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Abstract. The rabbit Nd/glucose cotransporter movements are due to Ndinding/dissociation and a
(SGLT1) exhibits a presteady-state current after stewonformational change of the empty transporter. The
changes in membrane voltage in the absence of sugamodel predicts that (i) transient currents rise to a peak
These currents reflect voltage-dependent processes iefore decay to steady-state; (ii) theV relations are
volved in cotransport, and provide insight on the partialbell-shaped, and shift towards more negative voltages as
reactions of the transport cycle. SGLT1 presteady-statfNa'], is reduced; (iii)r,,.« IS decreased with decreasing
currents were studied as a function of external’Na [Na'],; and (iv) theQ-V relations are shifted towards
membrane voltag®,, phlorizin and temperature. Step negative voltages as [NR is reduced. In general, the
changes in membrane voltage—from the holdijgto  kinetic properties of the presteady-state currents are
test values, elicited transient currents that rose rapidly tqualitatively predicted by the model.
a peak (at 3—4 msec), before decaying to the steady state,
with time constants =4—20 msec, and were blocked by
phlorizin (K; =30 wm). The total charg€) was equal for
the application of the voltage pulse and the subsequent”
removal, and was a function df,,, The Q-V curves
obeyed the Boltzmann relation: the maximal cha@gye, )
was 4-120 nCy, 4, the voltage for 5090, was -5 to  ntroduction
+30 mV; andz, the apparent valence of the moveable
charge, was 1Q,,,, andz were independent o¥,, (be-  Glucose is actively transported across the brush border
tween 0 and —-100 mV) and temperature (20-30°C)membrane of the intestine and late proximal tubule by
while increasing temperature shift& 5 towards more the N&/glucose cotransporter (SGLT1). SGLT1 is rep-
negative values. Decreasing [Nadecrease®®, .., and  resentative of a wide class of integral membrane proteins
shiftedV, 5 to more negative voltages 9by —100 mV per which uses the electrochemical potential gradient for
10-fold decrease in [N3,). The time constant was ions (N& and H") to accumulate organic substrates (sug-
voltage dependent: theV relations were bell-shaped, ars, amino acids, neurotransmitters and osmolytes) in
with maximal ., 8-20 msec. Decreasing [Ng de-  cells. Electrophysiological studies of the steady-state ki-
creasedr,, and shifted ther-V curves towards more netic properties of the cloned rabbit, rat and human
negative voltages. Increasing temperature also shifte@GLT1 expressed iXenopusoocytes indicate that co-
the -V curves, but did not affect,,,, The maximum transporter activity is dependent on membrane voltage
temperature coefficienQ;, for = was 3-4, and cor- (Umbach, Coady & Wright, 1990; Birnir, Loo & Wright,
responds to an activation energy of 25 kcal/1991; Parent et al., 1982 Hirayama, Loo & Wright,
mole. Simulations of a 6-state ordered kinetic model for1995; Panayotova-Heiermann, Loo & Wright, 1995).
rabbit Na/glucose cotransport indicate that charge-SGLT1 also exhibits a presteady-state current after step
changes in membrane voltage in the absence of sugal
(Birnir et al., 1991; Parent et al., 1982 00 et al., 1993;
* Present addressNational Institute for Physiological Sciences, De- Lostao et al., 1994; Panayotova-Heiermann et al., 1994,
partment of Cell Physiology, Okazaki, 444, Japan 1995). Presteady-state currents reflect voltage-depen-
dent processes involved in cotransport such as ion bind-
Correspondence tdD.D.F. Loo ing and conformational transitions of the cotransporter,
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and pro\/ide insights on the partial reactions of the transSGLT1 was isolated from the total current either by point to point
port reaction cycle. s_uptraction of the t_oFaI currents in the presence and absenc_e of phlo-
A six-state ordered kinetic model has been proposegz'n’ a specific inhibitor of SGLTA, or the total currelft) was fitted
for Na'-dependent sugar transport (Parent et al., h992 Y1) = 1ae” Tr le "+ oo wherel, is the capacitance current with
p g . P . ! time constant,, t is time, |, is the SGLT1 transient current with time
Loo et al., 1993). According to this model, membraneconstantrz, andlis the steady-state current. In this approximation to
voltage affects Nabinding to the transporter and con- the total currents, corresponds to the slow time constagt,, as the
formational transitions of the unloaded transporter be-ast time constant,,., was beyond the resolution of the two-electrode
tween external and internal membrane surfaces. Thugltage clamp. SGLT1 presteady-state current was obtained i{gpm
presteady-state currents observed after step changes fji substraction of the capacitive and steady-state comporjis
membrane voltage are due to charge movements caus&§, - 'sJ- Presteady-state currents and charge movements were
L . - Similar for the two methods (Loo et al., 1993). Nonlinear fits of the
by l:_)lndmg/dlssoc!atlon of ?Xtemal Nqand the confor- . data were performed using SigmaPlot (Jandel, San Rafael, CA). In
mational change involved in the reorientation of the li- general, each of the results described was for experiments carried out
gand binding sites of the cotransporter in the membranean one oocyte, but all were performed at least three times on oocytes
We have previously described the presteady-state cufrom different donor frogs.
rents of the human N#glucose cotransporter (Loo et al.,
1993). However, the median voltag¥,(s) of the pre-
steady-state charge movement was at —40 mV (at 10
mM extemal sodium Concentratlon)’ maklng the dEt_alle_qVIodel simulations of the 6-state kinetic model were performed by
analysis of the dependence of the presteady state kineti¢§merical integration, using the Runge-Kutta method (Press et al.,
on membrane voltage and sodium concentration probzgss), of the differential equations describing the time evolution of the
lematic. This problem is solved by the use of the rabbittransporter states ([G][C]", [CNay]’, seeFig. 6) after step changes in
SGLT1, which has &/, 5 between -5 to +30 mV. Our membrane voltage (Egs. A44-A50, Parent et al., b9%2o0 et al.,
aim in this study was to extend our previous study and tdlj993)' The charg® was obtaine k_)y integration of the current equa-
test the kinetic model by measuring the rabbit SGLT1" (Ed- ASO, Parent et al., 19Bpin response to a step change in
. . . .. “membrane voltage. The time constants for the presteady-state relax-
presteady-_state kinetics as a funCt'Onlolf V0|tage' SoqmnAtion currents (Fig. B andF) were obtained directly from solving for
concentration, temperature and phlorizin concentration.ie eigenvalues of the 3-state model (GNaz [C]’ = [C]") indicated

by the shaded region in Fig. 6 (Loo et al., 1993).

