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Summary. Methods are described which demonstrate the use of
unidirectional influx of “C-tetraphenylphosphonium (“C-TPP*)
into isolated intestinal epithelial cells as a quantitative sensor of
the magnitude of membrane potentials created by experimentally
imposed ion gradients. Using this technique the quantitative rela-
tionship between membrane potential (A¢s) and Na*-dependent
sugar influx was determined for these cells at various Na* and a-
methylglucoside («-MG) concentrations. The results show a high
degree of Ay dependence for the transport Michaelis constant
but a maximum velocity for transport which is independent of
Ay. No transinhibition by intracellular sugar (40 mM) can be
detected. Sugar influx in the absence of Na* is insensitive to 1.3
mM phlorizin and independent of Ay. The mechanistic implica-
tions of these results were evaluated using the quality of fit be-
tween calculated and experimentally observed kinetic constants
for rate equations derived from several transport models. The
analysis shows that for models in which translocation is the po-
tential-dependent step the free carrier cannot be neutral. If it is
anionic, the transporter must be functionally asymmetric. A
model in which Na* binding is the potential-dependent step (Na*
well concept) also provides an appropriate kinetic fit to the ex-
perimental data, and must be considered as a possible mechanis-
tic basis for function of the system.
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technique - sodium-dependent sugar transport - coupling - small
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Introduction

The rheogenicity of Na*-dependent sugar and
amino-acid transport in small intestine was first
demonstrated by White and Armstrong (1971) and
Rose and Schultz (1971). Three years later, Murer
and Hopfer (1974) showed that Na*t-dependent in-
flux of sugar in small intestine is a function of the
membrane potential. Since then, a number of inves-
tigators have confirmed this dependence and have
widened our knowledge of its nature (Carter-Su &
Kimmich, 1979; Kanuitz & Wright, 1984). More re-
cent developments have indicated that the binding
of phlorizin, a competitive inhibitor of NaZ*-sugar

cotransport to brush-border membranes, is en-
hanced by inside-negative membrane potentials
(Tannenbaum et al., 1977; Aronson, 1978; Toggen-
burger et al., 1978, 1982; Turner & Silverman, 1981)
and that transinhibition of the transport system by
sugar is relieved by inside-negative potential differ-
ences (Kessler & Semenza, 1983). On the basis of
the latter findings and kinetic studies of the trans-
porter, Kessler and Semenza have proposed a
model which can qualitatively explain the observed
membrane potential dependence of Na'-sugar co-
transport (Kessler & Semenza, 1983; Semenza et
al., 1984, 1985). However, despite the large amount
of qualitative information available on the mem-
brane potential dependence of Na*-sugar cotrans-
port in small intestine, there is a surprisingly small

amount of information about the quantitative details
of this dependence.

The lack of quantitative information can be ex-
plained by the absence of an adequate technique to
measure the membrane potential under the same
experimental conditions that sugar fluxes are mea-
sured. Recently, Wright and co-workers have used
carbocyanine dyes in membrane vesicles to mea-
sure the membrane potential (Schell et al., 1983;
Gunther et al., 1984). However, these authors have
not reported the use of these dyes to investigate the
quantitative dependence of sugar influx on the mea-
sured potential difference. In the past year, we have
been exploring a different approach for measuring
the membrane potential which depends on the uni-
directional influx of the lipophilic cation tetraphen-
vlphosphonium (TPP*) as a potential sensor. We
have already demonstrated the use of TPP* influx
for measuring relative ion permeabilities in isolated
chick intestinal epithelial cells (Kimmich et al.,
19854a). A related approach was used to define the
basic features of the potential dependence for the
sodium-dependent sugar transport system (Kim-
mich et al., 1985b). As suggested earlier (Kimmich
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Fig. 1. Retention of [“C]-TPP* by cells diluted in cold wash
media. Cells were isolated in media containing 140 mm K-gluco-
nate (KG) and were de-energized as described in Materials and
Methods in the presence of 30 pug/ml valinomycin. After a 15-min
preincubation at 37°C, cells were resuspended and incubated for
20 min with a trace amount of radioactive TPP* (1.5 uCi/ml; 31.4
mCi/mmol). The cells were then diluted 80-fold into ice-cold stop
media (see Materials and Methods). Effluxes were stopped by
centrifugation. Two effluxes were carried out at 37°C for 40 min.
Resuits shown are from one experiment

etal., 1985b; Restrepo & Kimmich, 1985b) and con-
firmed here, the unidirectional influx of TPP* fol-
lows the behavior predicted by the Goldman flux
equation (Goldman, 1943). Using this relationship
as a calibration curve we have used TPP* influx to
measure membrane potential differences and hence
to establish the quantitative electrical potential de-
pendence of Na*-sugar cotransport.

Materials and Methods

CELL IsoLATION AND ATP DEPLETION

Chick intestinal cells were isolated by the hyaluronidase diges-
tion procedure reported earlier (Kimmich, 1970). Briefly, a de-
fined portion of the intestine is slit lengthwise and cut into seg-
ments 2 to 3 inches in length. The tissue is incubated in a solution
containing hyaluronidase (Sigma type I-S), 1 mg/ml, for 35 min at
37°C. After this incubation, villus cells are detached from the
tissue by gentle agitation with a plastic pipette. Cells are washed
free of the hyaluronidase by centrifugation and resuspension and
preincubated in different solutions depending on the particular

experiment. ATP depletion is accomplished by incubation with
80 uM rotenone and 200 uM ouabain (Carter-Su & Kimmich,
1979). After isolation, cells are placed on ice and are used within
1 or 2 hr of preparation.

For the experiments in which unidirectional influx of TTP*
or sugar was measured, the cells typically were isolated in KG
medium containing (in mM): 140 K-gluconate, 1 CaSQO,, 1
MgSO,, 25 HEPES-Tris! (pH 7.4 at 37°C) and 1 mg/mi BSA
(bovine serum albumin; Sigma fraction V). This solution had an
osmolarity of approximately 300 mosm (measured using a Fiske
osmometer). When large amounts of sugar or ions were required
by the experimental protocol, cells were isolated in hyperosmo-
lar media (indicated in the respective figure legends). The ionic
composition of other media used is: KCl medium, same as KG
except all gluconate and sulfate were replaced by chloride; TG
medium, same as KG except potassium was replaced by tetra-
methylammonium (TMA®); TCl medium which is KG medium
with potassium replaced by TMA™ and gluconate and sulfate
replaced by chloride. All chemicals were of the highest purity
available.

