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Abstract. The relationships between currents generatedhat: (i) cotransporter currents are commonly used to
by the rabbit N&/glucose cotransporter (SGLT1) and the study the kinetics of cotransport (Umbach, Coady &
fluxes of N& and sugar were investigated usiMgnopus  Wright, 1990; Birnir, Loo & Wright, 1991; Parent et al.,
laevisoocytes expressing SGLT1. Inindividual voltage- 1992a; Hirsch, Loo & Wright, 1996; Loo et al., 1996;
clamped oocytes we measured: (i) the current evoked bilackenzie et al., 1996; Hirayama, Loo & Wright, 1996;
10 mv MG and the??Na* uptake at 10 m Na'; (i) the ~ Eskandari et al., 1997); (i) currents generated by several
currents evoked by 50 to 50@m [**CJaMG and the neurotransmitter cotransporters exceed those expectet
[**C]aMG uptakes at 100 m Na; and (iii) phlorizin-  for the transport cycle (Mager et al., 1994; Wadiche,
sensitive leak currents in the absence of sugardNd”  Amara & Kavanaugh, 1995; Wright et al., 1996); and
uptakes at 10 m Na". We demonstrate that the SGLT1 (iii) there are internal leak currents through SGLT1 that
leak currents are Nacurrents, and that the sugar-evoked may result in slippage in coupling (Parent et al., 1992
currents are directly proportional to bottMG and N& Brown, 1995). The results demonstrate that SGLT1 cur-
uptakes. The NaaMG coupling coefficients were esti- rents are proportional to Naiptakes in the presence and
mated to be 1.6 at =70 mV and 1.9 at —110 mV. Thisabsence of sugar, and the sugar-evoked currents are prc
suggests that the rabbit SGLT1 MaMG stoichiometry  portional to sugar uptakes. The coupling coefficient for
for sugar uptake is 2 under fully saturating, zéraas  Na' to sugar transport was close to 2 under saturating
conditions. Coupling coefficients of less than 2 are ex-conditions, and less than 2 under nonsaturating condi-
pected under nonsaturating conditions due to uncoupletions. This suggests that there is significant internal slip-
Na“ fluxes (slippage). The similarity between the Na page in the coupling of sugar to Néhrough SGLT1.

Hill coefficients and the coupling coefficients suggests

strong cooperativity between the two Nainding sites. .
Materials and Methods

Key words: Transport stoichiometry — Secondary ac- oyr experimental strategy was to overexpress the rabbit SGLT1 co-

tive transport — N&/glucose cotransport — Leak cur- transporter in oocytes and then measure the initial raté@Nd* or

rents —Xenopusoocyte — Phlorizin 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.

Introduction Stage VI Xenopus laevidocytes (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., 4992
We have examined the relationships between cotranggy, 19 mg- 1-* gentamicin sulfate.

porter currents and the fluxes of Nand sugar for rabbit Experimental media contained 0, 10 or 100 iaCl — comple-

SGLT1 over-expressed in oocytes. The rationale beingnented by 100, 90 or 0 mcholine chloride — with 2 na KCI, 1 mm
CaCl, 1 mv MgCl, and 10 nm HEPES (pH 7.5 with Tris), plus
a-methyl-d-glucopyranoside or phlorizin as indicated.