MATHEMATICAL MODELING

Materials and Methods
Results
The rabbit intestinal Ndglucose transporter (rSGLT1, Hediger et al.,

f1987) Jras expressed meg‘)p“sof‘t’cytes' and e?pe”mems were per- ginre 1A shows the total current records as the mem-

ormed on oocytes 5-14 days after injection of cRNA. Oocytes were .

bathed in a buffer containing @): 100 NaCl, 2 KCI, 1 CaCl 1 brane VOItage was stepped from the h0|dmg (_100 mV)

MgCl,, and 10 Hepes (pH 7.4). The composition of the bathing solu-10 test values ('_|'5_0' -30, -70, __110 and -150 mV) in a

tion was varied by replacing NaCl (100-0vinwith choline chloride ~ F'SGLT1 cRNA-injected oocyte in 100 mNaCl buffer

and/or adding phlorizin. in the absence of sugar at 25°C. The current relaxation
Electrophysiological experiments were performed using the twoconsisted of an initial capacitive spike (time constant

electrode voltage clamp (Loo et al., 1993). The voltage clamp ampli-rp) g msec) followed by a slower decaiy |_ﬂl0 msec) to

fier maintained the interior of the oocyte at earth potential and had 3he steady state. This slow component is the presteady-

settling time of 0.5-0.8 msec for a 100-mV step voltage pulse (Loo et

al., 1993). All potentials are expressed relative to the bath solution:s'[ate current of rSGLT1. It was not observed inCH

Presteady-state currents were studied using a pulse protocol. Menjhj€cted oocytes, and was blocked by phlorizedFig.
brane voltage was stepped from the holding)(to a series of test 5 below) and sugar{-methyl-o-glucopyranoside, Birnir
valuesV, varying from +50 to -150 mV in 20 mV decrements. The et al., 1991; Parent et al., 19924 o0 et al., 1993; Lostao
current at each test voltage was averaged from 15 sweeps, low-pagst al., 1994). Figure B shows the rSGLT1 presteady-
filtered at 5 kHz by a 8-pole Bessel filter and digitized at 10&&c per state currents, isolated from the total current using the
point. Hfitted method geeMaterials and Methods). At large de-

Oocyte membrane capacitance was determined by applying 10— ..
20 mV hyperpolarizing voltage pulses from the holding potential (-100 polarlzmg VOltages (e'g" at +30 and +50 mV), the cur-

mV). The chargeQ (at each test voltage) was obtained by integration r€nt initially rose to a peak (at 3—4 msec) before decaying
of the capacitive transient. In control,8-injected and noninjected t0 the steady state. With hyperpolarizing voltages, there
oocytes, capacitive transients showed a single time consténs ( was virtually no presteady-state current. Thus the cur-
msec), andQ was a linear function of the voltage ste¥vy). The  rent relaxation consisted of three components: an initial
slope of theQ vs. (Vi—Vy,) re'aﬂgn was the tr)“e";b'a”; capacitalte  fast component(=0.8 msec) due to membrane capaci-
In SGLT1 cRNA-injected oocytes, besides the capacitive tran- .

sient (time constant [10.8 msec) the total transient current relaxation t‘.”mce and was VOltage IndependMIa not ShOW)] a
contained two additional components: a rapid rise to a peak with rise to the peak; and then a Slow_er decay to the Steady'
01100 psec, and a slow decay to the steady-state wifh, 110 msec ~ State. For the ON-response, the time constant of the slow

(Loo et al., 1993;see alsoFig. 1B). The presteady-state current of component was voltage dependent and is shown in Fig.
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A B be isolated from the total charge by subtracting the linear
component of the membrane capacitance (F&y.t&o-

ken line). Phlorizin abolished the presteady-state current
(Fig. 2B), thusQ can also be obtained as the difference

in total charge in the presence and absence of phlorizin.
L?__ To illustrate the equivalence of the two methods, FB. 2
2 nA

shows the total charge in the presence of phlorizin (0.5
mwm phlorizin). TheQ-V relation is linear with slope 315
nF. This is close to the value of 318 nF which is the
linear component of the membrane capacitance (Fig.
S0 ms 2A). Thus the charge-voltag€¢V) relation of SGLT1,
obtained as the difference @ in presence and absence
of phlorizin, is the same as th@-V curve obtained by
subtracting the linear component of membrane capaci-

T (ms)

C

" tance from the total charge.
Figure 2C W) shows the charge-voltag€4{V) re-
30°C lation for the current records of FigAl(at 25°C). The
25°C curve is sigmoidal, and the data were fitted (solid smooth
. curve) to the Boltzmann relationQ(Qy,)/Qmax = 1/[1
wc +expl(V - Voo F/RT]. Qnax = Qdep_ thp' Qdep and

Qnyp beiNgQ at depolarizing and hyperpolarizing limits.
V, 5 is the voltage for 50% charge transfer andthe
' ' apparent valence of the movable char@®,., was 60
oo L% nC,z = 1.1 andV, 5 was +10 mV. Among oocytes,
there was a wide variation i, 5 which ranged from -5
Fig. 1. Presteady-state currents_ in an oocyte injected with rabbittg +30 mV (at 100 mn [Na],).
SGITTl cRNA. @) Total currents in an oocyte as the membra_ne po- The dependence & on the holding potentiaV,, (at
tential was held aV,, = -100 mV and stepped to test potentisis 30°C and from a different oocyte) is shown in Figd.2