RADIOACTIVE IsOTOPE UPTAKE

The intracellular content of [“Cl-a-methyiglucoside (aMG),
[“C]-tetraphenylphosphonium (TPP*) and ["*C]-3-O-methylglu-
cose (3-OMG) were determined using a centrifugation procedure
to separate cells from incubation medium. Cells and media were
warmed to 37°C in separate incubation vessels. At time zero, a
small aliquot of cells (50 to 200 ul of 6 to 15% vol/vol cells) was
added to 0.8 to 2.0 ml of medjum containing the radioactive
isotope. Aliquots (50 to 200 ul) were sampled at intervals of 4 to
12 sec and the aliquots diluted into 4 ml of ice-cold stop media (25
mM HEPES-Tris, pH 7.4, 1 mg/ml BSA and enough mannito! to
make the wash solution isosmolar with the incubation solution).
The diluted aliquots were centrifuged for 10 sec at 8000 X g in an
Adams MHCT tabletop centrifuge and washed once with 2 ml of
cold stop solution. The entire wash procedure required 3 to 3.5
min. Control experiments have shown that the ice-cold stop pre-
vents subsequent loss of sugar during the wash interval (Picone,
1977). Retention of radioactive TPP* inside cells placed in ice-
coid stop media is shown in Fig. 1. The washed pellets were
dissolved in Liquiscint® (National Diagnostics) and counted in a
Beckman 1.S-230 liquid scintillation counter. The concentration
of TPP+ varied between 6 and 16 uM (0.2 to 0.5 pCi/ml) depend-
ing on the particular experimental protocol.
[“C]-Tetraphenylphosphonium was purchased from New
England Nuclear. All other radioisotopes were from Amersham.

3-O-METHYLGLUCOSE SPACE DETERMINATION

Unidirectional influxes of aMG were normalized by dividing the
rates in nmol/min by the intracellular 3-OMG space expressed in
pl for an equivalent sample of cells. In order to determine intra-
cellular 3-OMG space in a given sample, the amount of [*C]-3-O-
methylglucose inside the cells was measured after a steady-state
distribution had been attained at 37°C in media containing 480

I N-2-hydroxyethylpiperazine-N’'-2-ethanesulfonic acid
(Sigma Chemical).



D. Restrepo and G.A. Kimmich: A¢ and Na*-Dependent Sugar Transport 161

uM phlorizin. Typically, a 15-min incubation is long enough to
allow complete equilibration of the sugar. The intracellular 3-
OMG space was calculated using the measured intracellular 3-
OMG content and the volume specific activity (cpm/ul) of the
radioactive sugar in the incubation media. In previous studies
(Restrepo & Kimmich, 1985a) we have normalized fluxes to the
amount of cellular protein. For comparative purposes, we deter-
mined that in cells isolated in KG media there are 1.73 = .15 pl/
mg cellular protein (mean * sb, n = 9). Protein was measured
employing the biuret method (Gornall et al., 1979) using BSA as
a standard. The main advantage of measuring 3-OMG volumes is
that the procedure is faster than the protein assay.

INTRACELLULAR VOLUME DETERMINATION
BY DOUBLE LABELING

Total intracellular volume was determined by double labeling
using tritiated water as the intracellular space marker and [*C]-
polyethylene glycol ([“C]-PEG, avg mol wt 4000) as extracellular
marker. In control experiments it was determined that tritiated
water equilibrates in less than 10 sec and that [“C]-PEG does not
enter the cells appreciably for incubation periods as long as 30
min (data not shown). The standard procedure involves mixing a
50-ul aliquot of cells containing 1.5 to 3.0 mg of cellular protein
with 4.0 ml of media containing 2.5 uCi of [*H]-water and 0.1 pCi
of [C]-PEG at 37°C and centrifuging immediately. The pellet
and two 25-ul samples of the supernatant were counted and con-
verted to dpm in a Packard Tri-carb 460C scintillation counter
using the external standard for quench correction. Identical
space values were obtained when longer intervals were allowed
before centrifugation.

Sob1uM AND POTASSIUM DETERMINATION
BY FLAME PHOTOMETRY

Intracellular potassium (K;") was determined by measuring the
potassium concentration in 3% TCA extracts of cell pellets that
had been washed as described above for the radioactive isotope
influx experiments. Potassium content was measured with a
flame photometer (Instrumentation Laboratories model 143).
Lithium was used as internal standard. The intracellular potas-
sium concentration was then calculated using the intracellular
volume determined using the double-label intracellular volume
technique described above. Sodium concentrations were deter-
mined using the same procedure.

CALCULATION OF THE MEMBRANE POTENTIAL
FROM THE TPP* INFLUX

The unidirectional influx of TPP* at zero membrane potential
was used to normalize all TPP* fluxes. For cells isolated in KG
media this was accomplished by measuring influx of the lipo-
philic cation into cells diluted in KG media plus 20 to 40 ug/ml of
valinomycin. All influxes at other potentials were divided by the
zero potential flux, and the membrane potential was determined
using the Goldman flux equation (Eq. 2). This normalization pro-
cedure avoids the need to have a value for the permeability of
tetraphenylphosphonium which otherwise would have to be ob-
tained by independent methods.

TPE™ influx (normalized)
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Fig. 2. TPP* influx vs. calculated membrane potential. Cells
were isolated in KG media and de-energized as described in
Materials and Methods. 30 pg/ml of valinomycin were added
after cell isolation. After a 20-min preincubation at 37°C, the
influx of radioactive TPP* was monitored in cells with different
imposed K* gradients. K-gluconate was replaced by TMA-glu-
conate. (Outside potassium concentrations were 145, 71.4, 35.2,
13.4 and 6.2 mM.) The influx values were calculated using a
linear regression on six points taken every 4.8 sec. The mem-
brane potential was calculated as stated in Materials and Meth-
ods (also see Results). The results shown are the average + sp
from three experiments. The solid line is the least-squares fit of
the Goldman flux equation (Eq. 2) to the data

DATA ANALYSIS

Nonlinear least-squares fit of the experimental data was accom-
plished using the maximum neighborhood algorithm reported
previously (Restrepo & Kimmich, 19854) and the simplex algo-
rithm (Caceci & Cacheris, 1984).

Results

Using TPP* INFLUX
TO MEASURE MEMBRANE POTENTIALS

When ATP-depleted cells isolated in KG media in
the presence of valinomycin are transferred to me-
dia with different K+ concentrations, TPP* influx
increases as extracellular potassium is decreased
(see Fig. 2). This is to be expected due to the valino-
mycin-induced enhancement of conductive K+ per-
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Fig. 3. TPP+ influx vs. valinomycin concentration. Cells were
isolated and de-energized in KG media. They were preincubated
for 20 min (45 to 60 mg/ml cell protein) in the presence of varying
amounts of valinomycin (0 to 40 ug/ml). Influx of TPP* was
started after a 20-fold dilution into media containing either 140
mM K-gluconate (circles) or 140 mm TMA-gluconate (triangles).
Results shown are the average from three experiments £ SD

meability and the consequent inside-negative diffu-
sion potentials. Figure 2 shows the experimentally
determined dependence of TPP* influx on mem-
brane potential. The membrane potentials indicated
were calculated using the Nernst equation.

