-
surement of cotransporter presteady-state currents.
These currents with a half time of =10 msec were
only observed in sugar-free Na* medium (Fig. 10)
for cRNA-injected oocytes. The addition of phlori-
zin or eMDG reversibly eliminated the transient cur-
rents, as did the removal of Na™ from the bathing
medium. The magnitude of these currents was influ-
enced by the holding potential (greater for larger
holding potentials). These observations suggest that
transient currents are due to one of the reaction steps
of the Na™/glucose cotransporter.

Presteady-state kinetics have been reported for
the Na*/H* exchanger (Otsu et al., 1989) and the
Na*/glutamate cotransporter (Wierbicki, Berteloot
& Roy, 1990). In both these examples, solute up-
takes by membrane vesicles were measured as a
function of time, and the transients were measured
in the time range of seconds. In kinetic analysis
of the Na*/glucose cotransporter, presteady-state
currents provide novel information to distinguish
between various kinetic models (see companion
paper).

D. CoNCLUSION

Steady-state and presteady-state currents associ-
ated with the cloned Na*/glucose cotransporter
were measured in Xenopus oocytes. It is concluded
from our steady-state results that both translocation
and Na* binding and dissociation may be depen-
dent upon membrane potential. In addition, the
presteady-state currents and their modulation by
Na*, sugar and membrane potential constitute an
additional tool in distinguishing transport mode! for
the Na*/glucose cotransporter. The companion pa-
per presents a Na*/glucose kinetic model based
upon the electrophysiological data. Accordingly, the
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Na*/glucose cotransport is described by a simulta-
neous mechanism with two Na*binding sites where
potential may affect both translocation and ion-
binding reaction steps.
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