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Thermodynamic Determination of the Na™: Glucose Coupling Ratio for
the Human SGLT1 Cotransporter
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ABSTRACT Phlorizin-sensitive currents mediated by a Na-glucose cotransporter were measured using intact or internally
perfused Xenopus laevis oocytes expressing human SGLT1 cDNA. Using a two-microelectrode voltage clamp technique,
measured reversal potentials (V,) at high external a-methylglucose (MG} concentrations were linearly related to In[aMG],,
and the observed slope of 26.1 = 0.8 mV/decade indicated a coupling ratio of 2.25 = 0.07 Na ions per aMG molecule. As
[«MG], decreased below 0.1 mM, V, was no longer a linear function of InN[aMG],,, in accordance with the suggested capacity
of SGLT1 to carry Na in the absence of sugar (the “Na leak”). A generalized kinetic model for SGLT1 transport introduces a
new parameter, K., which corresponds to the [aMG], at which the Na leak is equal in magnitude to the coupled Na-aMG flux.
Using this kinetic model, the curve of V, as a function of In[aMG], could be fitted over the entire range of [aMQ], if K is
adjusted to 40 = 12 uM. Experiments using internally perfused oocytes revealed a number of previously unknown facets of
SGLT1 transport. In the bilateral absence of «MG, the phlorizin-sensitive Na leak demonstrated a strong inward rectification.
The affinity of aMG for its internal site was low; the K,,, was estimated to be between 25 and 50 mM, an order of magnitude
higher than that found for the extracellular site. Furthermore, V, determinations at varying aMG concentrations indicate a
transport stoichiometry of 2 Na ions per MG molecule: the slope of V, versus In[aMG], averaged 30.0 = 0.7 mV/decade
(corresponding to a stoichiometry of 1.96 = 0.04 Na ions per aMG molecule) whenever [aMG], was higher than 0.1 mM.
These direct observations firmly establish that Na ions can utilize the SGLT1 protein to cross the membrane either alone or

in a coupled manner with a stoichiometry of 2 Na ions per sugar molecule.

INTRODUCTION

Sodium-glucose cotransporters are present in the brush bor-
der membranes of renal proximal tubule and small intestinal
villous cells and are directly involved in transepithelial
glucose reabsorption. Despite the numerous studies carried
out over the past two decades and summarized in several
reviews (Crane et al., 1977; Semenza et al., 1984; Kimmich,
1990; Silverman, 1991; Wright, 1993), nothing is known
concerning the molecular mechanism by which the two
substrates are coupled, and the choice of kinetic model
remains a matter of debate (Kessler and Semenza, 1983;
Restrepo and Kimmich, 1985; Parent et al., 1992b). There
are known to be at least two Na*-glucose cotransporter
genes (Scriver and Tenenhouse, 1985; Mackenzie et al.,
1994), and the simultaneous presence in renal tissue of two
different transporters with similar activities has further con-
founded the study of Na-glucose cotransport kinetics.

One aspect of kinetic models that has been much inves-
tigated is the stoichiometric ratio between the two trans-
ported substrates. Studies of the coupling of Na and glucose
have generally employed the measurement of radiolabeled
substrate uptake into membrane vesicles or intact cells.
Using this approach, Kimmich’s laboratory recognized
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(Kimmich and Randles, 1980, 1984) that many attempts to
determine the stoichiometric ratio were affected by an in-
adequate control of the membrane potential. When efforts
were made to clamp membrane potential, the estimated
stoichiometric ratio changed from 1:1 to a value closer to
2:1 in chicken enterocytes as determined by comparing
sugar-induced Na fluxes to Na-induced sugar fluxes (n =
1.7-1.9; Kimmich and Randles, 1984). Also, sigmoidicity
in the dependence of Na-glucose cotransport on external Na
in late proximal tubules (Turner and Moran, 1982b) and in
a cultured renal cell line (Moran et al., 1982; Lever, 1982)
suggested that two Na ions were required for the cotransport
of each glucose molecule. Similar experiments performed in
the S1 segment of proximal convoluted tubules (Turner and
Moran, 1982a) indicated that only one Na ion was required
per glucose molecule in this segment. However, such sig-
moidicity is related to the number and affinities of Na ions
reacting with the transporter and not necessarily to the
number of Na ions that are cotransported. Two methods of
accurately measuring the true stoichiometric ratio for co-
transported substrates exist: i) balancing the Na concentra-
tion gradient with an opposed glucose concentration gradi-
ent (static head method) or ii) finding the zero current
potential for the cotransport (reversal potential determina-
tion). Based on such thermodynamic approachs, it was
concluded that one Na ion was actually transported per
sugar molecule in Necturus small intestine (Lapointe et al.,
1986) and in early proximal tubules (Turner and Moran,
1982a), whereas in late proximal tubules a stoichiometry of
2:1 was suggested (Turner and Moran, 1982b). More re-
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cently, reversal potentials for Na-glucose cotransport were
determined for LLC-PK, cells under whole-cell voltage
clamp conditions (Smith-Maxwell et al., 1990). Although
the measured values were consistent with a stoichiometric
ratio of two Na ions to one glucose molecule, the precision
of the data did not permit an unambiguous differentiation
between a 2:1 and a 1:1 coupling ratio.