A = (RT/F) In(K,,/K,). (H

The calculated potentials are accurate provided that
the permeability of potassium is much larger than
that of all other ions present in the system and that
the intracellular potassium concentration is deter-
mined accurately. We have performed control ex-
periments to evaluate these two assumptions as dis-
cussed below.

Valinomycin is commonly used to specifically
increase the electrogenic potassium permeability
relative to that of other ions. However, as we have
pointed out earlier, potentiais calculated by the
Nernst equation are within 5% of the true value of
the membrane potential only when the permeability
for potassium is 200- to 400-fold greater than the
permeability of other ions in the system (Kimmich
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Fig. 4. Intracellular potassium concentration vs. TMA™* concen-
tration of the outside media. Cells were isolated and de-ener-
gized in KG media. After a 10-min preincubation with 30 ug/mi
valinomycin, cells were assayed for potassium content and for
intracellular volume (see Materials and Methods). Volumes were
measured for cells diluted into media with K-gluconate replaced
by varying amounts of TMA-gluconate. The results shown are
the average * sp for four determinations at each TMA* concen-
tration in one experiment

et al., 19855). In order to test whether the concen-
tration of valinomycin is large enough to increase
the potassium permeability by the required amount,
we performed experiments in which TPP* influx
was used as a qualitative sensor of the membrane
potential. Figure 3 shows that, as expected, if a
potassium gradient is present (K, < K;), TPP* in-
flux increases as valinomycin concentration is in-
creased at low concentrations. At valinomycin con-
centrations greater than 20 ug/ml, TPP™ influx (i.e.
the membrane potential) does not change as the va-
linomycin concentration is raised further. This indi-
cates that at concentrations of valinomycin larger
than 20 ug/ml the membrane potential is close to the
K* equilibrium potential for the conditions of this
experiment. The plateau in the membrane potential
is not a nonspecific effect of valinomycin on TPP*
influx since, in the absence of a potassium gradient,
TPP* influx does not change upon addition of the
largest concentration of valinomycin used.

For ATP-depleted cells isolated in KG media
(145 = 7.5 mM potassium, avg = SD, n = 6) the
average intracellular potassium concentration is 480
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+ 120 nmol of K* per mg of cellular protein (avg =
sp, n = 6). This yields an intracellular potassium
concentration of 147 = 21 mm (avg = sD, n = 6)
when the intracellular volume of cells in KG media
is measured using the double-label technique (3.25
+ 0.53 ul/mg, avg + sb, n = 6). However, when
cells are diluted 80-fold into a medium containing
140 mm TMA-gluconate instead of K-gluconate, the
measured volume is 2.45 = 0.44 ul/mg (avg + sD, n
= 6). This volume change is complete within less
than 10 sec and is stable up to 20 min (data not
shown). Since the half-time for K* efflux under
these conditions is approximately 8 min, the rapid
volume change leads to a sudden change in intracel-
lular potassium concentration which must be taken
into account when calculating the K™ equilibrium
potentials for the experiments in Fig. 2. The change
in intracellular potassium concentration as a func-
tion of outside TMA* concentration is shown in
Fig. 4.

In order to correct for the changes in intracellu-
lar potassium concentration, the membrane poten-
tials shown in Fig. 2 were calculated assuming that
the intracellular potassium concentration follows a
straight line relationship as a function of extracellu-
lar TMA™* as shown in Fig. 4. For this purpose,
intracellular potassium and volume determinations
established in six experiments under the conditions
of the experiments of Fig. 2 (see Materials and
Methods) were employed. If the volume change is
not considered and if it is assumed that intracellular
potassium is equal to the extracellular potassium
concentration of the preincubation medium, the
largest error in the calculated potential would have
been 8 mV for the point at —92.2 mV (9%). Hence,
we have established that errors in the calculated
potentials are small (less than 9%), and we have
corrected the potentials in Fig. 2 for these small
errors.

The results shown in Figs. 3 and 4 allow us to
use the Nernst equation with the appropriate potas-
sium concentrations to calculate the membrane po-
tential for the experiments shown in Fig. 2. The
data in this figure are fit by the Goldman flux equa-
tion (Goldman, 1943).

J = —PCx/(1 — &) 2)

where x = AYF/RT. This relationship can be used to
determine unknown potentials by expressing the
rate of TPP* influx at the unknown potential as a
multiple of the rate of TPP* influx at zero potential
and using Fig. 2 as a calibration relationship for
calculating the unknown potential. Note that the
fluxes in Fig. 2 are all given relative to the flux at
zero potential which is arbitrarily assigned the value
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Fig. 5. Normalized o-methylglucoside influx vs. membrane po-
tential at 36 mm Na*. The membrane potential was calculated
using the TPP* influx technique described in Materials and
Methods. Cells were isolated in KG media supplemented by ei-
ther 0, 38 or 300 mM mannitol. After isolation, they were de-
energized by addition of 80 M rotenone, 200 M ouabain and 10
pg/ml valinomycin. At the start of the influx, cells were diluted in
isosmolar media containing (final amounts) 36 mM Na*, different
amounts of potassium (replaced by TMA™) and sugar (0.05, 34.2
or 270 mM). The data from each experiment were fit using Eq. (3)
and normalized dividing the influx values by the best fit parame-
ter N. The normalization factors are: for 0.05 mM sugar, n =
0.67, N =0.028 nm pi~' min~' n = 3; for 34.2 mM sugar, n = 0.26,
N =15.21 nm gl~"min~! » = 3; and for 270 mm sugar, n = 0.02, N
=36.85nm pl-' min~!' n = 4

of 1. This procedure is used in subsequent figures
where the dependence of Na*-dependent sugar
fluxes on Ay is investigated quantitatively. It cir-
cumvents the necessity of having a separately de-
termined value for the permeability constant of
TPP+.

MEMBRANE POTENTIAL DEPENDENCE
OF Na*-DEPENDENT SUGAR INFLUX

Using the TPP* influx technique, we have deter-
mined the dependence of sugar influx on A. Figure
5 shows the dependence at 36 mm sodium (zero-
trans) and for three different concentrations of
sugar: 0.05 < K,,;, 34.2 mM > K, and 270 mMm >
K.ns (Kps, the Michaelis-Menten constant for sugar
influx, is approximately 9 mMm at —60 mV). As
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Table 1. Results from the best fit of Eq. (3) to the data in Figs. 5
and 6

Table 2. Lack of transinhibition of Na*-dependent sugar influx
by sugar?