* Present addressBrigham & Women'’s Hospital and Harvard Medi-
cal School, Department of Medicine, Renal Division, 77 Avenue Louis CHARGE/N&" STOICHIOMETRY
Pasteur, Boston, MA 02115, USA
A two-microelectrode voltage-clamp technique was used to measure
Correspondence tdD.D.F. Loo sugar-evoked currents in combination with simultaneous, unidirec-
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tional radiotracer accumulation in individual oocytes expressing 10 mM oMG + 2Na
SGLT1. Each oocyte was placed in a chamber of functional volume
<100 pl and voltage-clamped at a single holding potenti¥],)(
throughout the experiment. The oocyte was superfused with 0 m
Na" medium (at 20—22°C) at a flow rate 8200 | - min™. Baseline
current was recorded in Namedium, after which the oocyte was
superfused with 10 m 22Na (final specific activity 0.3-0.5
MBq - wmol™, DuPont NEN, Wilmington, DE) and 10 w alpha-
methyl-p-glucopyranoside (MG) for 10 min. The oocyte was then
superfused with Namedium until the current returned to baseliré (
min), recovered from the chamber, rinsed in ice-cold choline medium,
and solubilized with 5% SDS for liquid scintillation counting (Ikeda et
al., 1989). 100 nA
Current was filtered at 20 Hz and sampled every 0.1 sec. The
aMG-evoked current was obtained as the difference in current betweel 2 min
baseline and after addition of sugar, and was integrated (trapezoidal
rule) to obtain the total sugar-dependent char@e“®). Q*M¢ was Fig. 1. The sugar-dependent current in an oocyte expressing rabbit
converted to a molar equivalent using the Faraday (assuming monoveéSGLT1. Current was continuously monitored in a single rSGLT1-
lency). To correct for endogenous Naptake (i.e., not specific to  cRNA-injected oocyte clamped at holding potentig},)(=70 mV. A
SGLT1), we also measuretfNa accumulation in control (O- stable baseline current was obtained in 1@ Na" before superfusing
injected) oocytes. 10 mv a-methyld-glucopyranosideoMG) together with 10 m 22Na
for 10 min (shown by theolid bar) and washing out with 10 mnNa"
(without tracer). The sugar-dependent cha@&™®), i.e., the integral
PHLORIZIN-SENSITIVE (LEAK) CURRENT of the sugar-dependent current over 10 min, was —1,4007% @6u-
lombs, equivalent to 1,425 pmol of monovalent charge. & ac-
The SGLT1 leak current in the absence of sugar was measured by theumulation in this oocyte was 1,398 pmol (having subtracted mean
addition of 500um (saturating) phlorizin (Pz) at 10mNa” (V,, = -70 basal??Na accumulation over 10 min in control oocytes, 33 pmol),
mV) and compared to the current evoked by 10 aMG. ?*Na-uptake  yielding a chargéPNa stoichiometry of 1:1.
via the SGLT1 Na leak pathway in the absence of sugar was deter-
mined as described above, and corrected for the endogenduspNa
take in control, noninjected oocytes. (iv) maximized the accuracy of thé“C]-aMG uptakes
by using sugar concentrations close to the sugge K
(50-500uM) at the highest Naconcentration possible,
100 mv; and (v) measured thé“IC]-aMG uptakes in
Charge/sugar stoichiometry was determined as described for th(g‘:ontrOI (FEO_'mJECted) oocytes from the same batch of
charge/N4 stoichiometry with the following changes. Test solutions 00CYtes. This enabled us to take into account both the
containing 50, 200 or 50Qum a-methylo-[U-*“C]glucopyranoside ~ €xternal and internal SGLT1 Nand sugar uptakes. In
(Amersham, Arlington Heights, IL) in 100mNa* were superfused for  this series of experiments we did not detect any signifi-
10 min (final specific activity 0.7-1.1 MBgumol™) or 1 min (final  cant N&-dependenttMG uptakes into noninjected oo-
specific activity <2.0 MBq- pmol™), at V, of =70 or -110  cyteg (<<0.01 pmoles/minute), and téla" uptakes in
mV. [**ClaMG accumulation was determined in control®tinjected 7)1y ) oocytes were insignificant relative to the uptakes
oocytes (from the same batch) under equivalent conditions, and used t0 L .
correct for endogenous totalMG uptake. No endogenous Na In SGLT1 cRNA '”JeCte‘?‘ oocytes (<10 pmoles/min).
dependentMG uptake was detected in any batch of oocytes tested. 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-
Results ported here.
The addition of 10 m aMG to a 10 rm Na“" me-
We measured sugar-evoked SGLT1 currents and eithetium, resulted in large, reversible inward currents in oo-
2Na or [**C]-aMG uptakes in the same oocyte over the cytes expressing rabbit SGLT1 (Fig. 1). The reason for
same time course. To increase the reliability of the datathe slow decline in the sugar-induced currents with time
we: (i) only used oocytes with high expression levels (>5(Fig. 1) is unclear. This decay is invariably observed
x 10'° cotransporters per oocyte as determineddy,,  with other cotransporters expressed in oocytes, espe-
measurements, Loo et al., 1993; Zampighi et al., 1996)cially at substrate concentrations above the apparent Km.
(i) minimized the nonspecifié®Na uptakes and®Na  However, this decay has little impact on the present
counting errors by reducing the external’™Nancentra-  study since currents and radioactive uptakes are inte-
tion to 10 mm, and increasing the external sugar to 10grated over the same time interval in the same oocytes,
mm to maximize the rate of sugar transpaé&éParent et and the ratio of charge to uptake is the same at 1 and 10
al., 1992); (i) measured thé°Na leak through SGLT1 minutes éeebelow). Currentwas integrated with time to
in the absence of sugar, and ffftéla uptake into control ~ determine the sugar-dependent net charge infRi¥'€),
(H,O-injected) oocytes from the same batch of oocytesronverted to a molar equivalent assuming monovalency,