Investigation into sodium-glucose cotransport was reori-
ented by the cloning of the cDNA for the rabbit sodium-
glucose cotransporter (SGLT1) in 1987 (Hediger et al.,
1987). This protein has been characterized in some detail
using mRNA-injected Xenopus laevis oocytes (Parent et al.,
1992a,b; Loo et al., 1993; Wright, 1993), permitting a high
level of SGLT1 expression in the effective absence of other
Na™-glucose cotransporters. The Na:glucose coupling stoi-
chiometry for the cloned transporter was deduced as 2:1
either on the basis of transport sigmoidicity with varying
extracellular Na concentration ([Nal) (Parent et al., 1992a,
Hill number = 1.9; Wright, 1993, Hill number = 1.6) or by
a direct comparison between Na current (in voltage clamp
conditions) and sugar uptake (n = 1.8 in Lee et al., 1994 and
n = 1.44 in Mackenzie et al., 1995). The limitations of
using sigmoidicity in the former procedure to estimate sto-
ichiometric ratios have been outlined above; those of the
latter procedure will be considered in the discussion. Further
complicating the relationship between the Na and glucose
transport of SGLT1, Umbach et al. (1990) have shown that
a phlorizin (pz)-sensitive current through SGLT1 persisted
even in the absence of external glucose. They concluded
that this current, which was dependent on [Na],, was a Na
leak, which suggested that a strict coupling between Na and
glucose fluxes could be broken at low extracellular glucose
concentrations.

In this study, we will present direct experimental support
for a 2 Na:l glucose stoichiometry for human SGLTI-
mediated cotransport using both a two-microelectrode volt-
age clamp technique and the cut-open oocyte technique,
which ensures the control of membrane potential as well as
of intracellular Na and sugar concentrations. In addition, the
current-voltage (I-V) relationship of the inwardly rectifying
Na leak will be presented together with a numerical simu-
lation showing the relative Na fluxes by the Na leak and by
the Na-glucose cotransport at different extracellular sugar
concentrations. This permits further clarification of the ki-
netic mechanism by which SGLT1 operates.

MATERIALS AND METHODS
Oocyte preparation and injection

Stage V or VI oocytes were removed from Xenopus laevis frogs anesthe-
tized with 3-aminobenzoic acid ethyl ester. The follicular layer was re-
moved by incubation in Barth’s solution containing 2-3 U/ml collagenase
(Boehringer Mannheim, Laval, QC) for 1 to 2 h, followed by agitation of
the oocytes in a Ca®*-free Barth’s solution for 45 min. The composition of
Barth’s solution is 88 mM NaCl, 3 mM KCl, 0.82 mM MgSQO,, 0.41 mM
CaCl,, 0.33 mM Ca(NO;), and 5 mM HEPES, pH 7.60. Defolliculated
oocytes were stored at 18°C in Barth’s solution containing 5% horse
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serum, 2.5 mM Na pyruvate, 100 U/ml penicilin, and 0.1 mg/ml strepto-
mycin (referred to henceforth as antibiotic Barth’s solution). A full-length
human SGLT1 ¢cDNA was obtained using PCR on human jejunal cDNA
based on published sequence data (Hediger et al., 1989). The primers used
were AATTCCGCTGCCACCATGGACAGT and TCGAGGAGGACG-
GACAGGAAAAGTG, and correspond primarily to untranslated regions
of the cDNA (base pairs 1-19 and 2391-2413). The primers were phos-
phorylated before use, and PCR amplification was performed using Pfu
polymerase (Stratagene, San Diego, CA) with one cycle of 5’ at 95°C, 5’
at 54°C, and 7’ at 75°C followed by 29 cycles of 2’ at 95°C, 1’ at 54°C,
and 7' at 75°C. The 2.4-kb PCR product was then treated with Exonuclease
111 (Kaluz et al., 1992) and inserted into the vector pMT21 (kindly provided
by the Genetics Institute, Boston, MA), which had been cut with EcoRI and
Xhol. This construct was used for injection into Xenopus oocyte nuclei
(Swick et al., 1992). The nuclear injection of 270 pg of recombinant
pMT21-SGLTI together with 30 pg of a similar construct coding for
secreted expressed alkaline phosphatase (Swick et al., 1992) was per-
formed 1 day after obtaining defolliculated oocytes. The injected oocytes
were incubated in antibiotic Barth’s solution supplemented with 100 uM
phlorizin for 24 to 36 h before incubating individual oocytes in Barth’s
solution deprived of serum (200 pl solution for each oocyte) for another 24
to 36 h. Then 100 ul of incubation solution from each oocyte was mixed
with 140 ul of alkaline phosphatase assay solution as described by Tate
et al. (1990) and held at 40°C for 2 to 10 h. The oocytes expressing alkaline
phosphatase were selected by visual inspection of the colorimetric alkaline
phosphatase reaction. In general, 10% to 25% of injected oocytes were
found to be positive for alkaline phophatase expression, and all expressed
SGLTI1. a-Methylglucose («MG) and phlorizin were used as a specific
substrate and inhibitor for SGLT1, respectively.

