
Relationships Between Na+/Glucose Cotransporter (SGLT1) Currents and Fluxes

B. Mackenzie* , D.D.F. Loo, E.M. Wright
Department of Physiology, UCLA School of Medicine, Center for the Health Sciences, Los Angeles, California 90095-1751, USA

Received: 6 October 1997/Revised: 5 December 1997

Abstract. The relationships between currents generated
by the rabbit Na+/glucose cotransporter (SGLT1) and the
fluxes of Na+ and sugar were investigated usingXenopus
laevisoocytes expressing SGLT1. In individual voltage-
clamped oocytes we measured: (i) the current evoked by
10 mM aMG and the22Na+ uptake at 10 mM Na+; (ii) the
currents evoked by 50 to 500mM [14C]aMG and the
[14C]aMG uptakes at 100 mM Na+; and (iii) phlorizin-
sensitive leak currents in the absence of sugar and22Na+

uptakes at 10 mM Na+. We demonstrate that the SGLT1
leak currents are Na+ currents, and that the sugar-evoked
currents are directly proportional to bothaMG and Na+

uptakes. The Na+/aMG coupling coefficients were esti-
mated to be 1.6 at −70 mV and 1.9 at −110 mV. This
suggests that the rabbit SGLT1 Na+/aMG stoichiometry
for sugar uptake is 2 under fully saturating, zero-trans
conditions. Coupling coefficients of less than 2 are ex-
pected under nonsaturating conditions due to uncoupled
Na+ fluxes (slippage). The similarity between the Na+

Hill coefficients and the coupling coefficients suggests
strong cooperativity between the two Na+ binding sites.
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Introduction

We have examined the relationships between cotrans-
porter currents and the fluxes of Na+ and sugar for rabbit
SGLT1 over-expressed in oocytes. The rationale being

that: (i) cotransporter currents are commonly used to
study the kinetics of cotransport (Umbach, Coady &
Wright, 1990; Birnir, Loo & Wright, 1991; Parent et al.,
1992a; Hirsch, Loo & Wright, 1996; Loo et al., 1996;
Mackenzie et al., 1996; Hirayama, Loo & Wright, 1996;
Eskandari et al., 1997); (ii) currents generated by several
neurotransmitter cotransporters exceed those expected
for the transport cycle (Mager et al., 1994; Wadiche,
Amara & Kavanaugh, 1995; Wright et al., 1996); and
(iii) there are internal leak currents through SGLT1 that
may result in slippage in coupling (Parent et al., 1992b;
Brown, 1995). The results demonstrate that SGLT1 cur-
rents are proportional to Na+ uptakes in the presence and
absence of sugar, and the sugar-evoked currents are pro-
portional to sugar uptakes. The coupling coefficient for
Na+ to sugar transport was close to 2 under saturating
conditions, and less than 2 under nonsaturating condi-
tions. This suggests that there is significant internal slip-
page in the coupling of sugar to Na+ through SGLT1.

Materials and Methods

Our experimental strategy was to overexpress the rabbit SGLT1 co-
transporter in oocytes and then measure the initial rates of22Na+ or
14C-aMG uptake into voltage-clamped cells. This permitted us to di-
rectly compare unidirectional ligand uptakes to the cotransporter cur-
rents over the same time course in a single cell.

Stage VI Xenopus laevisoocytes (Nasco, Fort Atkinson, WI)
were defolliculated, injected with rabbit intestine SGLT1 cRNA and
maintained at 18°C in modified Barth’s medium (Parent et al., 1992a)
with 10 mg? 1−1 gentamicin sulfate.

Experimental media contained 0, 10 or 100 mM NaCl — comple-
mented by 100, 90 or 0 mM choline chloride — with 2 mM KCl, 1 mM

CaCl2, 1 mM MgCl2 and 10 mM HEPES (pH 7.5 with Tris), plus
a-methyl-D-glucopyranoside or phlorizin as indicated.