(+50, +10, —30, -110 and -150 mV). Bath solution contained 160 m .
NaCl without sugar and was maintained at 25°8) {Transporter- Q was equal for the ON- and OFF-responses (filled and

mediated charge movement. These were obtained from the total curre®P€N symbols of Fig.[2) for all test voltages. A¥,, was

in Fig. 1A by subtraction of the capacitive and steady-state currentsmade more negative, the hyperpolarizing and depolariz-
using the fitted method, and are displayed 1.6 msec after the voltagéng limits (thp and Qdep) shifted in parallel towards
step. At this time, the ratio of the transient to capacitive current wasmore negative values, but there was no chang@ni.gx
greater than 4 af, = +50 mV. The dashed lines off and B) indicate (42 + 1 nC,n = 3). Likewise there were no changes in

the zero current level. Q) Voltage dependence of the relaxation time _
constantr. T was obtained by fitting the total curreht(t) during the Vosandz,and were -8+ 1 mV (n = 3) and 1.07 £ 0.03

onset of the voltage pulse to the equatig(t) = 1,e¥™ + 1,e¥72 + (n = 3), respectively.
lss |1 andr, are the initial currents and time constants of the membrane
capacitive currentt, andr, are the initial currents and time constants DEPENDENCE ON[Na],

of presteady-state current due to rSGLE2dMaterials and Methods). The dependence of presteady-state currents on externa
Issis the steady-state current.was[10.5 msec and was independent of 4 N . .
the test voltageV,. T, is plotted againsi, at 20°C (circles), 25°C Na” ([Na'],) is illustrated ,m Fig. 3. The current records
(squares) and 30°C (triangles). at 100 and 20 m [Na], (Fig. 3A andB) are shown av,
+50, +30, —110 and -130 mV. The peak current in the
) ) depolarizing direction (e.g., at +50 mV) decreased as
1C (m), corresponding to the current records of Fi. 1 [Na*]_ was reduced from 100 to 20mrbut increased in
(at 25°C). 7 increased fromk2 msec at ~50 mV t0 @ the hyperpolarizing direction. There was no difference
maximumt,, of 9 msec at +30 mV. There was a wide i\ the time to peak current between 10@rand 20 nm
variation int,,, among oocytes, and was in the range[Na‘], (4.2 vs.4.3 msec). The family 0©-V curves as
8-20 msec. In the OFF-responseyas independent of  [Na] 'was reduced from 100 to 10nmis shown in Fig.
voltage, e.g., in Fig. B, Torr Was 21+2msecn(= 3).  3C. For comparison, they have been normalized to the
Both m_embrane capacitance and rSGLT1 PreSteadYextrapoIated depolarizing limiQ,e, 60 nC) at 100 m
state transients contribute to the total charge transfer[Na]O, and have been shifted to align@j., The maxi-
obtained as the integral of the total current relaxationmpg) chargeQ,,,, decreased with a reduc%on in external
(Fig. 2A, @). The chargeQ due to rSGLT1 can be ob- Ng* (Fig. 3E and Table 1) and the voltage for 50% maxi-
tained by mte.gratlon.of the presteady-state currents (Figmg] chargeV, s shifted towards more negative values
1B). Alternatively, since there was no presteady-statqFig. 3D). For instance, in the experiment represented by
currents for hyperpolarizing voltageseFig. 1),Q can  the filled circles @) which was performed at 25°C, a
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nC nC Fig. 2. Estimation of charge transfe&. (A) Total
A 100 B 100 - chargeQ VS. ‘voltage‘Q—V) relationship.Q (0) was
obtained by integration of the total transient current
- - in response to a voltage jump. The broken line was
Pz +Pz obtained by linearization of th@-V relation when
7 1 the test voltag&/, was more negative than —100 mV.
The slope was 318 nF. Bath solution was 10@ m
NaCl in absence of sugar, at 25°®) (Total charge
Q obtained after addition of 0.5 mphlorizin to the
bathing solution. This experiment was performed on
the same oocyte as FigA2The line was drawn by
linear regression with slope 315 nE)(Q-V relation
of rISGLT1 was obtained by subtraction of the total
charge in presence and absence of Osbphlorizin
(O, Fig. 2B). The curve was the same when obtained
by subtraction of the linear component from the total
chargeQ. Q was also the same when obtained by
integration of the current transients of SGLT1 using
the fitted method. At eacW,, the data were fitted
(smooth curves) to the Boltzmann relatiorQ-(
thp)/Qmax = 1/[1 + eXpQ(V - VOS)F/RT.I Qmax =
Qdep~ Qhyp Quep@ndQy,y, beingQ at depolarizing
and hyperpolarizing limits, and varied wit,. F,
Faraday’'s constang, the gas constanf, absolute
temperature;V, 5, the potential for 50% charge
transfer; and, the apparent valence of the moveable
charge. At 20°C, Q.x = 59 nC,V, 5 = 34 mV, and
150 100 z=1.1;at25°CQp,ax = 60NnC,Vy 5 = 10 mV, and
mv. o~ -50 - z = 1.1; and at 30, Q.. = 64 NC,Vys = —4
mV, andz = 1.0. The oocyte membrane capacitance
was 315 nF.[D) Dependence of on holding potential. The ON- and OFF- chard@s, and Q. are represented by the filled and open symbols
respectively. At each,, the curves were drawn by fitting the Boltzmann relation to the mea@,eBnd Q.. At V,, = =100 mV:Q,,., = 44 nC,
z=11andVyg = -35mV. AtV, = =50 mV:Q.x = 42 nC, z= 1.0,Vy5 = =37 mV. AtV,, = 0mV: Q. = 40nC, z= 1.1, V,5 = -35
mV. Temperature was 30°C. The experiment was performed on a different oocyte from that oEFig. 2

10-fold reduction in [Ng] from 100 to 10 nw shifted at 20°C to -4 mV at 30°C whered3,,,, and z were
Vo5 by 98 mV (from +10 to -88 mV), and decreased unaffected (Table 1).

Qmax 46% (from 50 nC to 32 nC)z, the apparent va- Temperature influenced the rate of relaxation of the
lence of the moveable charge was not affected and wagresteady-state currents. Figur€ §hows a shift of the
1.1+£01 6 = 4). 7-V curves towards more negative voltages as tempera-

Figure 48 shows ther-V relations as [NgJwas var-  ture increased from 20 to 30°C. This shift is simila#Q
ied between 10 to 100 mat 25°C. The peak of theV ~ mV) to the shift of theQ-V curves. Temperature had
curves, i.e., the maximal time constant,,, decreased differential effects on relaxation kinetics: for potentials
(Table 1), and the-V curves shifted towards more nega- more negative than +30 mV, increasing temperature in-
tive potentials as [Ng]was lowered. There is a shift of creasedr, and at +50 mV; decreased with increasing
60 mV in V,,,, (voltage att,,,,) from +30 mV at 100 temperature.
[Na], to =30 mV at 20 nw [Na], (Table 1). Conse- Figure 4 shows the temperature coefficier®,()
quently, the effect of lowering [NgJon T depended on for the time constant as a function of membrane volt-
voltage and temperature. At +10 m¥ decreased as age. Q,, was maximal at 100 m [Na],. Maximal Q,,
[Na], was reduced, whereas at -50 m\increased. wasca. 4 at 100 nm [Na], and -30 mV, and at each
[Na], Q,pdecreased to 1 as membrane voltage was made
more positive. At each voltage (between —-30 and +30
DEPENDENCE ONTEMPERATURE mV), lowering of [Na], decreased,, At the lowest
[Na], studied ([Na} = 10 mv), Q;owas 1 and relatively