Two-microelectrode voltage clamp technique

Solutions used for the two-microelectrode voltage clamp technique con-
tained 70 mM NaCl, 3 mM KCl, 0.82 mM MgSO,, 0.41 mM CaCl,, 0.33
mM Ca(NO,),, 5 mM HEPES, pH 7.60, and 40 mM (mannitol + aMG).
Currents through the SGLT1 cotransporter were determined as the differ-
ence between currents measured before and after the addition of phlorizin.
The two-microelectrode voltage clamp technique used in the present study
has been described in recent papers from this laboratory (Coady et al.,
1994; Huang et al., 1995). In noninjected or water-injected oocytes, addi-
tion of 5 mM aMG generated a negligibly small current (~5 nA at —50
mV), which was not subtracted from current measurements in SGLT1-
expressing oocytes (300-1000 nA at —50 mV). No phlorizin-sensitive
currents were observed (<2-5 nA) using control oocytes in the absence of
aMG.

Cut-open oocyte technique

The cut-open oocyte technique consists of electrically isolating a mem-
brane patch (with a diameter of 0.65 mm) representing approximately 8%
of the total membrane surface, through which membrane currents can be
measured while the intracellular face of the membrane is continuously
perfused. Several modifications of the original version of Taglialatela et al.
(1992) were implemented, some of which have been described by Costa
et al. (1994). We used a low-access resistance (about 200 k{) glass pipette
to perfuse the intracellular space and to measure membrane potential (Fig.
1), without puncturing the membrane patch, as with conventional micro-
electrodes. Another modification made to the original design was that a
high flow rate (5-8 wl/min) was used to perfuse the cytosolic face of the
oocyte. To allow rapid pipette solution exchange, the input flow rate was
set to 40—43 pl/min using a hydrostatic pressure of 70 cm H,O and a high
hydraulic resistance in the line to stabilize the flow rate. The drain flow rate
was set to 35 ul/min using a similar hydrostatic pressure drain system.
Finally, the upper compartment and the guard compartment were both
clamped to 0 mV using a custom-made amplifier. When the interior of the
cocyte was pulsed to different potentials, the current recorded from the
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FIGURE 1 Schematic representation of the experimental set-up used for

the cut-open oocyte technique. It consists of physically and electrically
isolating a membrane patch through which membrane current is measured
while a glass pipette is used to measure the intracellular potential and
perfuse the intracellular space.

upper compartment must have originated from within the isolated mem-
brane patch. The extracellular solution used with the cut-open oocyte
technique consisted of 43.8 mM Na cyclamate, 6.2 mM NaCl, 1 mM
MgCl,, 0.9 mM CaCl,, 5 mM HEPES, pH 7.6, 80 mM (mannitol + aMG),
and 3 mM N-methyl-D-glucamine. The intracellular perfusion solution
differed from the extracellular solution only in that it contained 75 mM
(mannitol + aMG), | mM EGTA, and 6 mM N-methyl-D-glucamine.

The generation of voltage pulses and data acquisition as well as the
storage and analysis of data were performed using the Pclamp Program
(Version 5.5.1, Axon Instruments, Foster City, CA).

Theoretical expressions for the reversal potential
in the presence of a Na leak

For any given transport process occurring through a well-defined stoichi-
ometry, equilibrium will be reached when the Gibbs free energy remains
constant after one transport cycle, i.e., when

dG = X p;dn; =0, (1)

where p;, is the electrochemical potential of each transported molecule and
dn; is the number of molecules transported per cycle (Schultz, 1980). In the
case of Na-glucose cotransport, using the expression for the electrochem-
ical potential for Na and glucose (where G represents the sugar substrates
for SGLT1) on each side of the membrane and solving for the zero current
potential (V,, called a reversal potential or equilibrium potential in this
case), the following expression is derived:

RT [Gl[Na]
= nF " [GYNa]’ @

where [Na], or [Na]; ([G], or [G];) is Na (glucose) concentration outside or
inside the oocyte, n is the number of Na ions transported per glucose
molecule, and R, T, and F have their usual meanings. If it is assumed that
[G);, [Na);, and [Na], remain constant, a linear relationship is found

Na*:Glucose Coupling Ratio
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between V, and In{G],:
V. = (25.4 /n mV)In[G], + C (at 22°C) 3

where C is a constant.

The presence of a putative Na leak complicates the relationship between
V, and substrate concentrations. To describe V, in the presence of both
coupled Na-glucose transport and a Na leak, we considered a symmetrical
kinetic model where an arbitrary number of steps from free enzyme to the
complex with n Na ions bound is allowed (Fig. 2 A). The expression for V,
is given by (see Appendix)

_RT_(Gl, +KJ[Nal;

V,=—Intq 2. 4
nF "™ ([G], + K)[Nal @

If [G]);, [Na];, and [Na], are assumed constant, then
V, = (25.4/n mV)In((G], + K.) + D, ®)]

where D is a constant. K_ is a characteristic concentration constant whose
derivation is described in the Appendix; it represents the glucose concen-
tration at which the Na leak is equal to the Na flux coupled to glucose

ouT iN

@® c

nNa,

.'"Z'".