CHARGE/Na+ STOICHIOMETRY

A two-microelectrode voltage-clamp technique was used to measure
sugar-evoked currents in combination with simultaneous, unidirec-
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tional radiotracer accumulation in individual oocytes expressing
SGLT1. Each oocyte was placed in a chamber of functional volume
<100 ml and voltage-clamped at a single holding potential (Vh)
throughout the experiment. The oocyte was superfused with 10 mM

Na+ medium (at 20–22°C) at a flow rate of≈200ml ? min−1. Baseline
current was recorded in Na+ medium, after which the oocyte was
superfused with 10 mM 22Na (final specific activity 0.3–0.5
MBq ? mmol−1, DuPont NEN, Wilmington, DE) and 10 mM alpha-
methyl-D-glucopyranoside (aMG) for 10 min. The oocyte was then
superfused with Na+ medium until the current returned to baseline (≈3
min), recovered from the chamber, rinsed in ice-cold choline medium,
and solubilized with 5% SDS for liquid scintillation counting (Ikeda et
al., 1989).

Current was filtered at 20 Hz and sampled every 0.1 sec. The
aMG-evoked current was obtained as the difference in current between
baseline and after addition of sugar, and was integrated (trapezoidal
rule) to obtain the total sugar-dependent charge (QaMG). QaMG was
converted to a molar equivalent using the Faraday (assuming monova-
lency). To correct for endogenous Na+ uptake (i.e., not specific to
SGLT1), we also measured22Na accumulation in control (H2O-
injected) oocytes.

PHLORIZIN-SENSITIVE (LEAK) CURRENT

The SGLT1 leak current in the absence of sugar was measured by the
addition of 500mM (saturating) phlorizin (Pz) at 10 mM Na+ (Vh 4 −70
mV) and compared to the current evoked by 10 mM aMG. 22Na-uptake
via the SGLT1 Na+ leak pathway in the absence of sugar was deter-
mined as described above, and corrected for the endogenous Na+ up-
take in control, noninjected oocytes.

CHARGE/SUGAR STOICHIOMETRY

Charge/sugar stoichiometry was determined as described for the
charge/Na+ stoichiometry with the following changes. Test solutions
containing 50, 200 or 500mM a-methyl-D-[U-14C]glucopyranoside
(Amersham, Arlington Heights, IL) in 100 mM Na+ were superfused for
10 min (final specific activity 0.7–1.1 MBq? mmol−1) or 1 min (final
specific activity ≈2.0 MBq ? mmol−1), at Vh of −70 or −110
mV. [14C]aMG accumulation was determined in control H2O-injected
oocytes (from the same batch) under equivalent conditions, and used to
correct for endogenous totalaMG uptake. No endogenous Na+-
dependentaMG uptake was detected in any batch of oocytes tested.

Results

We measured sugar-evoked SGLT1 currents and either
22Na or [14C]-aMG uptakes in the same oocyte over the
same time course. To increase the reliability of the data,
we: (i) only used oocytes with high expression levels (>5
× 1010 cotransporters per oocyte as determined byQmax

measurements, Loo et al., 1993; Zampighi et al., 1996);
(ii) minimized the nonspecific22Na uptakes and22Na
counting errors by reducing the external Na+ concentra-
tion to 10 mM, and increasing the external sugar to 10
mM to maximize the rate of sugar transport (seeParent et
al., 1992a); (iii) measured the22Na leak through SGLT1
in the absence of sugar, and the22Na uptake into control
(H2O-injected) oocytes from the same batch of oocytes;

(iv) maximized the accuracy of the [14C]-aMG uptakes
by using sugar concentrations close to the sugar K0.5

(50–500mM) at the highest Na+ concentration possible,
100 mM; and (v) measured the [14C]-aMG uptakes in
control (H2O-injected) oocytes from the same batch of
oocytes. This enabled us to take into account both the
external and internal SGLT1 Na+ and sugar uptakes. In
this series of experiments we did not detect any signifi-
cant Na+-dependentaMG uptakes into noninjected oo-
cytes (<<0.01 pmoles/minute), and the22Na+ uptakes in
control oocytes were insignificant relative to the uptakes
in SGLT1 cRNA injected oocytes (<10 pmoles/min).
It should be noted that all isotope uptakes were measured
under initial rate conditions, i.e., uptakes were linear for
at least ten times longer than the 1–10 min uptakes re-
ported here.