CHARGE/SUGAR STOICHIOMETRY
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Fig. 3. The phlorizin-sensitive Nacurrent in rSGLT1. The current
Fig. 2. Chargef’Na stoichiometry for rSGLT1. The sugar-dependent (1” sensitive to 50Qum phlorizin atV,, = =70 mV was correlated with
charge Q*°) and®*Na accumulation over 10 min at 10viNa" were o peak current evoked by 10mMG (1°M®) each at 10 m Na* in
simultaneously determined &, = —70 mV in 18 oocytes expressing 11 oocytes: data were fitted by a linear regressienlid line, P =
SGLT1 (@); basa?Na accumulation (over 10 min) in control-injected g g4 p < 0.001). The magnitude of the phlorizin-sensitive current was
oocytes () (mean +sem from 6 oocytes) has been subtracted. The 5 294 + 0.29 dotted line,mean +sem) of the sugar-evoked current.
chargef?Na stoichiometry was 1.0 + 0.1 (meanskw). (Inse) The estimated charge over 10 min corresponding to the phlori-
zin-sensitive currentsge teXtwas compared with the rSGLT1-specific

apd compared with the unidirectonal accumlation of &SP e 10T e peres o e e
“*Na (in the same oocyte pver the same .perlod) to obtai btained from the difference between the uptakes in cRNA and water-
the net charge/Nastoichiometry. In this oocyte the jnjected oocytes from the same batch of oocytes.
sugar dependent inward charge movement was 1.4 x
10~ Coulombs (1,425 pmoles of a monovalent cation)
and the Na uptake was 1,400 pmoles. For the 18 oo-failed to detect any clear effects on the stoichiometry
cytes expressing SGLT1 shown in Fig. 2, ®&"¢/Na”  when xMG], was varied between 50 and 50, and
stoichiometry was 1.0 + 0.1séwm). so all data a,, = =70 mV were pooled (Fig. 4), and

Since phlorizin blocks the SGLT1 leak pathway in linear correlation between the sugar-dependent charge
the absence of sugar (Umbach, Coady & Wright, 1990{Q*M®) and sugar accumulation gav&&"/aMG stoi-
Parent et al., 1992 Lostao et al., 1994), we investigated chiometry of 1.6 + 0.3 (D).
the relationship between the phlorizin-sensitive, sugar-  The Q*M®/aMG stoichiometry at hyperpolarized
independent current and Naptake. There was a close potentials was much closer to 2 (Fig. 5). ¥ = -110
correlation (Fig. 3) between the magnitude of the phlo-mV (in 100 mv Na*), we superfused 20@wm [*ClaMG
rizin-sensitive, uncoupled Nacurrent (7% and the for 10 min and obtained 8*V®/aMG stoichiometry of
sugar-evoked current TV®). At 10 mv Na', 1" was 1.9 + 0.1 (mean isem, 6 oocytes).
=5% of |*M® and this is less than the standard error of
the meanQ*M®/Na" stoichiometry (Fig. 2).

The charge associated with the uncoupled plath- ~ Discussion
way Q™) was estimated from®? (since 1”* did not
change over timenot showi. According to this ma- We have directly determined the relationship between
nipulation and assuming a valence of +1, the molarthe currents and the sugar fluxes mediated by th& Na
equivalent ofQP? was identical to the SGLT1-specific glucose cotransporter by simultaneously comparing the
22Na accumulation in the absence of sugar (Fign8e).  sugar-dependent Nacurrent with the N&dependent