Temperature affected charge movement by shifting thdndependent of voltage.
median voltagéd/, s of the charge-voltage relations. Fig-
ure 2C shows theQ-V curves in one experiment as tem-
perature was increased from 20 to 30°C with [Napin-  Phlorizin is a high affinity blocker (K= 10 um) of the

tained at 100 m. There was a shift 0¥, s;from +34 mV  steady-state sugar-induced currents generated by

BLOCKADE BY PHLORIZIN
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A B
100 mM [Na], 20 mM [Nal,
.
50 ms
T (°C)
50 20
C Quorm s mV) 25 Fig. 3. Dependence of presteady-state currents on
1.0 0 [Na*].. (A and B) Presteady-state current records,
:: obtained using the fitted method, are depicted at
250 test potentiald/; (+50, +30, —110, and -130 mV)
from the holding potential/, = -50 mV at 100
[Na], (mM) 100 mm [Na*], (A) and 20 nm [Na*], (B).
0 ) Temperature was 25°C. External Naas replaced
20 0 [Na], (mM) 100 iso-osmotically with choline.§) NormalizedQ-V
relations when bath contained 100 (circles), 50
50 30 Q,,,, (10) 30 (§quares), 20 (triangles) and 10vniNa’],
25 (inverted triangles). The curves are drawn
100 20 according to the Boltzmann relation. For
T T l ; ;
40 comparison, they have been normalized to the
-150 V,, (mV) 0 100 maximal charge (59 nC) at the depolarizing limit
at 100 mu [Na'], and have been shifted so that
0 they aligned at the depolarizing limitD§
' ! Dependence 0¥/, 5 on [N&'],. (E) Dependence of
0 [Na], (mp) 100 Quae ON [N,
Table 1. Dependence of kinetics on [Naand temperature
T (°C) 20° 25° 30°
[Na],(mm) 100 50 20 10 100 50 20 10 100 50 20 10
Qmax (NC) 59 46 24 18 59 48 36 32 63 49 39 33
Vo5 (MV) 34 -1 -45 -68 10 -25 -61 -88 -4 -35 -68 -95
-z 1.1 1.1 1.2 1.2 11 1.1 11 1.1 1.0 1.0 1.1 1.2
Trmax (MSEC) 7.6 6.1 4.4 8.7 7.5 6.2 9.0 7.9
\% 50 -10 -30 30 10 -30 10 -30

Tmax

Tmax 1S the maximafr, which is the slow time constant..Y,.is the membrane voltage gt,.,. The columns with no entries mean that the parameters
were beyond the data range.

rSGLT1 (Umbach et al., 1990; Birnir et al., 1991; Parentthe Boltzmann parameterg,,., was reduced with in-

et al., 1992). Phlorizin also blocks the presteady-statecreasing [phlorizin], but z and V, s were unaffected,
currents of rISGLT1. This is illustrated in FigAmandB ~ 0.94 £ 0.08 § = 5) and —4.0 + 0.8 mVr{ = 5) respec-
which shows the presteady-state currents in absence dively. The reduction ofQ,,,,, with [phlorizin], followed
phlorizin (A) and with 50pm phlorizin B) in the bath  a hyperbolic relationship with a ;kof 28 pum and was
solution. Membrane potential was held at —100 mV atrelatively independent of membrane voltage. Thus inhi-
30°C. Figure & shows theQ-V relationship as external bition of charge movement by phlorizin was independent
phlorizin varied from 0 to 10Qum. Q was reduced. Of of voltage (between —-30 to +50 mV).
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A (ms) B T(ms) C T(ms)
10 . 10 [Na] (mM) 30°C 10

20°C w €
100

50

20 \“/\
v
0 5|0

100

50
50

20
10

20
10

| if//

I T ' 1 [ [ T

50 0 50 -50 -50 0 50
q . mV mV mV
¥ [Na] (mM)

4 —

100 D
3 -]

50
2 —]
L4 20

10
0 T ]

-50 0 50

Fig. 4. Dependence of on temperature. Dependencerobn [Na], as bath temperature was maintained at &) 25 B) and 30°C C). V,, was
-100 mV. D) Dependence of the temperature coeffici€nt, for T on membrane voltage and [NalQ,, was defined by the relatiorQ,, =
7(30°C)k(20°C). Data were obtained on the same oocyte as FAgvith V,, = —-100 mV. These results are summarized on Table 1.

Discussion pendent of the holding potential between -100 and 0 mV
(Fig. 2D); (vii) Qmax iS independent of temperature be-
tween 20 and 30°C (Fig.@), but the time constant for

PRESTEADY-STATE CURRENTS AREDUE 70O SGLT1 presteady-state current relaxations are temperature sen

CHARGE MOVEMENT sitive (Fig. 4); and (viii) Q.. iS proportional, over a
100-fold range, to the level of SGLT1 expression, as

The following observations provide compelling evidencemeasured by the maximum sugar-induced curieps

that the presteady-state currents are due to the SGLT(L.oo et al., 1993; Hirsch, Loo & Wright, 1996). The

intramembrane charge movement: (i) presteady-stateatio |,,,,/QnmnaxiS the turnover number of the transporter

currents are observed in SGLT1-cRNA injected oocytes(25/sec for rabbit SGLT1) (Loo et al., 1993; Panayotova-
but not in control BO-injected or non-injected oocytes Heiermann et al., 1994); and (iQ.x IS proportional to

(Parent et al.,, 1992 Loo et al., 1993; Panayotova- the increase in the number of 7.5 nm diameter intramem-

Heiermann et al., 1995); (ii) presteady-state currents arérane particles in the protoplasmic-free of the oocyte

eliminated by phlorizin (Fig. 5), a specific competitive plasma membrane (Zampighi et al., 1995).

blocker of Nd/glucose cotransport; (iii) presteady-state Presteady-state currents are a general property of

currents are blocked by substrates such as glucose (Lamtransporters, and have been measured in several gen

etal., 1993; Lostao et al., 1994); (iv) charge movementsfamilies (Table 2). These include the transporters for
obtained as the integral of the presteady-state currents, asigars (glucose and myoinositol), neurotransmitters and

a function of membrane voltage, fitted the Boltzmannamino acids (norepinephrine, glutamate, GABA, taurine

relation with aQ,,.« in the range (4-120 nC), ¥, s of  and betaine), peptides (dipeptide) and anions (iodide), as