The addition of 10 mM aMG to a 10 mM Na+ me-
dium, resulted in large, reversible inward currents in oo-
cytes expressing rabbit SGLT1 (Fig. 1). The reason for
the slow decline in the sugar-induced currents with time
(Fig. 1) is unclear. This decay is invariably observed
with other cotransporters expressed in oocytes, espe-
cially at substrate concentrations above the apparent Km.
However, this decay has little impact on the present
study since currents and radioactive uptakes are inte-
grated over the same time interval in the same oocytes,
and the ratio of charge to uptake is the same at 1 and 10
minutes (seebelow). Current was integrated with time to
determine the sugar-dependent net charge influx (QaMG),
converted to a molar equivalent assuming monovalency,

Fig. 1. The sugar-dependent current in an oocyte expressing rabbit
SGLT1. Current was continuously monitored in a single rSGLT1-
cRNA-injected oocyte clamped at holding potential (Vh) −70 mV. A
stable baseline current was obtained in 10 mM Na+ before superfusing
10 mM a-methyl-D-glucopyranoside (aMG) together with 10 mM 22Na
for 10 min (shown by thesolid bar) and washing out with 10 mM Na+

(without tracer). The sugar-dependent charge (QaMG), i.e., the integral
of the sugar-dependent current over 10 min, was −1,400 × 10−4 Cou-
lombs, equivalent to 1,425 pmol of monovalent charge. The22Na ac-
cumulation in this oocyte was 1,398 pmol (having subtracted mean
basal22Na accumulation over 10 min in control oocytes, 33 pmol),
yielding a charge/22Na stoichiometry of 1:1.
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and compared with the unidirectional accumulation of
22Na (in the same oocyte over the same period) to obtain
the net charge/Na+ stoichiometry. In this oocyte the
sugar dependent inward charge movement was 1.4 ×
10−4 Coulombs (1,425 pmoles of a monovalent cation)
and the Na+ uptake was 1,400 pmoles. For the 18 oo-
cytes expressing SGLT1 shown in Fig. 2, theQaMG/Na+

stoichiometry was 1.0 ± 0.1 (SEM).
Since phlorizin blocks the SGLT1 leak pathway in

the absence of sugar (Umbach, Coady & Wright, 1990;
Parent et al., 1992a; Lostao et al., 1994), we investigated
the relationship between the phlorizin-sensitive, sugar-
independent current and Na+ uptake. There was a close
correlation (Fig. 3) between the magnitude of the phlo-
rizin-sensitive, uncoupled Na+ current (IPz) and the
sugar-evoked current (I aMG). At 10 mM Na+, IPz was
≈5% of I aMG and this is less than the standard error of
the meanQaMG/Na+ stoichiometry (Fig. 2).

The charge associated with the uncoupled Na+ path-
way (QPz) was estimated fromIPz (since IPz did not
change over time,not shown). According to this ma-
nipulation and assuming a valence of +1, the molar
equivalent ofQPz was identical to the SGLT1-specific
22Na accumulation in the absence of sugar (Fig. 3,inset).

We then determined the charge/sugar stoichiometry
by measuring the currents evoked by [14C]aMG at 100
mM [Na+]o. In 13 oocytes expressing SGLT1, measuring
the current evoked by 200mM [14C]aMG over 10 min (in
100 mM Na+ and atVh 4 −70 mV), theQaMG/aMG ratio
was 1.4 ± 0.1 (SEM). Since we invariably observed a
slight decay in theaMG-evoked current over a 10-min
time course at sugar concentrations higher than the K0.5

(seeFig. 1), we checked if this had any effect upon the
determination of coupling. TheQaMG/aMG stoichiom-
etry determined over 1 min was 1.5 ± 0.1 (9). We also

failed to detect any clear effects on the stoichiometry
when [aMG]o was varied between 50 and 500mM, and
so all data atVh 4 −70 mV were pooled (Fig. 4), and
linear correlation between the sugar-dependent charge
(QaMG) and sugar accumulation gave aQaMG/aMG stoi-
chiometry of 1.6 ± 0.3 (1SD).

