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Abstract Drugs are transported by cotransporters with
widely different turnover rates. We have examined the
underlying mechanism using, as a model system, glucose
and indican (indoxyl-f-p-glucopyranoside) transport by
human Na*/glucose cotransporter (hSGLT1). Indican is
transported by hSGLT1 at 10% of the rate for glucose but
with a fivefold higher apparent affinity. We expressed wild-
type hSGLT1 and mutant G507C in Xenopus oocytes and
used electrical and optical methods to measure the kinetics
of glucose (using nonmetabolized glucose analogue o-
methyl-p-glucopyranoside, ®™MDG) and indican transport,
alone and together. Indican behaved as a competitive
inhibitor of «MDG transport. To examine protein confor-
mations, we recorded SGLT1 capacitive currents (charge
movements) and fluorescence changes in response to step
jumps in membrane voltage, in the presence and absence of
indican and/or «MDG. In the absence of sugar, voltage
jumps elicited capacitive SGLT currents that decayed to
steady state with time constants (t) of 3-20 ms. These
transient currents were abolished in saturating «MDG but
only slightly reduced (10%) in saturating indican. SGLT1
G507C rhodamine fluorescence intensity increased with
depolarizing and decreased with hyperpolarizing voltages.
Maximal fluorescence increased ~150% in saturating
indican but decreased ~50% in saturating «MDG. Mod-
eling indicated that the rate-limiting step for indican
transport is sugar translocation, whereas for «MDG it is
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dissociation of Nat from the internal binding sites. The
inhibitory effects of indican on «MDG transport are due to
its higher affinity and a 100-fold lower translocation rate.
Our results indicate that competition between substrates
and drugs should be taken into consideration when tar-
geting transporters as drug delivery systems.
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Introduction

Cotransporters are membrane proteins that use energy stored
in the transmembrane electrochemical gradient of ions (Na™
or protons) to drive transport of substrates against their con-
centration gradient, enabling the efficient accumulation of
substrate in the cell. Many have been found to transport a wide
variety of substrate analogues, and in recent years there has
been increasing interest in using them as vehicles for drug
delivery. We and others have shown that substrate analogues
are transported at widely different turnover rates. For exam-
ple, in the glucose (human Na*/glucose cotransporter 1
[ASGLT1], pig SGLT3), nucleoside (hCNT1,hCNT3, NUpC)
and dipeptide (hPEPT1, hPEPT2) cotransporters drugs are
transported at maximum rates varying from 10% to 150% of
that for the natural substrates (Lostao et al. 1994; Diez-
Sampedro et al. 2000; Veyhl et al. 1998; Loewen et al. 2004;
Knutter et al. 2007; Sala-Rabanal et al. 2006; Larrayoz et al.
2004; Smith et al. 2004; King et al. 2006). An unanswered
question, mechanistically and pharmacologically, is why
substrate analogues have different turnover rates.
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From a functional point of view, one of the most
extensively studied transporters is SGLTI1. Secondary
active sugar transport occurs by an alternating access
mechanism via a series of conformational changes induced
by ligand (Na* and glucose) binding and membrane volt-
age (Fig. 1) (Parent et al. 1992; Loo et al. 2002, 2006;
Hirayama et al. 2007). In the normal transport cycle, two
external Na* ions bind to the empty (ligand-free) trans-
porter and cause a conformational change that results in an
increase in affinity for glucose. Sugar binding induces a
conformational change of the fully loaded transporter to
expose the ligand-binding sites to the internal membrane
surface, where glucose is released into the cytoplasm
before the Na™ ions. The empty transporter then returns to
the external membrane surface. External Na® binding/
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Fig. 1 Eight-state ordered kinetic model for Na*/glucose transport
by SGLT1 (from Loo et al. 2006). Kinetic states of the transporter are
the empty transporter (C;, Ce), Na*-bound (C2Na,, C5Na,) and Na*-
and sugar-bound (C3Na,S, C4Na,S) in the external and internal
membrane surfaces. Two Na™ ions bind to the protein before the
sugar molecule. The partial reactions fall into three groups: / (gray
region), voltage-dependent reactions—these are the conformational
changes of the empty transporter between external and internal
membrane surfaces (C; 2 C, 2 C, 2 Cy) and Na* binding/
dissociation (C; 2 C2Nay); II (red region), external sugar binding/
dissociation (C2Na, 2 C3Na,S) and sugar translocation across the
cell membrane (C3Na,S 2 C4Na,S); and /Il (blue region), internal
Na™ release (C5Na, — C¢) and sugar release (C4Na,S — C5Nay).
Dashed line between C2Na, and C5Nay, is the uniport mode of Na™
transport by SGLTI. In this study experiments were conducted under
conditions close to zero-trans, i.e., internal [sugar] = O mm, internal
[Na®t] = 5 mm
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dissociation and reorientation of the ligand-free binding
sites between faces of the membrane are voltage-
dependent.