+10 mV (range -5 to +30 mV), ardof 1.1 (Fig. 2); (v) well as a plant proton-dependent hexose transporter
the ON- charges are equal and opposite to the OFHBoorer, Loo & Wright, 1994). In all these cotransport-

charges ( (Fig. R); (vi) the maximal charg®), ., the ers, presteady-state currents share a humber of commol
median voltagd/, s and the apparent valeneare inde-  properties: (i) they are abolished by the transported sub-
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A B

0Pz 50 uM Pz

| T

2 uA
50 ms
C
[Pz] (uM)
60 7 Q(nC)
0
10
30
50 Fig. 5. Blockade of presteady-state currents by
100 phlorizin. (A) Presteady-state currents in absence of
phlorizin. B) Presteady-state currents with pf
0 - phlorizin added to the bath solutiorC) Q-V
relations at different [phlorizirp] The curves were
-10 ~ drawn according to the Boltzmann relatian.and
I T T T 1 V, 5 were independent of membrane voltage and
-150 -100 -50 0 50 [phlorizin],, Experiment was performed at 100vm
mV NacCl at 30°C.;

strates and/or blockers; (i) the maximal charge move-et al., 1995), the Hpeptide (Mackenzie et al., 1995), and
mentQ,,,..apparently decreased by decreasing’[yéor  the Nad/glutamate (Wadiche et al., 1995) transporters.
[H™1,); (i) Vo5 the voltage for 5098, shifted to- The slow time constant,,, for presteady-state current
wards more negative membrane potentials as[N@r  relaxation was in the range 4 to 100 msec. In view of
[H'],) is decreased; and (iv) in freeze-fracture studies othese similarities, the origin of presteady-state currents
the transporters expressed in oocy@s,, was propor- may be similar between the different cotransporters.
tional to the number of intramembrane particles

(Zampighi et al., 1995). It is interesting to note that the

apparent valence of the moveable chazge close to 1 ~ MODEL FORSGLT1 GHARGE MOVEMENT

for all the transporters that have been studszk{able

1 of Mackenzie et al., 1995), with the exception of thelt has been shown that the current generated by thé Na
Na‘/glucose transporter whem= 0.4 (Wadiche et al., glucose cotransporter and the apparent affinities for Na
1995) and the Né@norepinephrine transporter where the and glucose are dependent on membrane voltage (Um-
Q-V relations have not been shown to obey the Boltz-bach et al., 1989; Birnir et al., 1991; Parent et al., ¥)92
mann relation (Galli et al., 1995). The magnitude of thethus at least one of the partial reactions in the transport
shift in V, 5 for a tenfold reduction in [N§, (or [H"],) cycle is voltage-dependent. We have proposed a 6-state
was similar ¢a. 100 mV) between the rabbit Nglucose ordered kinetic model for N#glucose cotransport (Par-
(present study the rat N&/CI"/GABA (Mager et al., ent et al., 1998). The model assumes that the trans-
1993), the low affinity N&/glucose (SGLT2, Mackenzie porter (C) is negatively charged (valence-2), and that 2



182 A. Hazama et al.: SGLT1 Presteady-State Kinetics

Table 2. Generality of presteady-state currents

Cotransporter family Substrate Vos AV Vimax Tmax Reference
(mV) o.5(mV) (mV) (msec)

Neutral substrates

SGLT1 N&/glucose +10 -100 +30 9 This stutly
SGLT2 N&/glucose >+50 =-100 >15 Mackenzie et al., 1996
SMIT Na‘/myacinositol -49 =-10 14 Hager et al., 1995
Monoamine and amino acids
NET1 N&/norepinephrine Galli et al., 1995
EAAT2 Na‘/glutamate +3 =-130 =-20 4 Wadiche et al., 1995
GAT1 Na'/CI"/GABA =27 -100 70-150 Mager et al., 1993
TAUT1 Na*/Cl /taurine =+50 40 ¢
BET1 Na&'/Cl /betaine =-50 d
Anions
NIS Na'/iodide -10 -50 18 ¢
Peptides
PEPT1 H/dipeptide +30 -80 +43 11 Mackenzie et al., 1995
Plant transporters
STP1 H/hexose -28 +50 12 Boorer et al., 1994

Vo5 Vimax@ndT,.« Were determined at 100nNacCl for Na'-driven transporters and at 3.2 or &1 H* (pH 5.5, 5.0) for H-driven transporters.
AV, s is the shift in \j, 5 with a 10-fold reduction in extracellular activator concentration.

2for rabbit SGLT1. The corresponding values for the human SGLT1 were -39 mV, =31 mV, =50 mV, and 11 msec (Loo et al., 1993) and for
rate were -43, —, =50, and 15 msec (Panayotova-Heiermann et al., 1995).

b for rat GAT1. Values for human brain GAT1 were 0-30 mV, =100 mV, =30 mV, and 140-190 msec (D.D.F. Loo, K. Boorer, and E.M. WRigt
unpublished observations).

¢D.D.F. Loo, K. Boorer, and E.M. Wrighyynpublished observations.

9 A. Hazama, D.D.F. Loo, and E.M. Wrightinpublished observations.

¢S. Eskandari, N. Carrasco, D.D.F. Loo, G. Dai, O. Levy and E.M. Wrighpreparation.