The QaMG/aMG stoichiometry at hyperpolarized
potentials was much closer to 2 (Fig. 5). AtVh 4 −110
mV (in 100 mM Na+), we superfused 200mM [14C]aMG
for 10 min and obtained aQaMG/aMG stoichiometry of
1.9 ± 0.1 (mean ±SEM, 6 oocytes).

Discussion

We have directly determined the relationship between
the currents and the sugar fluxes mediated by the Na+/
glucose cotransporter by simultaneously comparing the
sugar-dependent Na+ current with the Na+-dependent
sugar flux in individual, voltage-clamped oocytes. Over-
expression of the SGLT1 transporter in oocytes virtually
eliminated experimental error arising from nonspecific
substrate fluxes, i.e., those due to passive diffusion or
mediated by other transporters (‘‘external leaks’’): the
nonspecific uptakes of [14C]aMG and 22Na in control
oocytes were typically only 0.7% and 3% of the SGLT1-
specific cosubstrate-dependent uptakes. No endogenous
Na+-dependent [14C]aMG uptake was observed in any
batch of oocytes tested. In addition, our procedure (i)
involved measuring charge and tracer accumulation over

Fig. 2. Charge/22Na stoichiometry for rSGLT1. The sugar-dependent
charge (QaMG) and22Na accumulation over 10 min at 10 mM Na+ were
simultaneously determined atVh 4 −70 mV in 18 oocytes expressing
SGLT1 (d); basal22Na accumulation (over 10 min) in control-injected
oocytes (s) (mean ±SEM from 6 oocytes) has been subtracted. The
charge/22Na stoichiometry was 1.0 ± 0.1 (mean ±SEM).

Fig. 3. The phlorizin-sensitive Na+ current in rSGLT1. The current
(IPz) sensitive to 500mM phlorizin atVh 4 −70 mV was correlated with
the peak current evoked by 10 mM aMG (IaMG) each at 10 mM Na+ in
11 oocytes: data were fitted by a linear regression (solid line, r2 4

0.84,P < 0.001). The magnitude of the phlorizin-sensitive current was
5.2% ± 0.2% (dotted line,mean ±SEM) of the sugar-evoked current.
(Inset) The estimated charge over 10 min corresponding to the phlori-
zin-sensitive current (see text) was compared with the rSGLT1-specific
22Na accumulation over 10 min in the absence of sugar: the paired data
(mean ±SEM) were identical. The rSGLT1 specific Na+ uptakes were
obtained from the difference between the uptakes in cRNA and water-
injected oocytes from the same batch of oocytes.
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the same time course in the same oocyte, therefore taking
into account changes over time (see Fig. 1); and (ii)
eliminated errors arising from cell-to-cell variability in
transporter expression.

Since all radioactive isotope uptakes were obtained
during the initial linear phase, they represent unidirec-
tional influxes of both Na+ and aMG. Furthermore,
since we have failed to detect outward sugar-dependent
current in SGLT1 oocytes (e.g., Parent et al., 1992a,
1993) unless oocytes are preloaded with sugar for 24 hr
(Umbach et al., 1990), the sugar-dependent inward cur-

rents through SGLT1 represent unidirectional inward
currents in these experiments. This view is supported
by: (i) the low concentration of intracellular glucose in
oocytes, <50mM (Umbach et al., 1990), and (ii) the high
glucose K0.5 for outward sugar-dependent currents in
rabbit SGLT1 oocytes, >>20 mM (S. Eskandari, D.D.F.
Loo and E.M. Wrightunpublished results;andsee also
Chen et al., 1995). Thus under the experimental condi-
tions reported here, both the uptakes and currents give
fair estimates of the SGLT1 unidirectional influxes.