We then determined the charge/sugar stoichiometrngugar flux in individual, voltage-clamped oocytes. Over-
by measuring the currents evoked BJ¥GJaMG at 100  expression of the SGLT1 transporter in oocytes virtually
mm [Na™],. In 13 oocytes expressing SGLT1, measuringeliminated experimental error arising from nonspecific
the current evoked by 2Q0v [**C]aMG over 10 min (in  substrate fluxes, i.e., those due to passive diffusion or
100 mv Na" and atv,, = —70 mV), theQ*®/aMG ratio ~ mediated by other transporters (“external leaks”): the
was 1.4 + 0.1 §em). Since we invariably observed a nonspecific uptakes of'{ClaMG and ?*Na in control
slight decay in thexMG-evoked current over a 10-min oocytes were typically only 0.7% and 3% of the SGLT1-
time course at sugar concentrations higher than the K specific cosubstrate-dependent uptakes. No endogenou:
(seeFig. 1), we checked if this had any effect upon the Na'-dependent 'ClaMG uptake was observed in any
determination of coupling. Th@*M®/aMG stoichiom-  batch of oocytes tested. In addition, our procedure (i)
etry determined over 1 min was 1.5 + 0.1 (9). We alsoinvolved measuring charge and tracer accumulation over
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1600 1 Q“C (pmol) R rents through SGLT1 represent unidirectional inward
currents in these experiments. This view is supported
by: (i) the low concentration of intracellular glucose in
o, oocytes, <5Qum (Umbach et al., 1990), and (ii) the high
o glucose K 5 for outward sugar-dependent currents in
800 T NS - rabbit SGLT1 oocytes, >>20 m(S. Eskandari, D.D.F.
Loo and E.M. Wrightunpublished resultsandsee 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.
0 ‘ ‘ ‘ ‘ Comparison of the sugar-dependent net charge
0 400 800 (Q*M©) and the simultaneous accumulation%Na in
[*CloMG (pmol) individual oocytes expressing SGLT1 indicated that the
sugar-evoked current was identical to the sugar-
Fig. 4. Na'/aMG coupling stoichiometry of rSGLT1. The sugar- dependent Nainflux (Q*MS/Na" influx = 1.0 + 0.1,
dependent charg&("'¢) was compared with the accumulation of 200 Fig. 2). This validated the use of the sugar-evoked cur-
pM [M*ClaMG over 10 min, alV, = ~70 mV in 100 i Na' (®). o a5 5 quantitative index of Kinflux in the determi-

Since no difference in the coupling coefficient was found with identical fi f Na/al Kineti In th b f
conditions over 1 min Y) and no consistent effects of varying the nation o glucose kinelics. In the absence of sugar,

sugar concentration could be discerned witM[G], of S0 pm (M) or W€ Observeq a phlorizin-sc-:\rnsitive currefit’( the mag-
500 uM (A) all data were pooled together. Pooled data were fitted to anitude of which at 10 m Na” was 5% of that evoked by

linear regressionrf = 0.92,P < 0.001); equating charge to Nflux, ~ saturating sugar. The identity between the charge corre-
the mean N&aMG coupling coefficient was 1.6 + 0.3 (4D). sponding tol Pz and the SGLTl_SpecifiazNa uptake in

the absence of sugar also confirmed that the internal leak

MG . current through SGLT1 is a Naurrent. We also dem-

2000 1+ 0™ (pmol) 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 sugal
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-
0 500 1000 coupled pathways through the transporter (“internal

14 leaks”) and of other nonspecific pathways (“external

[TCIoMG (pmol) leaks™) within the cell (Turner, 1985). With the cloning
Fig. 5. Effect of membrane potential on NaMG coupling stoichi- ~@nd overexpression of cotransporters in oocytes (Hediger
ometry of rISGLT1. The N5aMG coupling coefficient was determined €t al., 1987; Hediger, Turk & Wright, 1989) it is now
atV,, = -110 mV @) and atV,, = =70 mV (O), at 100 nm Na* and possible to reexamine coupling for specific transporters
200 pm [**ClaMG. At 110 mV, the N&/aMG coupling coefficient  with minimum interference from external leaks. In the
was 1.9 £ 0.1 (mean sgw, 6 oocytes), and at 70 mV, the coupling ca5e of the high-affinity N&glucose cotransporters
coefficient was 1.4 + 0.1 (measgu, 13 oocytes). (SGLT1), both indirect and direct methods suggest a

Na'/glucose coupling of 2:1 (lkeda et al., 1989; Parent,

the same time course in the same oocyte, therefore taking992a; Lee et al., 1994; Chen et al., 1995). Indirect es-
into account changes over timsegFig. 1); and (i) timates have relied on Hill coefficient determinations
eliminated errors arising from cell-to-cell variability in (rabbit SGLT1, lkeda et al., 1989; Parent, 1892
transporter expression. whereas the more direct methods have included the com-