In this study, we examined the mechanism underlying the
transport of substrates with different turnover rates using
glucose and indican (indoxyl-f-p-glucopyranoside) trans-
port by hASGLT1 as a model system. Indican is transported at
10% of the maximal rate of glucose but with a 10-fold
greater apparent affinity—half-maximal concentration
(Ko.5) is 80 pum for indican vs. 300 um for glucose (Diez-
Sampedro et al. 2000). We expressed wild-type hSGLT1
and mutant G507C in Xenopus laevis oocytes and used
electrical and fluorescence measurements to study the
steady-state and pre-steady-state kinetics in the presence of
indican and/or a-methyl-p-glucopyranoside (¢«MDG). These
latter measurements allowed us to monitor the conforma-
tional states of the transporter during sugar transport.

The rate-limiting step for transport of natural substrates
(glucose and galactose) is the internal release of Na™ from
SGLT1 (Loo et al. 2006). In contrast, we found that the
rate-limiting step for indican transport is translocation
across the membrane, i.e., the conformational change of the
fully loaded (Na* and indican bound) protein from the
outward-facing to the inward-facing conformation. Physi-
ologically, the differences in binding and membrane
translocation rates between indican and glucose lead to
competition between the two sugars, resulting in inhibition
of glucose transport by indican. Since other cotransporters
also transport drugs with very different turnover rates, we
predict that competition between drugs and natural sub-
strates could have a significant effect when cotransporters
are targeted as drug delivery systems. It is also clear that
identification of the transport step affected will aid in drug
design as the “binding pharmacophore” is distinct from the
“transport pharmacophore.”

Materials and Methods
Preparation and Maintenance of Oocytes

Mature X. laevis oocytes were isolated, defolliculated,
injected with wild-type hSGLT1 or hSGLTI mutant
G507C cRNA (see Loo et al. 1993, 1998, 2006). hSGLT1
G507C-expressing oocytes were completely labeled with
tetramethylrhodamine-6-maleimide (TMR6M; Invitrogen
Molecular Probes, Carlsbad, CA) (Loo et al. 1998, 2006;
Meinild et al. 2002). After labeling, oocytes were washed
free of dye and kept in NaCl buffer in the dark until use.
Oocytes were bathed in NaCl buffer containing (mm) 100
NaCl, 2 KCl, 1 CaCl,, 1 MgCl, and 10 HEPES (pH 7.4).
oMDG or indican was added to the superfusing NaCl
buffer at the reported concentrations.
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Combined Electrophysiological and Fluorescence
Experiments

Electrophysiological and simultaneous electrophysiologi-
cal and fluorescence experiments were performed on
hSGLT1 and TMR6M-labeled hSGLT1 G507C, as
described previously (Loo et al. 1998, 2006; Meinild et al.
2002). The TMR6M-labeled mutant transporter exhibited
similar kinetics as wild-type hSGLT1, before and after
labeling of Cys507 by TMR6M (Loo et al. 2006). A
standard pulse protocol was applied where membrane
potential was held at —50 mV (V},) and stepped to various
test values (V; from + 90 to —150 mV in 20-mV decre-
ments) for 100 or 300 ms before returning to Vj,. The
current records were the averages of three sweeps (Loo
et al. 2006). Records were filtered at 500 or 150 Hz,
depending on the sampling interval (0.1 or 0.3 ms per
sample). In the present study, we did not record the fast
components of charge movement and rhodamine fluores-
cence intensity change (AF) observed previously using cut-
open oocyte voltage-clamp fluorometry (Loo et al. 2005).
Fluorescence intensity is expressed as arbitrary units (au).
For oocytes expressing mutant G507C labeled with
TMRO6M and bathed in NaCl buffer, AF,,/Fio1 1S =& 1%
(AF o« is the maximal fluorescence intensity change and
Fiora1 18 total fluorescence intensity). Fluorescence data
have been corrected for photobleaching and rundown
(Meinild et al. 2002). All experiments were performed at
room temperature (20-23°C).

Data Analysis
Steady-State Currents

To obtain the current—voltage (/-V) relations of sugar-
(xMDG and indican) induced currents, a protocol with
voltage pulses of 100-300 ms was applied. The sugar-
induced current was the difference between the currents at
the end of the pulse in the presence of external sugar from
baseline in NaCl buffer. Sugar-induced currents (at each
voltage) were fitted to:

I = Inax ([S1,)"{ (KO.5)" + ([S1,)"} (1)

where I,,.x is the maximal sugar-induced current, [S], is the
external Na™ or sugar concentration, K s is the half-max-
imal concentration ([S], at 50% I,.x) and n is the Hill
coefficient. For sugar activation »n is 1, and for Na'tn is 2
(Birnir et al. 1991; Parent et al. 1992; Mackenzie et al.
1998; Loo et al. 2006). The sugar- («MDG) induced co-
transporter current is directly proportional to the Na™ and
sugar uptake into the cell, with a stoichiometry of 2Na*/
1aMDG (Mackenzie et al. 1998; Quick et al. 2001).