Comparison of the sugar-dependent net charge
(QaMG) and the simultaneous accumulation of22Na in
individual oocytes expressing SGLT1 indicated that the
sugar-evoked current was identical to the sugar-
dependent Na+ influx (QaMG/Na+ influx 4 1.0 ± 0.1,
Fig. 2). This validated the use of the sugar-evoked cur-
rent as a quantitative index of Na+ influx in the determi-
nation of Na+/glucose kinetics. In the absence of sugar,
we observed a phlorizin-sensitive current (IPz) the mag-
nitude of which at 10 mM Na+ was 5% of that evoked by
saturating sugar. The identity between the charge corre-
sponding toIPz and the SGLT1-specific22Na uptake in
the absence of sugar also confirmed that the internal leak
current through SGLT1 is a Na+ current. We also dem-
onstrated that the sugar-dependent currents were propor-
tional to sugar uptake (Fig. 4), again validating the use of
the sugar-evoked current as a direct measure of sugar
transport.

The ion-to-substrate coupling stoichiometry of co-
transporters is of physiological significance since it: (i)
determines the energetic cost of transport, and (ii) sets
the thermodynamic limit to the concentrative capacity
(Kimmich & Randles, 1984). The extent to which a sys-
tem reaches this limit depends on the influence of un-
coupled pathways through the transporter (‘‘internal
leaks’’) and of other nonspecific pathways (‘‘external
leaks’’) within the cell (Turner, 1985). With the cloning
and overexpression of cotransporters in oocytes (Hediger
et al., 1987; Hediger, Turk & Wright, 1989) it is now
possible to reexamine coupling for specific transporters
with minimum interference from external leaks. In the
case of the high-affinity Na+/glucose cotransporters
(SGLT1), both indirect and direct methods suggest a
Na+/glucose coupling of 2:1 (Ikeda et al., 1989; Parent,
1992a; Lee et al., 1994; Chen et al., 1995). Indirect es-
timates have relied on Hill coefficient determinations
(rabbit SGLT1, Ikeda et al., 1989; Parent, 1992a),
whereas the more direct methods have included the com-
parison of [14C]-aMG uptakes withaMG-evoked cur-
rents in different oocytes (rat SGLT1, Lee et al., 1994),
and measurement of reversal potentials (human SGLT1,
Chen et al., 1995). Given that the inward sugar-evoked
currents are proportional to the unidirectional uptake of
Na+, it is then possible to estimate the stoichiometry of
Na+ and sugar transport. The Na+/aMG coupling coef-

Fig. 4. Na+/aMG coupling stoichiometry of rSGLT1. The sugar-
dependent charge (QaMG) was compared with the accumulation of 200
mM [14C]aMG over 10 min, atVh 4 −70 mV in 100 mM Na+ (d).
Since no difference in the coupling coefficient was found with identical
conditions over 1 min (.) and no consistent effects of varying the
sugar concentration could be discerned with [aMG]o of 50 mM (j) or
500mM (m) all data were pooled together. Pooled data were fitted to a
linear regression (r2 4 0.92,P < 0.001); equating charge to Na+ flux,
the mean Na+/aMG coupling coefficient was 1.6 ± 0.3 (1SD).

Fig. 5. Effect of membrane potential on Na+/aMG coupling stoichi-
ometry of rSGLT1. The Na+/aMG coupling coefficient was determined
at Vh 4 −110 mV (d) and atVh 4 −70 mV (s), at 100 mM Na+ and
200 mM [14C]aMG. At −110 mV, the Na+/aMG coupling coefficient
was 1.9 ± 0.1 (mean ±SEM, 6 oocytes), and at −70 mV, the coupling
coefficient was 1.4 ± 0.1 (mean,SEM, 13 oocytes).
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ficient was≈1.6 at −70 mV (Fig. 4) and≈1.9 at −110 mV
(Fig. 5).