FIGURE 2 (A) Generalized symmetrical kinetic model. At each side of
the membrane, the binding of » Na ions is described by an arbitrary number
of steps (inside the box) between the free carrier state C (or C') and the
complex CNa, (or C'Na,). (B) The complete set of King-Altman graphics
(King and Altman, 1956) contributing to the transmembrane current.
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transport. Note that Eq. 4 becomes Eq. 2 if no Na leak (K, = 0) is present
or, alternatively, if both [G], and [G]; = K_.

Statistical analysis

Experimental results were expressed in the form of mean * SEM (N),
where N indicates the number of oocytes obtained from at least two
different donors. Paired or unpaired Student’s t-test was used to compare
two sets of data whenever appropriate. The curve-fitting procedures were
performed with equal weighting using commercially available software
(FigP v. 6.0, Elsevier-Biosoft, Cambridge, England).

RESULTS
intact oocytes

Fig. 3 A shows the oocyte currents recorded at a membrane
potential of —50 mV when 50 puM phlorizin or different
concentrations of aMG were added to the bath. The slow

A
[aMGl(mM) 0 1 o] o1 Jo] o Jo
[pzI(50uM) pz pz Pz, pz
B
c InA)
100 g
-150 100 -50 I #8075
0 °"°—°:::Z/° 4 \ Vi(mV)
0.1 o—o0—"° /: I v,
[aMG, /\:1 - —200
(mM) o L
A d
o - —400
-

FIGURE 3 SGLT1 current measurements using a two-microeletrode
voltage clamp technique. (A) Recording of membrane currents at a mem-
brane potential (V,,) of —50 mV. A series of voltage pulses was applied at
each vertical line shown in the current record, to generate I-V curves. (B)
Examples of measured membrane currents in the presence of 1 mM aMG,,
or 50 uM pz, from data recording shown in part A. (C) I-V curves for
pz-sensitive currents at different [«MG], were obtained as the differences
between currents measured before and after a 50 1M phlorizin application.
Reversal potentials (V,) are interpolated as zero current potentials.
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response of membrane currents observed when aMG re-
placed phlorizin is due to the fact that phlorizin binds to the
transporter immediately (as fast as our external solution
exchange speed allows, i.e., 5-10 s) but remains bound to
the transporter for several tens of seconds after complete
removal of external phlorizin, as previously reported
(Restrepo and Kimmich, 1986). The differences between
currents measured before and after phlorizin addition for the
three [aMG], shown in Fig. 3 A are illustrated in Fig. 3 C.
When similar experiments were done using 70 mM Na_ and
a variety of [@MG],,, average K2V values of 1.3 + 0.2 mM
and 0.8 = 0.1 mM (N = 5) were found at, respectively, —50
mV and —100 mV. For each I-V curve of the type shown in
Fig. 3 C, it is possible to determine a reversal potential (V,);
these are plotted against InfaMG], in Fig. 4. Note that a V,
corresponding to [aMG], = 0 mM could be measured; at
—100 mV, this putative Na leak under zero [aMG], con-
ditions averaged 28.9 * 5.0 nA (N = 4), corresponding to
2.5% of the maximal cotransport current. The V, at zero
[aMG], is not predicted by Eq. 3, which fit these data only
for [aMG], > 0.1 mM (dashed line). The entire data set can
be well fit, however, using Eq. 5 with parameters “n”
(stoichiometry) and K (Fig. 4, solid line) as described in the
figure legend. The improved fit gave an n value of 2.25 *+
0.07 (N = 6) (or a mean slope of 26.1 * 0.8 mV/decade)
and, in the cases where currents at low [aMG], could be
accurately measured, an averaged value for K_ of 40 * 12
uM (N = 3) was found. This analysis is based on the
assumption that internal sodium and glucose concentrations
remain unchanged during the experiment. Because of
doubts regarding this assumption, we continued our exper-
iments by using internally perfused oocytes, which permit
control of the cytosolic environment.

70 -
=
E
- 35 A
)
5 of
[e]
a
8 -351
o]
>
[+)]
o
=70+ —F T T

0 001 .01 A 1 10 100

[aMG], (mM)

FIGURE 4 Nonlinearity between SGLT! reversal potentials and
In[eMG],. Data points show reversal potentials (V,) determined for differ-
ent [aMG], in a typical experiment of the type shown in Fig. 3. The
straight line is a best fit using a formula based on simple thermodynamic
considerations (Eq. 3). The curved line is an improved fit using the formula
(Eq. 5) derived from the generalized kinetic model (see Appendix), which
introduces a characteristic concentration constant (K,). Assuming that [Na];
and [aMG]; are constant, values of n = 2.11 and K, = 20 uM were
obtained in this example.
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Internally perfused oocytes