Isolation of Pre-Steady-State Currents

In response to a voltage pulse, the total membrane current
is composed of the bilayer capacitive transient, pre-steady-
state SGLT1 currents and steady-state currents. In the
absence of sugar, steady-state currents consisted of back-
ground endogenous currents of the oocyte and Na™ leak
(uniporter mode) of SGLT1 (Parent et al. 1992; Loo et al.
1998). Total membrane current (/,,) was fitted to:

Itnt(t) = Icm exp(_t/fcm) + Imed exp(_t/fmed)
+ Lgjow exp(_t/fslow) + I (2)

where I is the steady-state current and I, exp(—t/t.y,) is
the bilayer capacitance current, with initial value 1., and
time constant T.p,. Ineq €XP(—1t/Tmeq) and Igow eXp(—t/Tg0w)
are the medium and slow components of SGLT1 pre-
steady-state current with initial values (/;eq, Is10w) and time
constants (Tpyed, Tsiow). 1he SGLT1 pre-steady-state cur-
rents (Imed exp(_t/fmed) + Islow exp(_t/Tslow)) were
isolated as described previously (Loo et al. 2005). SGLT1
charge movement (Q) was obtained from the integral of the
SGLTI1 pre-steady-state currents. Steady-state current (/)
consisted of oocyte background current, Na™-uniporter
current (of SGLT1) and Na*/sugar cotransport current. The
cotransport current was taken as the difference in the
steady-state current recorded in the presence and absence
of substrate.

The time course of total fluoresence intensity change
(AF o) was also fitted to two exponential components:
AF o = AFpea (1 — exp(—t/Tmea) + AFgow (1 —
exXp(—t/Tgow), Where AFed, AFsiows Tmed and Tgow are the
amplitude and time constants of the medium and slow
components (Loo et al. 2005, 2006).

Fitting of Q—V and AF—YV relations

The charge vs. voltage (Q—V) relations could, to a first
approximation, be fitted with a single Boltzmann function
(Loo et al. 1993, 2005; Hazama et al. 1997):

(Q — Ohyp)Omax = 1/[1 +exp(z0(V — Vo 5)FIRT] (3)

where Opqx is the maximal charge (Qgep — Ohyp)s Daep and
Onyp are the Q (absolute value) at depolarizing and hy-
perpolarizing limits, V is membrane potential, F is Faraday
constant, R is gas constant, 7 is absolute temperature,
Vo.5 is midpoint voltage (membrane potential at 50% Q,ax)
and zd is maximum steepness factor for the dependence of
Q on voltage or apparent valence of the voltage sensor. z0
is the product of the apparent valence of the movable
charge (z) and the fraction of the membrane electric field
traversed by the charge (§). For Qyy,, to be the limit at large
hyperpolarizing voltages (equation 3), we assume z < 0.
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We denote z6¢ and VOQ 5 for the (z6) and Vj 5 obtained from
charge measurements.

The Boltzmann relation was also used to empirically fit
the AFo—V curves (Loo et al. 2006), with Qgep, Onyp and
Omax replaced by AFgep,, AFny, and AFy,,y, respectively.
Parameters obtained were maximal fluorescence intensity
change (AF .« = AF4e, — AFyyp), membrane voltage at
50% AF\ax (Vg 5) and apparent valence or voltage-steep-
ness factor for fluorescence (zéF ).

Fits of data to equations were performed using either
Sigmaplot 10 (SPSS, Inc., Chicago, IL) or Clampfit 10.1
(Axon Instruments, Union City, CA). For data obtained on
a single oocyte, the statistics are given by the estimates and
standard error of the fit. When data are from a population,

the statistics are given by the means and standard errors of
the means with the number of samples. While data are
shown for representative experiments, all experiments were
performed on at least three oocytes from different batches.
Results

Steady-State Kinetics

Basic Electrical Characteristics

Figure 2A shows the total current records from an oocyte
expressing hSGLT1 in response to step jumps in membrane
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Fig. 2 Current records from an oocyte expressing hSGLT1. Mem-
brane potential was held at —50 mV (V},), and a series of 100-ms test
voltage pulses (V) was applied (from + 50 to —150 mV in 20-mV
decrements). Red traces represent total current and black traces are
the records with the oocyte membrane capacitance subtracted using
the fitted method (see “Materials and Methods™). (A) Current records
in NaCl buffer alone. (B) In the presence of 600 um indican. (C) In
the presence of 5 mm aMDG. (D) I-V curves of the indican- and
aMDG-induced steady-state currents. (E) Dependence of Kidia and
Kg%'DG on membrane voltage. Note that at 4+50 mV the pre-steady-
state current has not reached steady state at 100 ms; thus, the indican
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cotransport current is slightly overestimated. Dashed curves in (D)
and (E) were obtained by simulation of the model of Fig. 8 (equation
6 of Appendix). Values of the kinetic parameters used were within the
range listed in Table 1: ky, = 45,000 M%), ky =300 s/,
Kia = 600 s7%, kyy = 50 571, kyy = 5 871, kpy = 40 57!, kyg = 100
sl kep = 100 s7!, kos = 0.01 s, ksp = 3.5 x 1074 57! ksg = 5
s7! kes = 2,250 M%7, ko = 45,000 m'sT! k3 =20 s,
Kys = 800 s7!, ksy = 81,667 M~ s}, kyy = 50 s7!, kg3 = 50 s7,
Ko7 = 250,000 M~ 1571, kyp = 12 571, kgs = 800 s71, ksg = 756,173
Ml ksg = 0.5 s7h kg7 = 0.5 s~!. Total number of transporters
Np =15 x 10"?
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voltage (from + 50 to —150 mV) from the holding
potential (V;, = —50 mV). External solution contained
NaCl buffer free of sugar. After the initial capacitance
transient of the oocyte membrane bilayer (time constant
T ~ 0.8 ms, highlighted in red), the pre-steady-state cur-
rent of hSGLT1 decayed to steady state with 7 3-20 ms
(Loo et al. 1993, 2005, 2006; Quick et al. 2001). The
steady-state current is composed of the Na' uniporter
current (or Na® leak) of hSGLT1 and the endogenous
background current of the oocyte (Parent et al. 1992; Loo
et al. 1999).