Sodium «-Methylglucose N n° n
(mMm) (mM) (om - pl7! - min~!  (* SEM)

+ SEM)
36 0.05 0.045 = 0.013 06204 6
36 270.0 369 =£3.15 0.02 = 0.01 4
136 0.05 0.12 = 0.02 0.61 = 0.04 4
136 57.0 314 =+ 4.1 0.10 + 0.08 5

a Three additional experiments are included at 50 uM «-methyl-
glucose and 36 mM sodium.
b5 7 is defined by Eq. (3).
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Fig. 6. Normalized a-methylglucoside influx vs. membrane po-
tential at 136 mM Na*. Cells were isolated in a solution contain-
ing in mm: 180 K-gluconate, 151 TMA-gluconate, 1 CaSO,, !
MgSO, and 25 HEPES-Tris, pH 7.4, at 37°C plus either 0 or 60
mannitol. Cells were de-energized by the addition of 80 uM ro-
tenone, 200 uM ouabain and 40 ug/ml valinomycin. At the start
of the influx, cells were diluted in media such that final concen-
trations were (in addition to the divalent cations and the buffer)
in mM: 136 sodium, 195 K* plus TMA*, 195 gluconate plus ni-
trate, and either 0.05 or 57 mm sugar. The data from each experi-
ment were fit nsing Eq. (3) and normalized by dividing the influx
value by the best-fit parameter N

shown, the degree of potential sensitivity is highly
dependent on sugar concentration. In order to
quantitate the degree of potential dependence we
have fit the experimental data using the equation:

FLUX = N EXP(—nA¢F/RT) 3)

aMG influx

[eMG] Ay

(mM) (mV) (nm - pl~! - min~")
0.0 —-8.75+ 4 0.487 = 0.036
40.0 —875+ 4 0.524 + 0.073

0.0 ~109.5 =21 4,42 = Q.46

40.0 -109.5 = 21 391 +0.78

2 The cells were isolated and ATP depleted in a medium contain-
ing 150 mM K-gluconate, 100 mm TMA-gluconate, 40 mm manni-
tol, 1 mm CaSO,, 1 mMm MgSO,, 25 mm HEPES-Tris (pH 7.4) and
1 mg/ml BSA. aMG or mannitol were loaded by preincubation of
the ATP-depleted cells at 37°C for 40 min. Equilibration of the
sugar was verified in parallel incubations with radioactive aMG.
Influx was initiated by dilution of the mannitol or aMG-loaded
cells 40-fold into a medium containing 150 mMm K-gluconate and
100 mM Na-gluconate or into 150 mm TMANO; and 100 mMm
NaNO,. The extracellular eMG concentration was 1| mM. Mem-
brane potential was determined using the TPP* influx technique
by comparison to dilutions in which the preincubation and incu-
bation media were identical. The extracellular sugar concentra-
tion was 1.0 mM. Membrane potential was monitored using TPP*
influx.

where the parameter v provides a relative index of
the sensitivity to Ay. As shown in Table 1, this
parameter ranges from zero at 270 mm sugar (no
dependence on Ay) to 0.62 at 0.05 mm sugar. We
have previously shown that the dependence of
sugar influx on sugar conceniration exhibits a hy-
perbolic relationship (Restrepo & Kimmich, 1985a).
In kinetic terms, the results of Fig. 5 can be trans-
lated into a large dependence of the Michaelis con-
stant (K,,;) on the potential, but no potential depen-
dence for the maximum velocity (J,,s).

Because a change in sodium concentration from
36 to 136 mM changed the kinetics of sugar influx
significantly (3.6-fold change in K,,; Restrepo &
Kimmich, 19834), the effect of changing sodium
concentration on potential sensitivity of sugar
fluxes was also checked. The data shown in Fig. 6
depicts the membrane potential dependence of
sugar influx at 136 mM sodium. As shown in Table
1, the degree of potential dependence (quantitated
by m) does not change significantly from that ob-
served at 36 mm sodium.

LLACK OF TRANSINHIBITION
OF SODIUM-DEPENDENT SUGAR INFLUX
BY INTRACELLULAR SUGAR

Kessler and Semenza (1983) have used the mem-
brane potential dependence of transinhibition of
sugar fluxes by intracellular sugar as a criterion to
elucidate the nature of the kinetic mechanism of the
transporter. As shown in Table 2, we find no trans-
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Table 3. Sugar influx in the nominal absence of sodium: Effects of phlorizin and membrane potential2

Isolation Dilution aMG Normalized [Sodium] Calculated
medium medium influx influx (M) Ay
(nm - wl~! - min~!) (mV)

KCl TCl 1.05 = 0.08 53 =70 -52.0 5
KCl TCl + Pz 1.02 = 0.18 5370 -52.0 5
KCl KCl 0.88 = 0.14 189 = 8 0.0 5
KCl KCl + Na 1.01 = 0.15 553 £ 70 —-52.0 5
KG TG 0.97 £ 0.14 92 + 83 —83.0 3
KG TG + Pz 1.06 = 0.02 92 + 83 —83.0 3
KG KG 0.98 = 0.15 759 + 44 0.0 3
KCt NaCl 2.25 £0.71 133 = mMm -50.0 4
Average of low Na 0.027 = 0.013 8

a Influx of a-methylglucoside (0.5 mM) was measured in cells isolated and de-energized in either KG
media (3 expts) or KCI media (5 expts) (5 to 16% vol/vol of cells) and diluted 20-fold into different
solutions in the nominal absence of sodium. Cells were preincubated for 15 min at 37°C and washed
twice (0.3 to 1% vol/vol cells). All solutions contained 40 ug/ml valinomycin. In some cases, 1.33 mm
phlorizin (+Pz) or 500 uM sodium (+Na) (final concentrations) were added to the extracellular solu-
tion. Rates were normalized to the average rate from each experiment. Sodium concentrations were
measured by flame photometry. The membrane potentials were calculated using relative ion perme-
abilities measured using the crossover technique (Kimmich et al., 1985a). (All values are shown =+ sp.)

inhibition by sugar under conditions similar to those
used by Kessler and Semenza (1983) for rabbit in-
testine. A 100-mV change in the membrane poten-
tial does not unmask transinhibition by sugar.

SuGaR FLUXES
IN THE NOMINAL ABSENCE OF SODIUM

Sugar fluxes in the absence of sodium are indepen-
dent of the membrane potential and are not inhib-
ited by high concentrations (1.33 mm) of phlorizin,
an inhibitor of sodium-dependent sugar transport
(Table 3). Extracellular sodium for these experi-
ments was measured by flame photometry and is
shown in the table. The rates shown represent ap-
proximately 1.2% of the sugar flux observed in the
presence of 133 mM extracellular sodium at a mem-
brane potential of —50 mV. Addition of 500 mm
extracellular sodium does not change the sugar in-
flux rate ruling out involvement of the sodium-de-
pendent system. This agrees with calculations using
the Hill parameters found for sodium-dependent
sugar transport in Restrepo and Kimmich (1985a)
which predict that sodium-dependent sugar influx is
negligible at 500 um sodium (0.004% of the rate at
133 mM sodium).