Since all radioactive isotope uptakes were obtainedarison of {*C]-aMG uptakes withaMG-evoked cur-
during the initial linear phase, they represent unidirecrents in different oocytes (rat SGLT1, Lee et al., 1994),
tional influxes of both N& and «MG. Furthermore, and measurement of reversal potentials (human SGLT1,
since we have failed to detect outward sugar-depender@hen et al., 1995). Given that the inward sugar-evoked
current in SGLT1 oocytes (e.g., Parent et al., 1992acurrents are proportional to the unidirectional uptake of
1993) unless oocytes are preloaded with sugar for 24 hNa", it is then possible to estimate the stoichiometry of
(Umbach et al., 1990), the sugar-dependent inward curNa" and sugar transport. The NaMG coupling coef-

-110 mV

1000 ¢ ~70 mV
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ficient was=1.6 at -=70 mV (Fig. 4) an¢1.9 at—-110 mV  observed N& and voltage-dependent conformational
(Fig. 5). changes of SGLT1 or the temperature dependence of the
Our six-state kinetic model (Parent et al., 1B92 presteady-state currents (Hazama et al., 1997).
Brown, 1995) predicts that under saturating conditions,  In summary, this study confirms that both the sugar-
i.e., at saturating Naand sugar concentrations and hy- dependent and independent steady-state currents exhib
perpolarizing membrane potentials (-150 mV) where thdted by SGLT1 are inward Nacurrents, and that the
leak pathway for Nais insignificant, the N¥aMG cou-  magnitude of the sugar-dependent current is directly pro-
pling coefficient should be 2. The results at =110 mV portional to the rate of Nadependent sugar transport.
(Fig. 5), and those obtained in a study of SGLT reversaMWe estimate that in the coupled transport mode Z Na
potentials (Chen et al., 1995), agree with this predictionions are transported along with 1 sugar molecule. How-
Furthermore, the close agreement between these estver, coupling coefficients of less than 2 are observed
mates of the NdaMG coupling coefficient and our pre- and this is due to internal Nalippage through SGLT1.
vious estimates of NaHill coefficients for rabbit SGLT1  Substrate independent Nfiuxes and currents have also
(1.9 £ 0.2, Parent et al., 198pPleads to the conclusion been reported for other cloned cotransporters, including
that there is strong interaction between the twd biad-  serotonin and glutamate (Mager et al., 1994; Fairman et
ing sites on the protein. al., 1995). Unlike the neurotransmitter cotransporters
There is ample data in support of our contention that(e.g., Mager et al., 1994; Wadiche et al., 1995; Sonders
SGLT1 operates in two modes, as a'Nmiporter and as et al., 1997), the inward charge movement by SGLT1 in
a Nd/sugar cotransporter (Umbach et al., 1990; Parent ethe presence of substrate does not exceed that expecte
al., 1992,b; Loo et al., 1993; Hazama, Loo & Wright, for coupled N4 transport. Therefore, SGLT1 does not
1997). In the absence of sugar the rate of Mansport appear to behave as a substrate-gated ion channel.
through SGLTL1 is 5-18% of the maximum in the pres-
ence of saturating sugar (5% in 10vnNa" and at =70  we are very grateful to Manuela Contreras for excellent technical
mV, Fig. 3; and 19% in 100 m Na" at —150 mV, M.  assistance, and to M. Pilar Lostao and Jason T. Lam for cRNA syn-
Panayotova-Heiermann et al., submitted). How does thighesis. This work was supported by the National Institutes of Health
internal Ng leak impact our estimates of NaMG cou- grgnt DK19567; BM was supported ir\ part. by a Long-Term Fellow-
pling? According to the model (Parent et al., 1892he ship of the International Human Frontier Science Program.
addition of external sugar stimulates the coupled influx
of Na" and reduces the Nlainﬂ_ux via the uncoupled  poforences
mode. Therefore, the sugar stimulated inward” Nar-
rent underestimates the coupled*Naflux, and under-  Bimir, B., Loo, D.D.F, Wright, E.M. 1991. Voltage clamp studies of
estimates the coupling coefficient by up 5-18% depend- the Na/glucose cotransporter cloned from rabbit small intestine.
ing on the voltage and Naconcentration. This would Pfluegers Arch418:79-85
account for less than a 20% underestimate of the coydrown, G.C. 1995. Rate control within the Nglucose cotransporter.
pling. A further factor that may underestimate the*Na __BioPhys. Chem54:181-189 .
. . . - Chen, X-Z., Coady, M.J., Jackson, F., Bertelott, A., Lapointe, J-Y.
influx is th_e fact that the dISSOCIatIQn of Ndrom the 1995. Thermodynamic determination of the Ngucose coupling
cytoplasmic face of the transporter is rate limiting under (445 for the human SGLT1 cotransportdiophys. J.69:2405—
these experimental conditions (Parent et al., 1992 2414
Brown, 1995), and this may result in a recycling of the Eskandari, S., Loo, D.D.F., Dai, G., Levy, R., Wright, E.M., Carrasco,
Na" back to the external surface of the membrane via the N. 1997. Thyroid N&/I~ symporter: mechanisms, stoichiometry,
|eak pathway (g\laQ_gNaz in the termino'ogy of our and specificity.J. Biol. Chem272:27230-27238
model, Parent et al., 1992 This would result in under- Fairman, W.A., Vandenberg, R.J., Arriza, J.L., Kavanaugh, M.P.,