There was an increase in steady-state current in the
presence of indican (e.g., 600 um, Fig. 2B) and «MDG
(e.g., 5 mm, Fig. 2C). The sugar-induced current, obtained
by subtracting the steady-state current in NaCl buffer from
the total current in the presence of sugar, was much greater
in «MDG than indican. The I-V relations of both sugars
tended toward saturation at large hyperpolarizing voltages
and approached zero-current in the depolarizing direction
(Fig. 2D). For V., between —50 and —150 mV, current
induced by saturating concentrations of indican (I"dicam)
was =~ 10% of the maximal oMDG-induced current
(I°MDGy: ¢ o at —50 mV, Tindican apd 1"MDG yere 113 and
1,141 nA in one oocyte. The dashed curves are the pre-
dicted /-V curves obtained from simulation of the kinetic
model for SGLT1 using the kinetic parameters for indican
and «MDG (Table 1).

The K5 for indican (KI'di@") varied from 97 to 51 pm
for membrane voltages between —50 and —150 mV
(Fig. 2E). In comparison, Ky s for cMDG (Kgg/lDG) varied
from 09 to 0.5 mm for V,, between —50 and —150
(Fig. 2E). The dashed curves are model predictions using
the kinetic parameters for indican and «MDG (Table 1).

Cotransport in the Presence of «MDG and Indican

In the presence of o«MDG, indican behaved as an
inhibitor. This is illustrated by the I-V curves in Fig. 3A,
which shows that the current induced by oMDG alone
(0.25 mm, black circles) was reduced when indican (60
and 480 um) was added to the external solution con-
taining «MDG. The maximal current induced by
saturating [indican], in the presence of 0.25 mm oMDG
approached the current induced by saturating indican
alone (not shown). The reduction of sugar-induced cur-
rent (obtained by subtracting the current induced by
oMDG and indican together from the current induced by
oMDG alone) with increasing [indican], was dose-
dependent and hyperbolic. At V,, = —50 mV, the
apparent inhibitory constant (K;) was 247 £ 84 um
(n = 3, Fig. 3B), higher than the Kys for Na'/indican
cotransport alone (60 pMm, Fig. 2E). The curve in Fig. 3B
was predicted by the kinetic model (Fig. 8) with a K; of
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Fig. 3 Competition between indican and «MDG. (A) Steady-state -V
relations of the total current induced by «MDG and indican. The
experiment was performed on an oocyte expressing hSGLT1. Filled
circles represent the current induced by 0.25 mm «MDG alone. Filled
triangles represent the current induced by 0.25 mm «MDG and indican (60
and 480 pm) together. Open symbols denote the current induced by
«MDG and p-galactose together (both at 0.25 mm). (B) Dose-response
curve (at —50 mV) of the inhibition of the current induced by 0.25 mm
oMDG by increasing [indican],. Dashed line was drawn with a K; of
210 pm, obtained by simulation of equation 6. Values of the kinetic
parameters used for competition experiments were within the range listed
in Table 1: ki» = 140,000 M~ %71, ko = 300 s7!, k;, = 600 s71,
Ka = 355 Lk = 205 L kp, = 1557 L kpg = 30051 ke = 300571,
kos = 00157 ksp = 3.5x107%s7 ! ksg = 55, kes = 2,250 M %871,
Koz = 45,000 M~ 57! k3o = 20 57, kys = 800 s, ksy = 81,667 M~
s kay = 5087 kg3 = 5057, Koy = 250,000 M~ 's 7! kyp = 12571,
kgs = 800 s7!, ksg = 756,173 M 's7!, kyg = 0.5 s7!, kgy = 0.5 s\,
Predicted K|, 5 for indican cotransport alone was 85 . In this oocyte, the
currents induced at —-50 mV by saturating [indican], (600 um) and
[oMDG],, (5 mm) alone were —113 and —1,140 nA, respectively