Na" ions bind to the transporter before sugar binds. TheThe model predicts that the transient currents observed
fully-loaded transporter (CN&) undergoes a conforma- with depolarizing voltage steps are due to dissociation of
tional change, releasing the sugar and thé idas. The Na* from the transporter ((CN& = [C]’), and reorien-
ligand binding sites undergo a conformational changeation of the protein in the membrane ([G} [C]". 30%
from the internal to the external membrane surface. Thef the charge movement is due to Ndissociation and
2 voltage-dependent steps in the transport cycle (Fig. 670% is due to the conformational change. On restoring
are the binding of the Naions to the outward facing the membrane voltage to the holding value at the end of
SGLT1 protein in the membrane, and the conformationathe voltage pulse, the OFF transient currents are simply
changes of the SGLT1 protein between the external andue to the reversal of the process. The addition of satu-
internal faces of the membrane. Voltage dependence isating amounts of glucose or the inhibitor phlorizin to the
given by the exponential dependence of the rate conexternal solution dramatically alters the distribution of
stants for N& association and dissociatiok, § andk,;)  the cotransporter between the six states—at 100 m
and for the conformational change of the ligand binding[Na], and —-50 mV the addition of 1 msugar results in
sites k, andks,) on membrane voltage viet>3™V™RT  the steady-state distribution with 40% in state [GNa
ande™®"FV™RT \where 0.3 and 0.7 are the fractions of the 20% in state [CNs5]' and 21% in state [C] Thus the
membrane electric field sensed by Nainding (or dis- charge movement in response to stepping the voltage
sociation) and the conformational changes of the unfrom -50 to +50 is dramatically diminished.
loaded protein (Fig. 6). For simplicity, we describe the Estimates of the rate constants have been obtained
binding of 2 Nd ions as a single reaction stege€Parent by numerical simulations of the presteady-state and
et al., 1999), that is, either the two Nabinding sites are  steady-state kinetics of human, rabbit and rat"Na
identical or that the binding of the first Naon is much  glucose cotransporters (Parent et al., 18920 et al.,
faster than the other. 1993; Panayotova-Heiermann et al., 1994). The goal of
Model simulations (as described in Materials andthe present study was to further test the validity of the
Methods) show that at,, = =50 mV, cell interior nega- model by measuring rabbit SGLT1 charge movements as
tive with respect to the external solution, [NNJa} 100 a function of [Na] and [phlorizin], and temperature.
mm and [Na] = 10 mm, about 75% of SGLT1 is in state The experimental results were compared and contrastec
[CNa,]’, 15% is in state [C]and 7% is in state [C]  with the predictions of our model.
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Fig. 6. Transport model for SGLT1. A six-state
ordered kinetic model where two N#ns bind to
the transporter (valence -2) before the binding of
sugar... = FV/R; Vis membrane voltage;, R,
andT have their usual physicochemical meanings.
The empty transporteid], the Na-loaded
transporter [CNg, and the sugar-loaded
transporter [CNgS] can cross the membrane.
Membrane voltage effects Nainding with the
transporter and translocation of the empty
transporter across the membrane. The following
observations support the hypothesis that the partial
reactions in the shaded region are involved in the
generation of the presteady-state currents: (i)
presteady-state currents are observed in the absence
of sugar; (ii) the rate constants for the
sugar-uncoupled Nacurrent ([CNg]’ = [CNay]")
are low and independent of voltagie,{ = .01

sect andks, = 0.56 sec’, Panayotova-Heiermann
et al., 1994); and (iii) internal [Na] is lom® mw)
and the reaction [C] 2 [CNa)]’ is insensitive to

I N voltage (Parent et al., 19BR

MODEL PREDICTIONS the -V curve is bell-shaped with a maximum,(,,) of

19 msec at a voltag¥,,,,.x of +10 mV (Fig. B). One
Simulations were performed to obtain the predictions ofmight expect that th€-V curve should fit to the sum of
the model with respect to: (i) the time course of thetwo Boltzmann factors owing to the contribution of two
presteady-state currents in response to a voltage jumprocesses (Nabinding and conformational changes) to
(i) the dependence of the charge movem@ntcharac- charge movements. Simulations, not shown, indicate
terized by the Boltzmann parameters, s andQ,,., 0N that the apparent fit to a single Boltzmann is due to the
membrane voltage and external sodium concentrationsimilarity of theV, ss (19 and 11 mV) ands (1.7 and
and (iii) the dependence of the relaxation time constantl.5) for the two components. Atlow Naoncentrations,
t—characterized by the bell-shaped curve with the pafor example, at 20 m [Na],, there is, as expected, a poor
rametersr,,,, andV,,,,, on voltage and external sodium fit to a single Boltzmann factor (Fig.G). The model
concentration. FigureA presents the model predictions also predicts another time constati,{; << 2 msec) that
for the time course of the presteady-state currents ais largely beyond the resolution of the 2-electrode volt-
membrane voltage is stepped from —-100 to +100 mV.age clamp rfot showi), but has been observed in the
The model predicts that the total presteady-state currerdut-open oocyte preparation with a time constartdo
(trace ¢) is due to NA&-binding/dissociation from the psec and was relatively independent of voltage (Loo,
transporter (traca) and a conformational change of the Bezanilla & Wright, 1994).

empty transporter (trad®. Moreover, because Nalis- In the case of the-V curves, T, iS predicted to
sociation from the transporter ([Cha = [C]’) is much  decrease and_,,,.is predicted to become more negative
more rapid than the isomerization [C} [C]", thereisa (Fig. 7B and F). The voltage at the peak of theV
transient accumulation of transporters in the’[€fate.  curves V.. iS close to the midpoint of th@-V curves
Thus the model predicts that the presteady-state currenty, 5, and the shift inV_ ., (30 mV) parallels the shift
exhibit a rise to a peak (at 0.5 msec) before relaxing tdn V, 5 as external Nais reduced from 100 to 20 m
the steady-state. Figurd8&hows the relative contribu- (Fig. 7B and D). These effects are due to the large de-
tions ofk, g, ks, Ky, andks,, to the slow time constant crease in Nabinding to the protein (Fig.B); recall that
Over the voltage range —50 to +50 mV, at 100 fiNa],  the rate of N& binding is a quadratic function of [Na]
the shape of the-V curves and both,,,, andV,,,, are As external Na is reduced from 100 to 10 mthe
determined chiefly by conformation changes of themodel predicts that th®-V curve moves left along the
empty transporter —,,,,, is slightly higher andv,,.«is  V,, axis, i.e.,VV, s moves to more negative potentials, and
slightly more positive than expected frdqy andks, due  there is a decrease in the apparent valence of the move
to k,;. This suggests that to a first approximation theable charge (Fig. @ andE). There is also amapparent
experimentak,,,, andV._ ., observed in 100 m [Na],  decrease imQ,,.. (Fig. 7C) due to: (a) fitting theQ-V
are determined by the rate constakjsandks,. At 100  curve to a single Boltzmann relation, and (b) the large
mm [Na], the Q-V relation fits a single Boltzmann rela- positive shift inV, 5 for Na* binding &30 mV for a
tion with a V, s of =10 mV and az of 1.1 (Fig. ), and  10-fold change in N§. Simulations over a larger volt-
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O model
® expt Fig. 7. Model stimulation. Simulation was
performed with kinetic parameters from
Panayotova-Heiermann et al. (1994), k=