DEPENDENCE OF PHLORIZIN INHIBITION
KINETICS ON THE MEMBRANE POTENTIAL

Various studies on phlorizin binding have indicated
that binding is a potential-sensitive event (Tannen-

25

! (normalized)

(aMG influx)

—56.7mv

0.0 1 1 1 1 1 —

0 3 6 9 12 15 18
Phlorizin (uM)

Fig. 7. Changes in the membrane potential modify the IDs, for
phlorizin inhibition of sugar transport at low sugar concentra-
tions (0.05 mmM). Cells were isolated in KG media and were de-
energized by addition of rotenone, ouabain and 10 wg/ml of va-
linomycin. At the start of the influx, a cell aliquot was diluted
into media containing either 14 or 104 mM potassium (replaced
by TMA*) and 36 mM sodium (all gluconate salts). In addition,
0.05 mM sugar and different amounts of phiorizin were present.
The data were normalized by dividing by a number such that the
uninhibited flux at —56.7 mV was 4.2 which is the value of the
point at —56.7 mV in Fig. §
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baum et al., 1977; Aronson, 1978; Toggenburger et
al., 1978, 1982; Turner & Silverman, 1981). Figure 7
shows that there is also a change in the extent of
inhibition of sugar fluxes by phlorizin in our system
when the membrane potential is changed. In this set
of experiments, the IDs for phlorizin decreases
from 12.4 = 1.2 um at =7 mV to 6.2 £ 0.6 uM at
—56.7 mV (avg = sp, n = 3).

Discussion

Although sodium-dependent sugar transport was
shown to be enhanced by inside-negative membrane
potentials a decade ago by Murer and Hopfer
(1974), our understanding of the mechanistic signifi-
cance of the potential dependence is still limited.
The experimental results presented from other labo-
ratories which are most directly relevant to the elu-
cidation of potential dependence including the fol-
lowing:

1. Tannenbaum et al. (1977), Toggenburger et
al. (1978), Aronson (1978), Turner and Silverman
(1981), and Toggenburger et al. (1982) have shown
that the association rate for phlorizin in the pres-
ence of sodium is enhanced by inside-negative
membrane potentials, and that the dissociation rate
is potential-insensitive. These investigators also
found that the association rate constant is increased
and that the dissociation rate constant is decreased
by extracellular sodium.

2. Kessler and Semenza (1983) reported that
transinhibition of sugar influx by sugar is relieved
by inside-negative membrane potentials.

3. Hilden and Sacktor (1982) have shown that in
the kidney a portion of the influx of D-glucose in the
nominal absence of sodium is membrane potential
dependent and is inhibited by phlorizin. The binding
of phlorizin in the absence of sodium was also found
to be potential dependent. In addition, sugar speci-
ficity and stereospecificity in the absence of sodium
suggest that under these conditions sugar flux was
still mediated by the sodium-dependent transporter
for their experimental system.

Kessler and Semenza (1983) have proposed a
model for sodium-dependent sugar transport in in-
testine which provides a mechanistic basis for ex-
plaining the various properties mentioned above.
The proposed model involves transport via an
asymmetric gated pore which behaves kinetically
like a carrier for which translocation across the
membrane is potential dependent. In order to ex-
plain the membrane potential dependence of phlo-
rizin binding and the relief of transinhibition by in-
side-negative membrane potentials they postulate
that the free carrier is negatively charged. For this

model, transduction of electrical energy into chemi-
cal energy occurs due to a potential-dependent re-
distribution of carrier between cytoplasmic and ex-
tracellular membrane interfaces.

However, transduction of electrical energy to
chemical energy does not have to occur during the
translocation step: it could also occur at the sodium
binding step if the binding site is located within the
membrane in a manner analogous to the proton well
proposed by Mitchell to explain the transduction of
energy in the proton ATPase (Mitchell, 1969; Malo-
ney, 1982). This idea was proposed by Hopfer and
Groseclose (1980) as a possible mechanism for the
sodium-sugar cotransporter and was evaluated for
the kidney sodium-sugar cotransporter in an article
by Aronson (1984).

Aronson explains that (for a [ phlorizin to 1
sodium model) if sodium inhibits dissociation and if
sodium binding to its site is potential dependent,
then phlorizin debinding should be potential de-
pendent (which is not). This paradox is a valid
reason to discard a sodium well model if the stoichi-
ometry were | sodium to 1 phlorizin. However, the
only evidence for a 1 : | phlorizin/sodium stoichiom-
etry comes from Hill plots for phlorizin bound vs.
sodium concentration {Aronson, 1978; Turner &
Silverman, 1981; Toggenburger et al., 1982). In an
earlier paper, we have analyzed the limitations of
drawing conclusions about coupling stoichiometry
strictly from kinetic data (Restrepo & Kimmich,
1985a). These limitations, compounded by the fact
that in at least one report the plot of phlorizin bound
vs. phlorizin bound divided by sodium concentra-
tion is nonlinear (Turner & Silverman, 1981), lead
us to believe that it is premature to discard the so-
dium well idea based on an assumed [:1 sodium/
phlorizin stoichiometry.

If 2 sodium : 1 phlorizin models are considered,
it is not difficult to explain the phlorizin data. For
instance, consider a model in which the first sodium
has to traverse a fraction of the electric fieid in or-
der to reach its binding site, but the second sodium
binding site is located near the outer face of the
membrane. In this model, membrane potential de-
pendence for the rate of phlorizin association and
the IDs, for phlorizin inhibition (Fig. 7) are due to
the strong potential dependence of the binding of
the first sodium. Conversely, the potential indepen-
dence of the dissociation rate constant for phlorizin
is due to the weak potential dependence of the bind-
ing of the second sodium. In addition, the inhibition
of phlorizin debinding by external sodium is ex-
plained by the binding of the second sodium which
could trap phlorizin in the ternary complex (2 so-
dium : 1 phlorizin).

Hilden and Sacktor’s (1982) observation that
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sugar fluxes depend on the membrane potential in
the nominal absence of sodium could be used to rule
out a sodium well type of mechanism. However,
this phenomenon was reported for rabbit kidney,
and does not occur in chick intestine. In fact, for
isolated chick intestinal cells, the data in Table 3
show that sugar fluxes in the absence of sodium are
neither inhibited by large amounts of phlorizin (1.33
mu) nor influenced by the membrane potential. The
magnitude and characteristics of the sugar fluxes
observed in the absence of sodium are inconsistent
with them being related to function of the Na*-de-
pendent carrier. They probably represent diffu-
sional fluxes via a completely independent route for
the chick epithelial system. The observations of
Hilden and Sacktor (1982) cannot be used as the
only reason to rule out a kinetic model involving
potential-dependent Na* binding without further
corroboration and supporting evidence.