210 pm. In comparison, when galactose (0.25 mm) was

added to external NaCl buffer containing «MDG, the
total sugar-induced current increased as expected
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Fig. 4 Current records in
response to a 200-ms voltage
pulse protocol from an oocyte
expressing hSGLTI. (A) In
NaCl buffer. (B) In the presence
of 100 pm indican. (C) In the . +50
presence of 1 mm indican. Red
traces of (A-C) represent total
current and black traces are
records with the oocyte
membrane capacitance

subtracted. (D-F) Simulation of
pre-steady-state currents. Red
traces of (D-F) are the
pre-steady-state current records
for hASGLTI at 450 and

—150 mV obtained from -150 |250 nA
the total current (in (A-C)) by

subtraction of the oocyte

membrane capacitance and

steady-state current. D 0
Simulations (dashed black
lines) were performed using
kinetic parameters from Table 1

-150

| 200 nA

100 ms

(Fig. 3A, open triangles). p-Galactose is transported by
hSGSLT1 with a similar turnover rate and K, 5 as «MDG
(Diez-Sampedro et al. 2000).

Pre-Steady-State Kinetics
Effect of Indican on Charge Movement

In the absence of sugar, when membrane voltage was held
at —50 mV (V},) and stepped to various test values (V,), the
magnitudes of the pre-steady-state currents were similar in
the OFF voltage pulse (when V, returned to V},) for depo-
larizing and hyperpolarizing test voltages (Figs. 2A and
4A). Indican altered this profile (Figs. 2B and 4B), and at
saturating concentration (I mm), the pre-steady-state cur-
rents were observed only with depolarizing test voltages
(Fig. 4C).

The Q—V relations for total charge (consisting of
medium and slow components) were obtained from the
pre-steady-state currents (see “Materials and Methods™)
and fitted to the Boltzmann relation (equation 3) to obtain
the maximal charge (Qna.x), midpoint voltage (Vgs) and
apparent valence of the voltage sensor (z09). As previously
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reported, for wild-type hSGLT1 Vgs was between —33 and
—70 mV, z6¢2 was 1.0 and Qn. (typically ~20 nC)
depended on the level of expression of hSGLT1 on the
oocyte plasma membrane (Loo et al. 1993, 2005, 2006;
Quick et al. 2001). Indican shifted Vg.s to more positive
values. In three experiments, when [indican], increased
from 0 to 600 pm, Vgs shifted from —40 to + 40 mV. The
dose-response relation, i.e., shift of Vgs with [indican],,
was hyperbolic with a Kys5 ~80 uM. Qn.x, measured in
sugar-free NaCl buffer, was reduced by 11 &+ 2% in satu-
rating indican (not shown). There was no change in z6< in
the presence of indican.

In contrast, for MDG, the pre-steady-state current was
abolished (>95%) by saturating concentrations of the sugar
(5 mm, Fig. 2C), with a K 5 of 0.21 mwm (present study; Loo
et al. 2006). aMDG shifted the V& to more positive values
with a Ky 5 of 0.16 mm (Loo et al. 2006).

Effect of Indican on t©
The current records of Fig. 4A—C show that increasing

concentrations of indican progressively slowed the decay
of the transient current to steady state. For example,
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Fig. 5 Effect of indican and «MDG on relaxation time constants. (A)
Dependence of 7V relations for the ON response on [indican],.
Filled circles and triangles (at 0 and 0.1 mM indican, respectively)
represent the medium component (T,,eq). Open triangles and squares
represent the slow component (7q.,) at depolarizing voltages
introduced by the presence of 0.1 and 1 mwm indican. At 1 mm

at + 50 mV, after the initial membrane bilayer capacitance
transient (t ~0.8 ms), to a first approximation, SGLT1
capacitive currents relaxed with a time constant (t7on) of 3
ms in the absence of indican and increased to 50 ms in 1
mM [indican],. Figure 4D-F shows the model predictions
for pre-steady-state currents (dashed curves) superimposed
on the compensated pre-steady-state currents (from
Fig. 4A-C at test voltages of + 50 and —150 mV).

A more detailed examination of the kinetics revealed
that indican produced no changes in the time constant of
the medium component (1,4, filled symbols, Fig. SA) but
introduced a slow component with a time constant (Tgow)
that increased from 20 ms at 0.1 mwm indican to 50 ms
(at + 50 mV) at 1 mm indican (open symbols, Fig. SA).
With increasing [indican],, the slow charge increased at the
expense of the medium charge, and at saturating indican,
only the slow charge was present.

oMDG had little effect on ton in the depolarizing
direction (Fig. 5B). For example, at + 50 mV, 1ony & 3.5
ms while [xMDG],, increased from 0 to 0.5 mm. In contrast,
oMDG decreased toy at hyperpolarizing potentials, e.g., at
—130 mV 1oy decreased from 27 to 22 ms between 0 and
0.25 mm «aMDG (Fig. 5B).