- . 4 Amara, S.G. 1995. An excitatory amino-acid transporter with prop-
estimates of the Nainflux, Na” currents, and Ndsugar erties of ligand-gated chloride channilature 375:599-603

COUp“ng’ but this underestimate is predlcted to getHazamal, A., Loo, D.D.F., Wright, E.M. 1997. Presteady-state currents

Iarge_r, not smaller, as the membrane POtential iS Nyper- of the Na/glucose cotransporter (SGLT1). Membrane Biol.

polarized from -70 to -110 mVsgeFig. 2, Brown, 155:175-186

1995). The physiological importance of the Nkak  Hediger, M.A., Coady, M.J., Ikeda, T.S., Wright, E.M. 1987. Expres-

(“slippage™) is unclear, other than it places a penalty on  sion cloning and cDNA sequencing of the Ngiucose cotrans-

the concentrative ability of the transporter. Another Porter.Nature330:379-381 _ _

model for ion-coupled transporters, the multisubstrate€diger, M-A., Turk, E., Wright, E.M. 1989. Cloning and expression of
. . ’ ] the human intestinal Néglucose cotransported. Cell Biol.

single-file model (Su et al., 1996), does predict a voltage- 1073644

dependence of the N;‘O glucose flux ratio: simulations ;. 2ma BA. Loo, D.D.F., Wright, E.M. 1997. Cation effects on

of SGL_T]-. at 10 nw Na and 6 v sugar indicate that the protein conformation and transport in the “iKglucose cotrans-

flux ratio increases linearly from 1.2 at -60 mV to 1.9 at  porter.J. Biol. Chem272:2110-2115

—-100 mV. However, this model does not account for theHirsch, J.R., Loo, D.D.F., Wright, E.M. 1996. Regulation of ‘Na
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glucose cotransporter expression by protein kinaseXdnopus  Parent, L., Supplisson, S., Loo, D.F., Wright, E.M. 1B9Rlectrogenic

laevisoocytes.J. Biol. Chem271:14740-14746 properties of the cloned Niglucose cotransporter: Part Il. A trans-
lkeda, T.S., Hwang, E-S., Coady, M.J., Hirayama, B.A., Hediger, port model under non rapid equilibrium conditiods.Membrane
M.A., Wright, E.M. 1989. Characterization of a Nglucose co- Biol. 125:63-79
transporter cloned from rabbit small intestie.Membrane Biol.  Parent, L., Wright, E.M. 1993. Electrophysiology of the Mgucose
11087-95 cotransporterln: Molecular Biology and Function of Carrier Pro-
Kimmich, G.A., Randles, J. 1984. Sodium sugar coupling stoichiom-  teins. Annual Meeting of SGP. L. Reuss, J.M. Russel, M. Jennings,
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Lee, W.S., Kanai, Y., Wells, R.G., Hediger, M.A. 1994. The high sonders, M.S., Zhu, S.J., Zahniser, N.R., Kavanaugh, M.P., Amara,
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12039 transporter: the actions of dopamine and psychostimuldntéeu-

Loo, D.D.F., Hazama, A., Supplisson, S., Turk, E., Wright, E.M. 1993.  4sci. 17:960-974

Relaxation kinetics of the N#glucose cotransporteProc. Nat. Su, A, Mager, S., Mayo, S.L., Lester, H.A. 1996. A multi-substrate

Acad. Sci. USA0:5767-5771 _ single-file model for ion-coupled transporteBiophys. J.70:762—
Loo, D.D.F, Zeuthen, T., Chandy, G., Wright, E.M. 1996. Cotransport 777
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USA93:13367-13370 Turner, R.J. 1985. Stoichiometry of cotransport systeArm. N.Y.
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