The data presented in Figs. 5 and 6 place ad-
ditional restrictions on acceptable kinetic models
for the sodium-sugar cotransporter. A satisfactory
model must predict the observed high degree of po-
tential dependence for the Michaelis constant for
sugar (K,,,) and the low degree of potential depen-
dence for the maximum velocity for sugar influx
(Jms). In order to evaluate the mechanistic implica-
tions of this change in the degree of potential depen-
dence, we have used Eyring formalism (Eyring et
al., 1949) to introduce the membrane potential de-
pendence in the flux equation for the terter model
with binding order sodium/sugar/sodium (N/S/N).
This model, shown in Fig. 8, was chosen based on
earlier kinetic studies which identify it as a likely
choice for sodium-sugar cotransport (Kimmich &
Randles, 1984; Restrepo & Kimmich, 19854). The
models considered were: 1) those for which translo-
cation is the membrane potential-dependent step
with the free carrier bearing a charge of either zero
(neutral carrier model) or —1 or —2 (anionic free
carrier model); and 2) a model for which binding of
sodium is the membrane potential-dependent step
(sodium well model). _

The flux equations were derived using the King-
Altman procedure (Restrepo & Kimmich, 1985a),
assuming either that translocations of the carrier
across the membrane are the rate-limiting steps, or
with no assumption regarding a rate-limiting step.
The rate-limiting step assumption simplifies the
form of the equation considerably (see Appendix
for derivations). It is not known whether transloca-
tion is rate limiting for sodium-sugar cotransport
(Restrepo & Kimmich, 19854), and hence ruling out
models derived under this assumption is important
for further elucidation of the transport mechanism.
Without this assumption, the flux equation is very
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Fig. 8. Terter model with binding order sodium/sugar/sodium
(NSN). This model provides a mechanistic basis for the observed
membrane potential behavior of sugar fluxes

complex (the equation has from 13 to 16 indepen-
dent parameters depending on the form of mem-
brane potential dependence). We have used numeri-
cal methods to fit equations derived without
rate-limiting step assumptions to the experimental
data in order to identify specific models which can
be excluded.

Using the rate-limiting step assumption, it can
be shown that, in order for the negatively charged
free carrier model to fit the membrane potential de-
pendence determined in Figs. 5 and 6, the amount
of free carrier facing the extracellular interface at
zero membrane potential must be less than 3 the
amount of free carrier at the cytoplasmic interface
(see Appendix). Table 4 is a compilation of com-
puter fits of several transport parameters for vari-
ous transport models in comparison to experi-
mentally observed values for these parameters.
Computer calculated binding constants and other
relevant transport constants are given for each
model. The data show that even when the rate-limit-
ing step assumption is relaxed, the best fits of models
with anionic free carriers all vield K; < 1 indicating
an asymmetric distribution of free carrier. This
functional asymmetry is expected for these models
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Table 4. Nonlinear least-squares fit results

Model Fit criteria Parameters
nd n* 7 ot I, ratio® K, ratio’ Sum of  § 8 K K1 Kt Ka

square (mM) (mM)
residues

Experi-

mental 0.62 £0.04 061 =004 002=x01 01008 1501 028=0.04

values

NC= 0.62 0.61 0.033 0.017 1.19 0.31 0.039 2.38 6.22  176.2

NCP 0.59 0.59 0.34 0.22 1.41 0.28 15.6 0.30 1.87 8.83 22.7 379

NCe 0.67 0.55 0.09 0.10 1.52 0.14 14.1 0.60 0.11 0.78 1559 97.96

IC? 0.71 0.54 0.06 0.08 1.53 0.15 15.9 0.79 0.02 008 056 2105 56.36

ICe 0.69 0.55 0.07 0.13 1.51 0.28 5.6 043 0.42 0.08 0.001 344 271074

2Ct 0.72 0.54 0.08 0.15 1.53 0.32 18.4 0.79 0.09 009 8% 58

2Ce 0.70 0.47 0.08 0.13 1.51 0.23 17.9 0.68 0.10  2.14 861 147.5

Nwe 0.64 0.50 0.23 0.12 1.49 0.28 12.7 043 041 2.72 1.33 57.8 100.3

Nwe 0.62 0.61 0.01 0.00S 1.48 0.30 1.9 0.62 003 0.002 0004 716 92.5

This table shows the results of computer fits of the experimental data on membrane potential and sodium dependence of the maximum
velocity (J..,) and the Michaelis constant (K ;) for sugar transport by different kinetic models. The membrane potential criteria used in
the fit are the experimentally determined values for n displayed in Table 4. The sodium dependence criteria are values of the ratio (at A
= —43 mV) of the value for J or K, at 136 mM sodium to the value of the same parameter at 40 mm sodium (from Restrepo &
Kimmich, 19854). The detailed procedure of the fit is described in the Appendix. The sodium binding constants Ky, Kn», the free
carrier asymmetry constant K; and K are defined in terms of rate constants in Fig. 8. All values shown for these constants are at A = 0.
8, and &, are constants whose values range from zero to one as defined in the Appendix and relate to the shape or location of the free
energy barrier of the membrane potential-dependent steps of the different kinetic models. The models used are: neutral carrier model

(NC), anionic free carrier models with charge —1 (1C) or —2 (2C) and sodium well model (NW).

a Fit of the membrane potential dependence data alone.
b Fit of model assuming translocation is rate limiting.

¢ Fit assuming no rate-limiting step.

4 At 50 uM sugar and 36 mMm Na~.

e At 50 uMm sugar and 136 mm Na*.

f At 270 mm sugar and 36 mmM Na“.

¢ At 57 mM sugar and 136 mmM Na*t.

h J,.. ratio 136 mmM Na* to 40 mm Na*,

i K, ratio 136 mM Na* to 40 mM Na~.

on physical grounds alone because for anionic free
carrier models, transduction of electrical energy
into chemical energy takes place by redistribution
of the carrier. In fact, the models predict that if
there is more free carrier at the extracellular side
than at the cytoplasmic side when the membrane
potential is zero, then the potential dependence of
sugar fluxes will be greatly reduced. This observa-
tion is consistent with conclusions by Kessler and
Semenza (1983) on functional asymmetry of anionic
carrier models.

The potential independence of the maximum
velocity (J,.,) and the dependence of the Michaelis
constant (K,,,) can be modeled by the neutral carrier
model if translocation of the free carrier is slower
than translocation of the loaded carrier (under the
assumption that translocation is rate limiting; see
Appendix for derivations and Table 4 for an exam-
ple of a fit of the model to the potential behavior).
However, under these conditions the model dis-
plays no dependence of the maximum velocCity J,,,
on sodium concentration. The model predicts that
the ratio of maximum velocities at 136 vs. 40 mMm

sodium is 1 in contradiction with our results re-
ported earlier which yield a ratio of 1.5 = 0.1 (avg +
sp) for these sodium concentrations (Restrepo &
Kimmich, 19854).% This agrees with Kessler and Se-
menza’s (1983) conclusion that the model where the
free carrier bears no charge can be discarded al-
though they base this conclusion on relief of trans-
inhibition by interior negative membrane poten-
tials.