Charge Movement in the Presence of «MDG
and Indican

Figure 6B shows the pre-steady-state currents in the pres-
ence of 0.25 mm oMDG. Compared to control in NaCl
buffer alone (Fig. 6A), maximal charge (Qmax, medium
component) was reduced to 37% (from 17.2 + 0.3 to

indican, there was no detectable medium charge and no charge
movement at hyperpolarizing voltages (see Fig. 4C, F). (B) Effect of
[oMDG], on t-V relations. Filled circles, triangles and squares
represent Tpeq at 0, 0.25 and 0.5 mm [aMDG],, respectively. Charge
movement for hyperpolarizing voltage pulses at 0.5 mm cMDG was
too small for reliable estimates of the time constant

6.4 £ 0.3 nC, Fig. 6E closed square and open circle) and
V&, shifted from —43 £ 1 to —28 + 3 mV (Fig. 6D,
closed square and open circle). Addition of indican to the
external solution with MDG rescued Q,,,.x (Fig. 6B vs. C).
Maximal charge measured in 0.25 mm «MDG increased
from 6.4 & 0.4 to 15 £ 2 nC after addition of 480 pm
indican and is extrapolated to be >80% of the Q,,.x in NaCl
buffer alone at saturating indican (Fig. 6E, open circle and
closed square). Indican also shifted Vgs to more positive
values (Fig. 6D, see also Fig. 4). There was an increase in
time constant (1on at + 50 mV) with [indican],, increasing
from 3.6 & 0.2 ms in «MDG alone to 22 + 2 ms in the
presence of 480 um indican (Fig. 6F). For the three effects
of indican—shift of Vgs, increase in Qp,.x and increases in
Ton—=experiments and models give Kgs values of
~210 pm (Fig. 6D-F).

Fluorescence Experiments on G507C

The hSGLT1 mutant G507C was used to study protein
conformations during Na*/indican cotransport. This
mutant exhibited similar «MDG Kkinetics as wild-type
hSGLT!1 (Loo etal. 2006), and similar K¢ and
K;’ig’)’;“‘” values were obtained for TMR6M-labeled and
nonlabeled G507C: 75+ 6y (n=15) and 11 + 7%
(n = 3) of I"™MPG_ Indican had the same effect on pre-
steady-state kinetics of mutant G507C as hSGLTI. For
example, on the same G507C-expressing oocyte,
increasing [indican], shifted Vgs with a Kys of
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Fig. 6 Pre-steady-state currents

in the presence of «MDG and

indican. Total current records A
(200 ms pulse duration) from an
oocyte expressing hSGLT1. (A)
In NaCl buffer alone. (B) In the
presence of 0.25 mm oMDG.
(C) In the presence of 0.25 mm
oMDG and 480 pm indican
together. (D) Dependence of
Vg5 on [indican],. (E)
Dependence of Q,,.x on
[indican],. (F) Effect of indican
on toy (at Vy +50 mV). (D-F)
Filled squares represent data
obtained in sugar-free NaCl
buffer, open circles represent
data obtained in «MDG (0.25
mu) alone and filled circles
represent data obtained in 0.25
mM oMDG and indican
together. Curves were drawn
with the K5 (210 pm) obtained
by simulation. Kinetic
parameters used for the
simulation are the same as in
Fig. 3

Vo 5 (mV)
a

-20 4
-30 -@
-40 -
f 0 cMDG
-50 r T 1
0 250 500
[Indican] (uM)

+0.25 mM «MDG

80 £ 8 uM and reduced Q.x by ~10%. The time con-
stant Ton (at + 50 mV) also increased from 4 4+ 1 to
32 +£2 ms with [indican],, with K5 values of
80 £ 48 um, respectively (data not shown).

The time course of change of rhodamine fluorescence
intensity (AF) in NaCl buffer from an oocyte expressing
hSGLT1 mutant G507C labeled with TMR6M in response
to 300-ms step jumps in membrane voltage is shown in
Fig. 7A. AF increased with depolarizing and decreased
with hyperpolarizing voltages. Fluorescence intensity
returned to baseline when test voltage was returned to Vj,.
AF contained medium and slow components (Loo et al.
2006). Medium time constant (T,.q) Was sensitive to
voltage: T,eq decreased from 15 ms at V;, —150 mV to 7
ms at + 50 mV. 7y,,, was independent of voltage ( ~ 150
ms; see also Loo et al. 2006).

The fluorescence vs. voltage (AF—V) curves were
sigmoid and fitted to Boltzmann relations to obtain the
parameters AFp.., Vbs and z3" (see “Materials and
Methods”) (Loo et al. 2006). In the experiment of
Fig. 7, V&5 was 7 £ 7 mV in NaCl buffer and shifted to
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44 £ 13 mV in the presence of indican (600 pm).
Compared to control experiments in NaCl buffer alone
(Fig. 7A), in saturating [indican], (600 um) the extrap-
olated maximal fluorescence change, AF,,.s, increased
(Fig. 7B). In three experiments, the extrapolated AF .«
increased 167 + 15%. oMDG (10 mm) shifted Vgs to
more positive values (37 + 22 mV), while AF,, was
reduced by 25-50% (Fig. 7C; see also Figs. 5 and 6 of
Loo et al. 2006).