20,000 sec* M2, k,,° = 400 sec?, k¢ = 100
sec?, ks;,° = 35 sec, o’ = 0.3,8 = 0.7. The

total number of transporters was assumed to be
10" and temperature was 20°QY)(The two
components and the time course of the
presteady-state currentsis the presteady-state
current due to Nabinding/dissociation from the
transporter ([Ng’ = [C]’); b is the current due to
the conformational change of the empty transporter
(IC1" = [C]"M); andc is the total presteady-state
current obtained by adding andb. Notice thatc
rises to a peak before decaying to the steady-state.
(B) Model simulations of the dependence of the
7-V relation on the rate constarks,, k,,, k;c and

ks1- The left panel shows theV curve at 100 m
[Na],, and the right panel shows theV curve at

20 mm [Na],. The curves indicated by (filled
symbols) are model prediction<C) Dependence of
the Q-V relations on [Na]. At each [Na], the Q-V
curves are normalized by, the Q at the depo-
larizing limit, and have been shifted to align at the
depolarizing limit. The symbols are predictions of
the model and the lines were obtained by fitting
the predictions to the Boltzmann relatiol)(De-
pendence oV, 5 on [Nal,. (E) Dependence of on
[Na],. (F) Dependence of,,,, on [Nal,. In (D-F),
the open symbols are the predictions of the model
while the filled symbols correspond to experimen-
tal values.
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age range, experimentally impractical, demonstrate thadver the voltage range of —150 to +50 mV, there is an

there is no decrease @,,,, as external Nais reduced
from 100 to 10 nm (not showi.

PREDICTIONS VS. EXPERIMENTAL OBSERVATIONS

apparent reduction i®Q,,,. The observed shift iV, 5
(Fig. ™) is less than predicted, the reduction@g,, iS
larger than predicted, and the apparent valence of the
moveable charge (FigEj is less than expected at all but

the lowest N& concentrations (10-20 m).* All three
The six-state model for Néglucose cotransport by deviations are, in part, due to the fitting of tigeV data
rSGLT1 and the numerical values estimated by globako a single Boltzmann factor over the 10-fold range in
simulation of the presteady-state and steady-state kineexternal Na concentrations, and the fact that our experi-
ics (Parent et al., 1992 Panayotova-Heiermann et al., mental data are limited by the narrow voltage range that
1994) correctly predict the behavior of rSGLT1 chargecan be studied using the two-electrode voltage clamp in
movements as functions of time and external TN&) oocytes (-150 to +50 mV). The discrepancy may also be
The model predicts that the presteady-state currents raga part due to our simplifying assumption that the bind-
idly rise to a peak before decaying more slowly to theing of 2 N&a ions behaves as a single reaction. This may
steady state, and this is experimentally observed. The
observed time to peak current (3.4 msec, Fig) vas
longer than the predicted value (0.5 msec, FiB).7A
large portion of this difference is due to our modeling
assumption that the voltage clamp is ‘instantaneous
rather than the actual0.8 msec settling time of the am-
plifier; (i) As the external [N3] is reduced theQ-V
curve moves to more negative potentials (Fig),7and,

I Previous studies of rabbit SGLT1 indicated that there was no charge
movement when the external Neoncentration was reduced below 50
mm (Parent et al., 1999. The apparent discrepancy is due to the
“slow” voltage clamp and the low level of SGLT1 expression in the
earlier study.
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be correct at high external Naoncentrations where one TEMPERATURE

ion binds at a much faster rate that the other, but at lo : :
Na" concentrations the data suggest that this assumpti\(l)\{|:1>arent and Wright (1993) have studied the temperature

may not be valid. Heterogeneity of ion binding may be dependence of steady-state ‘Wgucose cotransport in

explored in the future by replacing Navith other ions the temperature range (20-30°C). They found no
e.g., H, Li* and TB", that can substitute for Nain changes in the apparent affinity constagtfor sugar of

7" . Na*, or the Hill coefficientn. Only changes in the maxi-
driving Na'-cotransporters (Hirayama et al., 1995). The __/ ;
X ' . mal sugar-induced curre were observed. The tem-
valence of 1.2, predicted and observed at the low Na 9 fhax

. ! : erature coefficien®,,was 2.7-3.3, and corresponds to
concentrations, is expected for a divalent charge on thgn Arrhenius (activation) energy e25 kcal/mole. The
protein moving over 60% of the membrane field; and

present results on the temperature dependence of the pre
(i) The effect of external [Ng on the shape of the gteaqy. state kinetics of SGLT1 show that the maximal
experimentak-V curves _(Flg. 4 and Table 1) is antici- chargeQ,,., was independent of temperature, and is ex-
pated by our model (Fig.B). In both cases, the-V  pected for charge movement sin@g,,, provides a mea-
curves move left along the voltage axié (. becomes  gyre of the number of transporters in the plasma mem-
more negative, Fig.B), and there is a decreasedfax  prane. Whilez was independent of temperature, the re-
(Fig. 7F). The model also predicted a decreasejn,  |axation kinetics of the presteady-state currents was
with decreasing [Ng@] (Fig. 7F) and a shift ofV. ..., dependent on temperature. Increasing temperature from
towards more negative voltages as [N& decreased 20 to 30°C shifted/, s 25-28 mV towards more negative
(Fig. 7B). Examination of the-V curves at different Na  voltages. Increasing temperature and decreasint Na
concentrations and temperatures (Fig. 4) and Table Eoncentration produced similar effects in decreasing the
gives strong credence to the predicted behavior. relaxation time constant If Na* binding (i.e., the K ¢
This extension of our previous studies of humanfor Na") is temperature-insensitive as suggested by Par-
SGLT1 charge movements (Loo et al., 1993), has beeent and Wright (1993), then the shiftfy s with increas-
possible due to the fact that the charge-voltage relationig temperature indicates thiats/ks, is temperature de-
of rabbit SGLT1 fall more completely within the voltage pendent, and that temperature had a bigger effed;pn
range of the 2-electrode voltage clamp (+50 to —150thank;g,
mV). TheV, s for the rabbitQ-V curve at 100 ma NaCl Model simulations suggest that there are three main
is 50 mV more positive than human. This means that theeffects of increasing the temperature from 20 to 30°C: (i)
-V curves for rabbit SGLT1 were bell-shaped over thethe ratioks,/k;s Was increased 4-fold (from 100 sé35
range of N& concentrations and temperatures testedseC™ to 400 sec'/35 sec') to account for the shift in
(Fig. 4). This permitted the extraction of two new pa- Vo s (ii) because of the 3-fold increase in maximal sugar-
rameters,t,., and V... (Table 1), and a direct com- induced current, there was a 3-fold increasekdg the
parison of these with those predicted by the model (Figrate limiting step for steady-state sugar transport at -50
7B andF). In terms of our model, the differences be- to =150 mV (from 16 sec to 50 sec); and (iii) the
tween the kinetics of rabbit and human SGLT1 chargedntrinsic dissociation constant for glucosgyks, was
movements are simply due to differences in rate conincreased about 2-fold (from 100,000 SE20 sec™ to
stants (rabbitk,s 100 sec’, kg, 50 sec’, k;, 20,000 180,000 se€/20 sec?) while that for Nd, k/ky; re-
mole%sec?, ky, 400 sec’; humank,s 600,k 25 sec?, ~ Mained unchanged. Interestingly, tkg, for the slow
ky, 14,000 mol&®sec?, k,, 300 sec) caused by differ- time constant of the presteady-state current (Fij).@nd