As mentioned before, in Restrepo and Kimmich
(1985a) we found that the terter NSN model is the
simplest model to fit the sodium and sugar depen-
dence of sugar fluxes. However, in the same paper
we mention that the random order 2 sodium:1
sugar model could also fit the data. In the Appendix

2 In Restrepo and Kimmich (19854a), this ratio was calcu-
lated using a normalization procedure to correlate data from dif-
ferent experiments. We have confirmed these results by direct
measurements of sugar influx at 270 mM sugar Ay = —50 mV.
Results of these experiments yield 1.59 = 0.09 (mean = SE, n =
3) for the ratio of maximum velocities at 136 vs. 40 mm sodium.
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we show that, as in the case of the terter NSN
model, the maximum velocity for sugar transport
predicted by this model under the translocation
rate-limiting step assumption can be set constant as
a function of the membrane potential. However, un-
der these conditions, the maximum velocity is not
dependent on sodium concentration contrary to
data in Restrepo and Kimmich (1985a). Hence, the
neutral free carrier model can also be discarded for
the random order scheme.

It is important to point out that the theoretical
derivation in the Appendix as well as in Kessier and
Semenza’s (1983) paper of the equations which al-
low discarding the neutral carrier model both carry
the assumption that translocation is rate limiting
The neutral carrier model can also be discarded on
other grounds. As stated by Aronson (1984), in or-
der to explain the membrane potential dependence
of phlorizin binding, one must postulate that the
sodium/phlorizin-loaded carrier is translocated
across the membrane. However, in this case, the
debinding of phlorizin would be potential dependent
contrary to their experimental observations. Thus,
the neutral carrier model can be discarded on the
basis of observations on the potential dependence
of phlorizin binding, sugar transinhibition, and the
criteria used in Table 4.

In the present report, no transinhibition by so-
dium or sugar was found under conditions similar to
those used by Kessler and Semenza (1983). It is
important to state that this discrepancy does not
necessarily mean that the kinetic mechanisms them-
selves are different for the two preparations. For
any kinetic model, transinhibition effects tend to be
smaller if translocation events are slow compared to
binding and debinding of the transported species at
the trans side. Hence, a difference in the kinetic
constants, due to inherent differences in membrane
carrier properties between rabbit and chicken,
might modify the. transinhibition response. A differ-
ence in intracellular sugar binding affinities could
also account for the difference in transinhibition. In
fact, comparison of the K,,, for p-glucose in Kessler
and Semenza’s (1983) study (0.7 mm at Ay = 0 and
Na* = 120 mmM) with the K, in chicken cells (11 mm
at Ay = 0 and Na* = 136 mm)® suggests that the
intracellular binding affinity for sugar could differ in
the two experimental systems.

The sodium well model can fit the membrane
potential-dependence criteria and the sodium-de-

? The K., for sugar transport in chicken cells at Ay = 0 and
Na* = 136 mM was calculated using the measured value of the
K, at Ay = —43 mV and Na* = 136 mM (from Restrepo &
Kimmich, 19854) and the calculated value for n at 136 mM so-
dium and 0.05 mM sugar shown in Table 3.

pendence criteria reasonably well when transloca-
tion is assumed to be the rate-limiting step (Table 4).
However, if this assumption is relaxed and it is as-
sumed that the sugar binding step is not at equilib-
rium, the sodium well model displays the best fit of
all models tested. In addition, the sodium well
mechanism can model the relief of transinhibition
by inside-negative membrane potentials (Kessler &
Semenza, 1983). For instance, if the binding order
at the trans side is sodium/sugar/sodium, the relief
of transinhibition could be due to the enhancement
of the debinding of the second sodium by inside-
negative membrane potentials leading to a shorter
half-life of the inward-facing sodium-loaded carrier
which is the carrier form that binds intracellular
sugar.

Thus, with the data currently available for the
intestinal sodium-dependent sugar transporter, it is
not possible to distinguish between a sodium well
model and a model in which translocation of the
carrier (either loaded or unloaded) is the membrane
potential-dependent step. However, the cumulative
information available allows further constraining of
each class of model. For example, the sodium well
model cannot explain the data on the membrane
potential dependence of phlorizin if the sodium/
phlorizin stoichiometry is shown to be 1:1. On the
other hand, from our observations on the potential
dependence of sugar fluxes and observations from
other laboratories on the potential dependence of
transinhibition, and phlorizin binding, it can be con-
cluded that if translocation is the potential-depen-
dent step, then the free carrier must bear a net
charge and the free carrier must be distributed
asymmetrically across the membrane at zero mem-
brane potential. The ordered terter model with bind-
ing order sodium/sugar/sodium (NSN) (Fig. 8) can
be used successfully to describe the sodium and
sugar dependence of sugar fluxes at a fixed mem-
brane potential (Restrepo & Kimmich, 19854) and is
shown in this report to be able to provide a mecha-
nistic basis for our observations on the membrane
potential dependence of sugar fluxes, of phlorizin
inhibition, and to the observations of other investi-
gators on the membrane potential dependence of
phlorizin binding (Tannenbaum et al., 1977; Aron-
son, 1978; Toggenburger et al., 1978, 1982; Turner
& Silverman, 1981) and transinhibition of sugar
fluxes (Kessler & Semenza, 1983).
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Appendix

MEMBRANE POTENTIAL DEPENDENCE

oF THE ORDERED TERTER NSN MODEL

AND PARTIAL ANALYSIS OF THE RANDOM ORDER
2 SopiuM : | SUGAR MODEL

Flux Equation Assuming
that Translocation is Rate Limiting

In a previous paper on sugar Kinetics, we derived the equation
for the flux of sugar (J) vs. sugar (§) and sodium (N) concentra-
tions for the ordered terter model with binding order NSN under
the assumption that translocation steps are rate limiting (Re-
strepo & Kimmich, 1985a). This terter model is depicted in Fig. 8
and the flux equation is given below.

J
; = ks KIN?SI(K, + KNS + K\ KyoNS + K KsKnN

+ (K + DKy Kn:Ks). (A1)

The definition of the parameters is shown in Fig. 8. N and § are
sodium and sugar concentration, respectively, and p is a factor
that changes depending on the units for flux (J).

The maximum velocity J,, and the Michaelis-Menten con-
stant K, for the dependence of the sugar flux as a function of
sugar concentration and the ratio J,./K,,; are shown below.

s = pkasNI(Knz + (1 + Kip/K))N) (A2)
Ky = KsKmo(N + (1 + (WK )Kn))/ N(K vz

+ (1 + (K/KD)N) (A3)
Jos! Kins = phasNHKsKnpy(N + (1 + (1/K)Kn1). (A4)

Flux Equation with no Rate-Limiting Step

If no rate-limiting step is assumed, the flux equation for sugar as
a function of sugar and sodium concentrations can be expressed
in the form:

J = JnsSHK s + 5) (A5)
where:
J,,,_v = pk45K1N2/E (A6)

Kone = KJKn(KIN + Kyi(Ky + 1))

kus
+ T (Ki(N + Kn) + Kn)
34
k.
+ k_:Z Ky(K(KnxN + KniKng) + KniKno)

k
* T (KiN? + NKw) + KmN)J'% (A7)
3
2 = (Kp + K)N? + KiKyoN
k
+ 72 (VK1 + K3) + KiK3KpN)
56

k k
+ 2 KN+ 22 (NA + KY). (A8)
ki ki

These equations reduce to the translocation rate-limiting
ks kis kas ks

case if the parameters -——, ~—, -—, and -— are set equal to zero.
kyy” ksy” kia kse

Membrane Potential Dependence

To model the membrane potential dependence, it was assumed
that the rate constants for the potential-dependent steps of the
mechanism depend on Ay as proposed by Eyring et al. (1949) and
given by Eq. (A9).

ko = k.gem0sMFRT (A9)

where k. are forward or backward rate constants, z is the charge
of the potential-dependent species, and 6 is the fraction of the
electric field that the charged particle has to traverse in order to
reach the highest point of the energy barrier in a free-energy
diagram.