Indican increased the time constants in the depolarizing
direction (Fig. 7B). For example, at + 50 mV, Tgeq
increased from 10 & 1 ms in NaCl buffer to 49 & 5 ms
(n =15) in the presence of saturating [indican],. This
increase in Tpeq (at + 50 mV) was hyperbolic with
[indican],, with a Ko5 of 72 + 35 M (n = 3). 740w also
increased (Fig. 7B), from 88 & 3 to 192 &£ 29 ms, when
indican increased from 0 to 600 pM. In three experiments,
Tqow increased from 67 £ 12 to 229 4 29 ms. The sim-
ulated fluorescence records (dashed curve) are
superimposed on the experimental data (red traces) in
Fig. 7D-F.
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Table 1 Rate constants and parameters of the eight-state kinetic model for hSGLT1 (Fig. 8) for indican and «MDG

k1> = 100,000 m—2s71 ky; = 300 s7! €12 =023 &1 =03
kya = 600 57! ky =50 s7! €12 =05 e ~ 0
Ky =55 Kpa = 40 57! €a = 0.15 tha ~ 0
kbf) = 100 57] kéb = 100 571 Epe = 0.05 &b = 0.7
Kos = 0.01 s7! “ksp = 2.5 x 1073 57!

ksg =5s"! kes = 2,250 M~ 257!

aMDG

ko3 = 45,000 M~ 's™! ks =205 K¢ = 0.44 mm

ksy = 444,444 M5! kys = 800 s~ Kb = 1.8 mm

K3s = 50 s~ ks3 = 50 57!

Indican

Ko7 = 200,000 M~ 's™! kgp =20 87! K% = 100 pm

“ksg = 282,187 M 's”! kgs = 400 s~ KL = 1.4 mum

kg = 055" kg7 = 0.5 s~

Apparent quantum yields (TMR6M-labeled G507C)
@2=1,9y1 =3, qy. =3, @y =3, 996 =6, qy; = 0.7, gy, =3, qy5s = 1.6,
Range of validity

ki = 50,000-140,000 M~ 2s~! Koy = 200-500 s~

Kia = 400-800 s7! Ko = 35-50 s7!
Ky = 520 87! Kpa = 15-40 57!
kps = 100-300 s~ kep = 100-300 s+
Indican

k»7 = 100,000-300,000 M~ 's™! Ky = 12-35 57!

kgs = 100-1,000 s~*

Apparent quantum yields

Fluorescence changes (AF) in Na' buffer alone are governed by the ratios gye¢/qy, = 6 and gy./qy» = 3. In the presence of saturating
concentrations of xMDG, the highest occupancy state at negative voltages is C5Na,, and the fluorescence experiments are determined by the ratio
qyslqy> ~1.0-2.0. In saturating indican, the highest occupancy state at hyperpolarizing voltages is C7Na,S2, and the observed increase in
maximal fluorescence change (AF,x) compared to Na® buffer alone is determined by the ratio gy;/qy, ~ 0.5-0.8. Because of the low
probabilities of occupancy in C;, C,, C4Na,S1, C8Na,S2, the values of qy;, qy, and qy4 (or qyg) were indeterminate.

The kinetic parameters were obtained by interactive numerical simulations of the model (Fig. 8) as described in the Appendix. ks;, k54 and ksg
(marked by asterisks) are constrained by microscopic reversibility (Parent et al. 1992; Loo et al. 2006). Rate constants for Na™ and «MDG
binding and translocation are from Loo et al. (2006). K} ( = k3a/k,3) and KiD( = kyslks4) are the dissociation constants on the external and
internal membrane surfaces. The internal paramers ks¢, kg5 and kys (for MDG) are from kinetics of reverse sugar transport (Eskandari et al.
2005). For indican transport, the reverse translocation rate (kg7) is assumed to be the same as the forward rate (k7g).

The range of validity of each kinetic parameter was obtained by examining the sensitivity of the simulations as the rate constant was varied. The

range also includes the natural variation in kinetics from experiment to experiment (see Appendix)

Discussion

In our alternating access model of cotransport (Fig. 1), the
interactions of a substrate with a transporter occur in three
steps: binding on the external membrane surface, translo-
cation of the substrate-bound protein across the membrane
and release on the internal membrane surface. In theory,
the interaction of a substrate analogue can differ in any of
these steps, resulting in changes in affinity (Kys) or turn-
over (Ihax)- An understanding of the mechanism of a given
analogue is important in the targeting of a transporter for
delivery of a drug. In this study, we examined the mech-
anism underlying the differences in turnover using glucose

and indican transport by SGLT1 as a model to gain insight
into the binding and translocation steps of the Na't/sugar
cotransport cycle (Fig. 1, region II). We integrated the
information from steady-state cotransporter currents and
pre-steady-state charge movement and fluorescence and
used the kinetic model for SGLT1 to show that the higher
apparent affinity but lower turnover rate of indican com-
pared to glucose are a consequence of both a higher affinity
and a lower translocation rate across the membrane.