Fig. 5 A shows the effect of external «MG addition on the
membrane current recorded from a patch of membrane
while the oocyte was internally perfused with 0 mM aMG
and 50 mM Na at —60 mV. Phlorizin-sensitive currents
(Fig. 5 C) were determined from two consecutive I-V curves
generally done within 20 s of each other. The external
K,,*™S showed no dependence on membrane potential from
—160 mV to —60 mV and averaged 3.4 = 0.5 mM (N = 7).
This value is larger than that measured in intact oocyte
experiments, possibly because the intracellular Na concen-
tration ([Na]; = 50 mM) used in cut-open oocyte experi-
ments is much higher than the [Na); of intact oocytes (7-20
mM, Lafaire and Schwartz, 1986; 6-22 mM, Dascal, 1987).
Higher [Na]; is expected to increase the external K,,© val-
ues, as discussed by Kessler and Semenza (1983) for brush
border membrane vesicle uptake experiments. An aMG;-

A
[aMG],(mM) 2 |0|40| 0 |10| O |05 ©
[pz](100uM) pz pz pz pz
B aMG pz
+40mv +40mvV
—160mv 400nA|
—-160mV 20ms
c nA)
100
-160-120 —-80 —40 |: 40 v (mv)
05 A—A—A—A’A—A::/°;£;D
-0 o

2 emomo®" /°;D/
[aMal, .
(mM) /O/O/:/D 200

10 o-° o’

7
o
40 o-H
- -400

FIGURE 5 SGLT1 current measurements using the cut-open oocyte
technique. (A) Recording of membrane currents at a membrane potential
(Vi) of —60 mV. (B) Examples of measured membrane currents upon
applying a series of voltage pulses in the presence of 10 mM aMG, or 100
M pz. (C) I-V curves for pz-sensitive currents at different [aMG], were
obtained as the differences between currents measured before and after a
100 uM phlorizin application.
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induced outward current (in the absence of aMG,) at a
holding potential (V) of —20 mV is shown in Fig. 6. One
can see that, using our fast perfusion rate, a steady-state
current is reached within 2 min after the application of a
new internal solution. As shown in Fig. 6, it is clear that the
affinity of the internal site for MG is very low inasmuch as
37.5 mM aMG did not saturate the SGLT1 internal binding
site for sugar. In three independent experiments where sev-
eral [aMG]; could be tested sequentially on the same oo-
cyte, the internal K, *™° was estimated to be between 25
and 50 mM. Reversal potentials were measured in four
independent experiments under zero [aMG], condition,
with different [@MG];; an average K, of 28 = 5 uM was
obtained using Eq. 5. This K, value is close to that obtained
with intact oocytes.

The phlorizin-sensitive current in the absence of aMG on
either side of the membrane (the putative Na leak) was also
measurable using cut-open oocytes. Both extracellular and
intracellular perfusates contained 50 mM Na, and the pz-
sensitive current was shown to possess strong inward rec-
tification (see Fig. 7 for average currents from five oocytes).
Note that the average outward current of 1.7 * 0.8 nA at 0
mYV is not statistically different from zero.

SGLT1 stoichiometry in internally
perfused oocytes

With internally perfused oocytes, a single determinaton of
V. can be used to obtain the stoichiometric parameter “n”
from Eq. 2, provided that [aMG], and [@aMG]; are large
enough that the Na leak becomes effectively negligible. An
example with [aMG]; = 30 mM and [aMG], = 2 mM is
shown in Fig. 8 A where both the theoretical V, position
corresponding to n = 2 and the measured V, position (n =
1.96) are indicated. We see that the measured V, was within
1 mV of the theoretical value for n = 2. To increase

[CXMG]i 0
(mM)

| 75 [375]/75 ] o

100nA

2 min [aMG], = 0 mM

Vm = =20 mV

FIGURE 6 Measurement of aMG;-induced currents in cut-open oocytes.
Current began to change 30 s after a new solution was perfused internally.
This period is the time necessary to replace the previous solution in the line
feeding the oocyte perfusion system. The current then reaches a plateau
within 2 min. aMG;i-induced currents were reversible when substrate
concentration was repeatedly raised or lowered.



2410

i(nA)
- 20

80 Lo 49 V)

/’-!-/2""
T 95 7
T 97
T I/T/ +
! - —20
L -40
FIGURE 7 Inward rectification of the Na leak. An inwardly rectifying

Na current, i.e., pz-sensitive current in the complete absence of sugar on
either side of the membrane, was observed in all oocytes expressing
SGLTI. Data points represent the average result from five oocytes. The
dashed line represents a numerical simulation fitting these data points (see
text). [Na]; = [Na], = 50 mM, [Pz] = 100 uM.

accuracy and to make the stoichiometric determination
completely independent from any offset in the absolute
values of V,, V. was measured at several [aMG], and the
slope of the V, versus InfaMG], relationship was used. As
shown in Fig. 8 B, this determination was repeated at
different [aMG],, yielding lines of almost identical slopes.
The stoichiometry parameter “n” turned out to be indepen-
dent of [aMG]; from 10 mM to 75 mM (see Fig. 8 C) or of
[aMG], from 0.5 to 40 mM, and an average value of 1.96
* (0.04 was obtained from the pooled data (N = 18 deter-
minations), which is not significantly different from 2.