Models in which Translocation
is the Potential-Dependent Step

A. Ruling out the translocation model where the free carrier is
neutral.

For this model, the potential-dependent parameters are:
kis = kasoe™ 5 Kpy = Kppee 217 (A10)
where k45, and ki are independent of the membrane potential
and x = AYF/RT.

The ratio J,./K .., depends on the membrane potential as a
function of exp(—268,x). Comparing this with Eq. (3) which fits
the data at low sugar, we can equate §; to (#/2) = 0.31. Since we
found that the maximum velocity J,, does not depend on the
membrane potential (Figs. 5 and 6), this means that the following
equation holds true:

[Kns(x1)/ K os(2)] = e~ 21027%0), (Al1)

But since from Eq. (A3) we can derive:

y + e*ZS[xz

(Ko K] = S5

(A12)
where y = ((Kyo/N) + 1)(K /K1), it follows by comparing Egs.
(All) and (A12) that the factor y is small compared to 1. Using
this fact, the ratio of maximum velocities at two different sodium
concentrations can be reduced to:
s N o (N2)] = 1. (A13)
Data from Restrepo and Kimmich (1985a) gives 1.5 = 0.1 for the
ratio of maximum velocities [J,,(136)/J,.(40)] in contradiction
with Eq. (A13).

B. The potential-dependent parameters for the mechanism
in which the free carrier bears one negative charge are:
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K, = Kye™; Kiy = Kpe ®itoox
kss = kasoe™%1% (A14)
These expressions were used in the nonlinear least-squares fit
described at the end of the Appendix.

C. The translocation model in which the free carrier carries
two negative charges must be assymetric to fit the observed po-
tential dependence as shown below.

The potential-dependent parameters in this model are

K; = Kpe™; Kip = Kippe 215, (A15)

The ratio of J,. /K, at two membrane potentials is given by

[(Jnd/Kms) at x1]  Z + ™

(K at 5] Z + €2 (Al6)

where Z is given by

7= Ky <i+ 1). (A17)
KN]

From the data in Figs. 5 and 6 we can see that this ratio is larger
than 4 when the membrane potential is changed from 0 to —60
mV. Hence, Z < 0.32. It follows that K;, < 0.32. Since K,
denotes the free carrier distribution at zero potential, it follows
that at zero potential there are at least three times as many
carriers at the cytoplasmic side of the membrane as at the extra-
cellular side of the membrane. Hence, the kinetic mechanism
must be asymmetric in order to fit the dependence shown in Figs.
5 and 6.

Sodium Well Model

For this model, the sodium binding constants depend on the
membrane potential as follows:

Kni = Kot
Ky = KNZ()e&ZX. (A18)
In these equations, x is AYF/RT and 8, and 8, are the fraction of
the electric field drop that each sodium must traverse to get to its
binding site.

Nonlinear Least-Squares Fit

To perform the nonlinear least-squares fit, we used the same
FORTRAN program used earlier for analyzing the sodium and
sugar concentration dependence of sugar transport (Restrepo &
Kimmich, 1985a) and a BASIC version of the simplex algorithm
(Caceci & Cacheris, 1984). The least squares were weighted by a
quantity equal to one over the square of the standard error of the
mean of the value of each fit criterium (Squires, 1976). The six
criteria used for the fit were:

1. The parameter 7 (defined in Eq. 3) at 36 mm sodium and
270 mM sugar. For these conditions, n = 0.02 = 0.1 and the

weight used was 100. n was calculated by using Eq. (A19) which
can be derived directly from Eq. (3). The two membrane poten-
tials were —45 and —SmV. J,,, was used instead of J in Eq. (A19)
since at this sugar concentration J = J,,;.
7 = (V(x; = xp)) In( ) (x). (A19)

2. m at 136 mM sodium and 57 mM sugar. = 0.10 = 0.08;
weight = 156. Evaluated as in 1 except that the membrane poten-
tials were 10 and —40 mV.

3. n at 36 mM sodium and 50 uM sugar. n = 0.62 * 0.04;
weight = 625. Same as above except J,,/K,,, was used instead of
J and the membrane potentials used to evaluate Eq. (A19) were
—~20 and —60 mV.

4. n at 136 mM sodium and 50 M sugar. n = 0.61 = 0.04;
weight = 625. Same as in 3 except that the potentials were —20
and —80 mV.

5. The ratio J,,(136 mM Na)//,,,(40 mMm Na) at —43 mV.
From Restrepo and Kimmich (1985q) this is 1.50 = 0.060; weight
= 278.

6. The ratio K,,,(136 mM Na)/K,,(40 mM Na) at —43 mV.
From Restrepo and Kimmich (1983«) this ratio is 0.276 = 0.044;
weight = 517.

The membrane potential for the last two criteria was calcu-
lated from measurements of relative ion permeabilities (Kimmich
et al., 19854).

Partial Analysis of the Membrane Potential
Dependence of Sugar Influx for the Random
Order 2 Sodium : 1 Sugar Model when
Translocation is the Ay-Dependent Step
and the Free Carrier is not Charged

In Restrepo and Kimmich (1985a) we solved the velocity equa-
tions for this model under the translocation rate-limiting step
assumption. The maximum velocity for sugar transport as a func-
tion of sugar is given by Eq. (A20), the sugar flux at low sugar by
Eq. (A21) and the membrane potential-dependent constants
when translocation is the dependent step and the free carrier is
uncharged are given by Eq. (A22).

s = pkaaNY(KyaKn2 + N1 + KifK1)) (A20)
JX(S < Kms) = ké?'y (Azl)
key = kgoe™21%; Kpp = Kypee 2, (A22)

The constants used in this equation are defined in Fig. 8 of Re-
strepo and Kimmich (1985a). v is a constant independent of the
membrane potential for the uncharged free carrier model.

In order for J;, to be membrane potential independent,
N2K /K, must be large. However, in this condition J,, be-
comes equal to:

pkenK |

ms = T A23

KIZO ( )

which is sodium independent in contradiction with evidence
from Restrepo and Kimmich (19854).