Our six-state kinetic model (Parent et al., 1992b;
Brown, 1995) predicts that under saturating conditions,
i.e., at saturating Na+ and sugar concentrations and hy-
perpolarizing membrane potentials (−150 mV) where the
leak pathway for Na+ is insignificant, the Na+/aMG cou-
pling coefficient should be 2. The results at −110 mV
(Fig. 5), and those obtained in a study of SGLT reversal
potentials (Chen et al., 1995), agree with this prediction.
Furthermore, the close agreement between these esti-
mates of the Na+/aMG coupling coefficient and our pre-
vious estimates of Na+ Hill coefficients for rabbit SGLT1
(1.9 ± 0.2, Parent et al., 1992a) leads to the conclusion
that there is strong interaction between the two Na+ bind-
ing sites on the protein.

There is ample data in support of our contention that
SGLT1 operates in two modes, as a Na+-uniporter and as
a Na+/sugar cotransporter (Umbach et al., 1990; Parent et
al., 1992a,b; Loo et al., 1993; Hazama, Loo & Wright,
1997). In the absence of sugar the rate of Na+ transport
through SGLT1 is 5–18% of the maximum in the pres-
ence of saturating sugar (5% in 10 mM Na+ and at −70
mV, Fig. 3; and 19% in 100 mM Na+ at −150 mV, M.
Panayotova-Heiermann et al., submitted). How does this
internal Na+ leak impact our estimates of Na+/aMG cou-
pling? According to the model (Parent et al., 1992b), the
addition of external sugar stimulates the coupled influx
of Na+ and reduces the Na+ influx via the uncoupled
mode. Therefore, the sugar stimulated inward Na+ cur-
rent underestimates the coupled Na+ influx, and under-
estimates the coupling coefficient by up 5–18% depend-
ing on the voltage and Na+ concentration. This would
account for less than a 20% underestimate of the cou-
pling. A further factor that may underestimate the Na+

influx is the fact that the dissociation of Na+ from the
cytoplasmic face of the transporter is rate limiting under
these experimental conditions (Parent et al., 1992b;
Brown, 1995), and this may result in a recycling of the
Na+ back to the external surface of the membrane via the
leak pathway (C5Na2–C2Na2 in the terminology of our
model, Parent et al., 1992b). This would result in under-
estimates of the Na+ influx, Na+ currents, and Na+/sugar
coupling, but this underestimate is predicted to get
larger, not smaller, as the membrane potential is hyper-
polarized from −70 to −110 mV (see Fig. 2, Brown,
1995). The physiological importance of the Na+ leak
(‘‘slippage’’) is unclear, other than it places a penalty on
the concentrative ability of the transporter. Another
model for ion-coupled transporters, the multisubstrate
single-file model (Su et al., 1996), does predict a voltage-
dependence of the Na+ to glucose flux ratio: simulations
of SGLT1 at 10 mM Na+ and 6 mM sugar indicate that the
flux ratio increases linearly from 1.2 at −60 mV to 1.9 at
−100 mV. However, this model does not account for the

observed Na+ and voltage-dependent conformational
changes of SGLT1 or the temperature dependence of the
presteady-state currents (Hazama et al., 1997).

In summary, this study confirms that both the sugar-
dependent and independent steady-state currents exhib-
ited by SGLT1 are inward Na+ currents, and that the
magnitude of the sugar-dependent current is directly pro-
portional to the rate of Na+-dependent sugar transport.
We estimate that in the coupled transport mode 2 Na+

ions are transported along with 1 sugar molecule. How-
ever, coupling coefficients of less than 2 are observed
and this is due to internal Na+ slippage through SGLT1.
Substrate independent Na+ fluxes and currents have also
been reported for other cloned cotransporters, including
serotonin and glutamate (Mager et al., 1994; Fairman et
al., 1995). Unlike the neurotransmitter cotransporters
(e.g., Mager et al., 1994; Wadiche et al., 1995; Sonders
et al., 1997), the inward charge movement by SGLT1 in
the presence of substrate does not exceed that expected
for coupled Na+ transport. Therefore, SGLT1 does not
appear to behave as a substrate-gated ion channel.
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