DISCUSSION

SGLT1 was among the first membrane cotransporters to be
cloned, and its transport mechanism has been studied in
detail using steady-state and pre-steady-state electrophysi-
ological methods (Umbach et al., 1990; Parent et al.,
1992a,b; Loo et al., 1993; Wright, 1993). In these and
earlier studies, the proposed stoichiometry of two Na ions
per glucose molecule has relied almost exclusively on the
sigmoidal activation curve by extracellular Na with a Hill
number ranging from 1.6 to 1.9 (Wright, 1993; Parent et al.,
1992a; Turner and Moran, 1982b; Moran et al., 1982). We
felt that this question could be better addressed by employ-
ing a conventional two-microelectrode voltage clamp tech-
nique on intact oocytes as well as the cut-open oocyte
technique, to examine reversal potentials of SGLT1-specific
I-V curves. The results presented above indicate that SGLT1
definitely cotransports two Na ions per glucose molecule
when the aMG concentration is much larger than a newly
defined characteristic concentration K_ (~40 uM). At low
[aMG],, the uncoupled Na flux represents a substantial part
of Na transport through SGLT1.
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FIGURE 8 Determination of SGLT1 stoichiometry (“n”) using cut-open
oocytes. (A) Example of phlorizin-sensitive current-voltage relationship
using perfusion of both membrane faces with known aMG concentrations.
[Na]; = [Na], = 50 mM. The vertical lines show the reversal potentials for
the measured value of n (1.96) as well as for the theoretical value of 2. (B)
V, was plotted as a function of [MG], using different intracellular cMG
concentrations from 10 to 75 mM. To improve accuracy, the stoichiometric
ratio “n” is determined from the slope of each line, which equals 58.5/n mV
decade at 22°C. (C) The “n” values determined from different experiments
using internal «MG concentrations up to 75 mM do not differ significantly
from 2. The “n” value at 10 mM aMG; was obtained from three experi-
ments; the values at 30, 50, and 75 mM aMG; are from three, two, and ten
experiments, respectively.

Stoichiometry of two Na ions per
glucose molecule

Using the two-microelectrode voltage clamp technique, V,
was shown to vary linearly with In[aMG], as long as
[aMG], remains higher than 0.1 mM. The slope of this line
is consistent with a stoichiometry of two Na ions trans-
ported per aMG molecule. The measured “n” value is, in
fact, slightly (but significantly) larger than 2, which sug-
gests that our assumption of intracellular Na and sugar
concentrations remaining constant during the experiment is
not sufficiently accurate. If intracellular «MG concentra-
tions increase with [aMG],, the gradient of aMG will be
less than presumed and V| will change less than predicted.
This leads to a lower slope in the V, versus In[aMG], curve
and thus a larger calculated value of “n.” This hypothesis is
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supported by the fact that higher [aMG], give larger out-
ward currents at positive potentials (Fig. 3 C). As the Na
leak cannot explain outward currents of this magnitude (the
Na leak is strongly inward rectifying; see Fig. 7), these
currents are most likely due to some significant sugar
accumulation in the immediate vicinity of the intracellular
face of the membrane during exposure to aMG,.

When oocytes were perfused with sugar-free solutions
using the cut-open oocyte technique, very small outward
currents were detected at positive membrane potentials (see
Figs. 5 C and 7), indicating efficient control of the intracel-
lular solution. In the presence of [aMG];, the absolute
values of the reversal potential measured were always con-
sistent with a coupling stoichiometry of two Na ions per
aMG molecule. A more accurate way to obtain “n” is to
consider the variation of V| as a function of In[aMG],; this
eliminates the influence on “n” of any offset (even of a few
millivolts) in the voltage measurement circuit. The coupling
stoichiometry using this thermodynamical approach was
found to be 1.96 * 0.04 (N = 18), a value not significantly
different from two Na ions per MG molecule (Fig. 8 C).
This parameter was found to be independent of [aMG]; over
the entire range covered (10-75 mM).

Recently, lower values of “n” were reported for SGLT1
expressed in oocytes (n = 1.8 in Lee et al., 1994 and n =
1.44 in Mackenzie et al., 1995). The coupling stoichiometry
was obtained by comparing the net Na flux through SGLT1
(estimated from the phlorizin-sensitive current) to the uni-
directional MG uptake under similar or identical condi-
tions. Although it is clear that the stoichiometric ratio for
SGLT1 can be obtained by comparing the ratio of net fluxes
of the two substrates, the assumption that unidirectional
aMG uptake is equal to the net sugar flux depends on
experimental conditions. There can be an exchange of ra-
diolabeled external sugar for intracellular sugars without
dissociation of Na ions from the carrier, which would result
in artifactually low stoichiometric ratios. Although the level
of intracellular glucose in Xenopus laevis oocytes has been
reported to be below 50 uM (Umbach et al., 1990), the
outward phlorizin-sensitive currents observed by us and
others (present study; Umbach et al., 1990) indicates the
intracellular presence of some forms of SGLT1 substrates.
These currents, which can be observed before the first
external sugar exposure, reverse between —20 and —45 mV
and cannot be solely accounted for by a Na leak. Hence, the
assumption that unidirectional tracer uptake is representa-
tive of net sugar flux appears to be inaccurate.