ence in the primary sequence of the two isoforms (8494h€ maximal sugar-induced current (Parent & Wright,
identity, 94% similarity). 1993) were similar (3—4) and correspond to an activation

energy ofL 25 kcal/mole. Thus there are two steps in the
transport cycle which involves conformational changes
with high activation energies. Recently, a model has
been proposed that cotransporters are single-file ion
channels in which multiple-substrates can permeate. The

Previously, Birnir et al. (1991) have found that presteady-state currents originate from the movement of

phlorizin reduced the sugar-induced steady-state currerffi€ 10ns in the membrane electric field and conforma-
50% at all membrane potentials, indicating that phlorizint",mal changes are npt involves (Su et al., 1996). The
blockade of the steady-state current was voltage indehlgh activation energies that we have measured would
pendent. Thus the intrinsic (=30 pm) for phlorizin  2'9u€ against such a mechanism.

blockade of rSGLT1 presteady-state current was great :

than the apparent;K=10 ™) for blockade of the sugar- ‘Conclusions

induced steady-state current. Further work is required t&e have shown that the rabbit Nglucose cotransporter
understand the action of phlorizin on the cotransporter.exhibits presteady-state currents that are sensitive to ex-

PHLORIZIN
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ternal Na“, membrane voltage and temperature, and glucose cotransporter expression by protein kinaseXdnopus

blocked by phlorizin. The kinetic model predicts that ~ 00cytesJ. Biol. Chem271:14740-14746

these currents are due to Nainding/dissociation and a -°% D-D-F., Bezanilla, F., Wright, E.M. 1994. Two voltage-dependent

conformational change of the empty cotransporter. The steps are involved in the partial reactions of the"micose co-
. . . transporter FASEB J.8:A344

model indicates that the slow time constarit due t0 |\, 15 £ Hazama, A, Supplisson, S., Turk, E., Wright, E.M. 1993.

conformational transitions of the empty cotransporter Rejaxation kinetics of the Nié#glucose cotransporteProc. Natl.

(Fig. 7B), thus the kinetics that we have described are Acad. Sci USA0:5767-5771

due largely to the conformational change of the emptyLostao, M.P., Hirayama, B.A., Loo, D.D.F., Wright, E.M. 1994,

transporter. The model also predicts a much faster time Phenylglucosides and the Nglucose cotransporter (SGLT1):

constantr,, arising from N& binding/dissociation, and ~ Analysis of interactions). Membrane Biol142:161-170

which we have observed in preliminary experiments’\"acl';%r;z'ek_a't,'-oof ]?-,\[l’;-l' Pa”ayo“t"’a‘He'etrmarg‘vtM& \Q’”gshél_ET-g"-

(Loo et al., 1994). Future experiments will involve - 1unetics of Nagiucose cotransport mediated by :

tudvi thi t hiaher t | uti Biophys. J.68:A436
studying this process at a higher temporal resolu IonMackenzie, B., Loo, D.D.F., Fei, Y-J., Liu, W., Ganapathy, V., Lei-

using the cut-open oocyte preparation (Loo et al., 1994). bach, F.H., Wright, E.M. 1996. Mechanisms of the human intestinal
In addition, since the low affinity Naglucose cotrans- H*-coupled oligopeptide transporter hPEPTIL. Biol. Chem.
porter SGLT2 has a stoichiometry of 1 Na glucose 2715430-5437

(Mackenzie et al., 1994, 1995), a comparison of the preMackenzie, B., Panayotova-Heiermann, M., Loo, D.D.F., Lever, J.E.,
steady-state kinetics of SGLT1 and SGLT2 will provide  Wright, E.M. 1994. SAAT1 is a low affinity N&glucose cotrans-
insight into the influence of external Nan the kinetics ggg;;gg%gg;f” amino acid transportek. Biol. Chem.

of presteady-state currents. For example, the model u -

. . . . I’}\7Iager, S., Naeve, J., Quick, M., Labarca, C., Davidson, N., Lester,
derestimates the magn'tUde of the Shlft\,{51_5 with de- H.A. 1993. Steady states, charge movements, and rates for a clonec

creasing Na (Fig. 7D), and this may be due to the as-  gaga transporter expressed KenopusocytesNeuron10:177—
sumptions on the binding of the 2 Nins (Parent et al., 188

199%). Finally, in view of the common general proper- Panayotova-Heiermann, M., Loo, D.D.F., Lostao, M.P., Wright, E.M.
ties of presteady-state currents among cotransporters 1994. Sodiunt-glucose cotransporter charge movements involve

(Table 2), the kinetic model may be applicable to other Polar residues). Biol. Chem269:21016-21020
cotransporters. Panayotova-Heiermann, M., Loo, D.D.F., Wright, E.M. 1995. Kinetics
of steady-state currents and charge movements associated with the

rat Na/glucose cotransported. Biol. Chem270:27099-27105

Parent, L., Supplisson, S., Loo, D.D.F., Wright, E.M. 1892lectro-
genic properties of the cloned Nglucose cotransporter I. voltage-
clamp studiesJ. Membrane Biol125:49-62

Parent, L., Supplisson, S., Loo, D.D.F., Wright, E.M. 189lectro-
genic properties of the cloned Nglucose cotransporter Il. A trans-
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