Na leak

We have seen (Fig. 4) that the straightforward thermody-
namic expression for V; (Eq. 3) failed to fit the relationship
between V, and In[aMG], for [eMG], < 0.1 mM. The
generalized kinetic model (Fig. 2 A), which allows n Na
ions to cross the membrane without sugar cotransport, gives
a slightly different formula for this relationship (Eq. 5) and
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introduces a characteristic concentration constant K. This
K, can easily be obtained from fitting experimental data to
Eq. 5. As described in the Appendix, K, represents the sugar
concentration at which the Na leak is equal to Na-sugar
cotransport. In the complete absence of aMG (on both
sides) an inwardly rectifying Na leak was obtained (Fig. 7),
which indicates both that the cytoplasmic face of the mem-
brane is adequately perfused, and that a large asymmetry
exists between the forward and reverse reactions of some
rate-limiting steps. In this case, a four-state kinetic model
(equivalent to the upper cycle of the six-state model in Loo
et al., 1993) can be used to describe the Na leak behavior.
Rate constants describing Na binding to (k°,,) and debind-
ing from (k%,) the extracellular site and the constants for
free carrier conformational changes (K, and k%) were
taken from Loo et al. (1993). Rate constants k% and k%,
directly related to the Na leak, were adjusted to fit the I-V
curve of the Na leak (dashed line in Fig. 7). The optimal
values are shown in Fig. 9 A. The fit at positive potentials
can be significantly improved if the original rate constants
from Loo et al. (1993) are changed as follows: &°,, from
14,000 to 40,000 s~ 'mole 2, k%, from 25 to 50 s~ !, and
K%, from 300 to 150 s™'. This set of parameters remains
consistent with the pre-steady-state data reported by Loo
et al. (1993).

Kinetic parameters for human SGLT1

Based on the rate constants given above, quantitative values
can be proposed for a six-state kinetic model of the human
SGLT1 that incorporates the new parameters provided in
the present study (K., and both external and internal
K,,®MC) and that is similar to that originally proposed
by Parent et al. (1992b) for the rabbit cotransporter. We
have chosen this model rather than others (Kimmich, 1990;
Silverman, 1991; Stevens, 1992) because it is simple and
consistent with an extensive set of data obtained in SGLT1-
expressing oocytes, including pre-steady-state currents and
the observed Na leak. k°; and k%5 values were derived
from the external and internal K,,°™9; k% and k%, were
calculated using two microscopic reversibility relations; and
k4, K°43, k%5, and kO were adopted from Parent et al.
(1992b). The proposed kinetic parameters are given in
Fig. 9 A. This kinetic model can help in predicting the
proportions between the two transport modes studied in
the present paper: J;_,,, representing the coupled Na-
glucose influx, and J,_,s, representing the inward Na leak.
These quantities were calculated as a function of [aMG],
and are presented in Fig. 9 B. We see that, as [aMG],
increases, the coupled Na-aMG influx (J_,,) increases
and the inward Na leak (J,_,5) decreases toward zero, and
that J, .5 is equal to J;_, at K, (32 uM, consistent with
the measured values of 40 = 12 uM in intact oocytes and
28 * 5 uM in internally perfused oocytes). As expected
(see Appendix), the ratio J;_,/J, .5 comprises a straight
line equal to [aMG] /K from which the relative magnitudes



2412
A ouT IN
(D 60090.70 , @
25e—07u
2Na, 2Na;
_o_,u\ 300> 10 4
14000e 194.4
1 h
©@ CNa, T CNa ®
aMG, aMG;
N 20 6 4
15000 450
(3 CNa,aMG — C'Na,aMG @
B
°©
S ;
S 201 t 08 .16
< 32uM (=K,) 34
E
©
120
E‘; 10 J3—¢4{-‘-]-2-:5- -
- S &
_‘;" '''''''''' 60 \v
= | /S e 4
T | o Joss =i
- 0 - f e e, | 1
1 2 3

[aMG], (mM)

FIGURE 9 Numerical modeling of Na currents. (A) A symmetrical or-
dered six-state kinetic mode] for human SGLT], originally proposed by
Parent et al. (1992b) for rabbit SGLT1. k¢, k%, k%5, k°s;, k%4, k43, K04,
K5, k°,, and K°,, are expressed in s™'; k%, and k%, are expressed in
s 'mol™!; k°,, and K% are expressed in s~ 'mol 2 u = FV,/RT, where F,
R, and T have their usual meanings. (B) Numerical comparison of inward
Na leak (J,._,s) and inward Na-aMG cotransport (J;_,) as a function of
external MG concentration using the model parameters given in A. The
dotted line represents the ratio between the two forms of Na influx. The
aMG, concentration at which the two curves intersect is K. (= 32 uM).
The inset is a depiction at low [aMG],.

of the cotransport flux and the Na leak can be easily dis-
cerned at any [aMG],,. In this simulation, [Na], = 100 mM,
[Na]; = 15 mM, [aMG]; = 0, V, = —100 mV, tempera-
ture = 22°C, and each oocyte is assumed to contain 10"
cotransporters.

In summary, we have analyzed the coupling between Na
and glucose fluxes through the human SGLTI protein. In
intact oocytes, the relationship between external MG con-
centrations and reversal potentials has indicated a stoichio-
metry close to two Na ions per glucose molecule and
demonstrated that the Na leak represents a significant pro-
portion of SGLT1 transport whenever [aMG], is close to or
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below a newly defined parameter K. (K, = 40 £ 12 uM).
Using internally perfused oocytes, the 2:1 stoichiometry has
been confirmed with considerable accuracy, and a “pure”
Na leak was directly observed in the bilateral absence of
glucose. This leak current was shown to present strong
inward rectification, indicating significant asymmetries in
the transport mechanism. It will be interesting to apply these
procedures to examine the Na leak and coupling stoichio-
metry associated with expression of a purported SGLT
regulatory subunit RS1 (Veyhl et al., 1993) as well as the
recently identified SGLT2 transporter (Mackenzie et al.,
1994).

APPENDIX

The generalized ordered kinetic model with mirror symmetry is illustrated
in Fig. 2 A. On the external side of the oocyte, n Na ions bind to a free
carrier C (state 1) through an arbitrary number of steps to form a complex
CNa, (state 2), then one glucose molecule binds to CNa,, to yield CNa,G
(state 3). The situation for the internal side is symmetrical to the external
side. Transition 1 <> 6 (3 <> 4) represents a free (fully loaded) carrier
translocation across the membrane, and 2 <> S represents the Na leak. In
the model, we assume that the free carrier possesses 1 elementary negative
charges, so that transitions 2 «< 3,3 & 4,4 <& 5, and 5§ & 2 are
independent of the membrane potential. Let k; be k°ij multiplied by the
corresponding voltage dependence factor and substrate concentration; then
steady-state transmembrane current can be calculated as follows:
I = nFNx(ki6Cy — k6 Cs) (A1)
where C,; represents the probability of finding a carrier in the state i, Ny is
the total number of carriers in moles, and F is the Faraday constant.
Occupation probabilities (C;) can be calculated based on the schematic
method of King and Altman (1956). By inspecting all patterns, only four
were found to give non-zero contributions to the transmembrane current.
These four patterns are shown in Fig. 2 B. Let k;_,; be the product of the
rate constants of all transitions from state i, through intermediate states
inside the box, to state j (Fig. 2 A). Then the four patterns contribute to the
current (Eq. Al), respectively, in accordance with the following four
expressions:

k l6k6—>5k54k43k32k2—>l - k61k l—>2k23k34k45k5—>6
kl6k6—>5k52k32k45k2—>l - k61k l—>2k25k32k45k5—>6

(A2)
kieks—sksakaskzaky—y — kerkiokaskaskarks 6
kigke—sksakaskaska—1 — Keikiokaskzakasks .
Using the following two microscopic reversibility relations
020 707207030 _ 7070 7010 10 70
kigks—sksakaskzoka 1 = keki_okpsksakasks .6
and
020 10 70 . 70 7.0 70 10
ksykasksakas = ksskaskaokos,
the first expression in (A2) can be written as
1] —
kcycle([G]i[Na]?eanaRT - [G]O[Na]ge nFV/2R’[)’ (A3)
and the sum of the other three expressions can be written as
0 —_
kcycleKc([Na]?enFWZRT - [Na]oe nFV/ZR'[)’ (A4)
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where K . = K61k 2k 23k 34k sk s 6, and K is a characteristic
concentration constant and a function of the rate constants linking states 2,
3, 4, and 5 to each other:

_ has(Kaokes + kink3, + Kagkis)

c= 070 10
kysk3akys

(A5)
_ kas(ksokss + kasksy + kagkas)
ka3kaskss ’

The current in Eq. Al is simply the sum of expressions (A3) and (A4)

divided by 3.5;, the sum of the King-Altman patterns for all states, yielding
0

_ nFN chycle

I'=—ss

G}, + Kc)[Na]?enFVQRT
(A6)
— ([G], + K)[Na]e nFV/2RT],

Then the following relationship between V. and substrate concentrations
can be obtained under the zero current conditions:

_RT_ (G, + K)[Nal:

*= 2F M (G], + KJ)[Nal” (A7)

The meaning of K, can be illustrated from the expressions for the net
fluxes Jo5 and Js4:

Jos = NylkysCy — ks, Cs)
J34 = NilkssC3 — ks3Cy)
= Ni(kysC)[G], — ks;C{Gl)/K.. (A8)

Equation A8 can be derived because C; and C, can be expressed as
functions of C, and C; using the following steady-state conditions:

(ksg + k3)Cs = kg3Cy + kp3Cy
(ka3 + kis)Cs = k3yCs + ksyCs.

(A9)

In the case where the transitions between states 2 and 5 are much slower
than the binding to and debinding from the carrier, Npk,5C, and Niks,Cs
represent, respectively, the inward and outward Na leaks. It can be seen
from Eq. A8 that K_ corresponds to the extracellular sugar concentration
for which the inward Na leak (Nyk,5C,) is equal to the coupled Na-sugar
influx (Npk,y5C5[G1/K,). A similar conclusion can be made with regard to
intracellular sugar concentration and outward Na and Na-sugar fluxes. In
addition, if [G]; = [G],, K. corresponds to the sugar concentration for
which the net Na leak equals the net Na-sugar cotransport.
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