Each of these measurements provides unique information
on how the substrate interacts with the transporter. Steady-
state currents provide a measure of transport rate and yield
estimates of apparent affinities (Kj s) and maximal transport
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Fig. 7 Time course of the changes of fluorescence intensity (AF)
from an oocyte expressing hSGLT1 mutant G507C labeled with
TMRO6M. The experiment was performed in NaCl buffer alone (A),
with 600 puMm indican (B) and with 10 mm oMDG added (C). Test
pulse duration was 300 ms. V, was =50 mV. Test voltages are
indicated by the numbers next to the traces. 0 represents baseline
(AF = 0). (D-F) AF simulations on TMR6M-labeled hSGLT1
mutant G507C. Red traces are from (A—C) above (at +50 and —150
mV). Black dashed lines are simulated AF records (with steady-state
fluorescence levels removed) when V,, is stepped from —50 mV to
+50 and —-150 mV. Simulations were performed using the set of
kinetic parameters for «MDG obtained for the TMR6M-labeled

rate (Iax). Charge movements in the Nat/glucose cotrans-
port cycle are associated with external Na® binding and
translocation of the empty transporter (Fig. 1, region I) and
provide a monitor of the conformational state distribution of
the protein. A decrease in charge movement in the presence
of a substrate (e.g., “MDG) is the result of depopulation or
reduction of occupancy in the “charge-associated” confor-
mations (Fig. 1, region I). Thus, the abolition of charge
movements by «MDG and the minor 10% reduction by
indican indicate that the distribution of conformational states
of hSGLT1 differs in «MDG and indican; i.e., there is a
difference in the rate-limiting conformation changes for
indican and «MDG transport.

The turnover rate for a substrate is estimated from the
ratio of the maximal rate of transport (/,.x) and maximal
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mutant (Table 1 but with «MDG binding rate k3 = 8,000 M s to
account for the lower apparent affinity of G507C for «MDG) (Loo
et al. 2006). Rate constants for indican transport by TMR6M-labeled
G507C were the same as for hSGLT1 since the kinetics of indican
transport were similar between the two proteins. Relative quantum
yield values were qy; =3, gy, =1, gy, =3, qv» = 3, qy; = 0.7,
qv4 = 3, qys = 3 and qys = 5-6. In practice, AF in the presence of
oMDG was determined by relative quantum yields gys/qy, ~ 3, and
qvelqy. = 6 (Loo et al. 2006); in indican, an additional constraint
was qye¢/qy; = 8. See Table 1 for the range of validity of the
parameters

charge (Qmax) (Loo et al. 1993). The turnover rate for
oMDG transport by hSGLT1 has been estimated to be 28
st (Loo et al. 2005). Since indican is transported at 10%
of the maximal rate of xMDG, the turnover rate for indican
is2.8s7".

Fluorescence is also an indicator of changes in confor-
mational state distribution. The changes in rhodamine
fluorescence (with substrates and membrane voltage) could
be due to a Stokes shift or a quench of fluorescence
(Bezanilla 2000). In the SGLT1 homologue vSGLT from
Vibrio parahaemolyticus (Veenstra et al. 2004) and
hSGLT1 mutant Q457C (unpublished data), the sugar-
induced quenches of fluorescence of covalently linked
extrinsic fluorophores are not accompanied by shifts in
absorption or emission spectra.
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Fig. 8 Ten-state kinetic model for SGLT1 in the presence of «MDG
(S1) and indican (S2). Compared to the eight-state model (Fig. 1),
there are two additional states, indican-bound C; ([C7Na,S2]) and
Cg ([C8Na,S2]). Colored regions (I-III) are as described in Fig. 1.
Rate constant (k;;) represents the transition between states (C; — C).
Those italized and in bold (ki5, k21, k1 kab, kbes kep) are voltage-
dependent. The effects of voltage were described by Eyring rate
theory: ki = ki exp(—e;FV/RT), where ki} is a voltage-independent
rate, g; is the equivalent charge movement and F, R and T have
their usual physicochemical meanings (see Loo etal. 2005,
2006). Rate constants obey microscopic reversibility conditions:
kSok31k T akqokekes = kT2koskSekepkiakar, kSakisk3okss = kiskS,k53k3, (for
oMDG transport) and kSgkg7k7.k55 = kgskSrk57k9s (for indican trans-
port). The differential equation of the model is equation 6. The
parameters estimated for indican and «MDG are listed in Table 1. In
this study, intracellular [¢(MDG] and [indican] were O and intracelluar
[Na™] was 5 mm

The fluorescence associated with SGLT1 (on the popu-
lation level) is the sum of the fluorescence from the
transporter  distributed in different conformations
(depending on ligand concentration and membrane volt-
age). The binding of a ligand (Na® or sugar) and/or a
change in membrane voltage alters the distribution of
conformations, resulting in a change of fluorescence (see
equation 5; Loo et al. 2006). Fluorescence measurements
have the advantage over charge movements in that they can
also monitor conformational changes that are electrically
silent. While charge measurements monitor global con-
formational changes, the fluorescence changes arise from
local changes of the environment of the fluorophore
responding to remote electrical events and/or ligand
binding.

The fluorescence measurements provide us with addi-
tional insight into sugar interactions with SGLT1: (1) in
saturating [«MDG],, the charge movement is abolished
whereas the fluorescence signal is not (Fig. 7F), indicating
that the conformational change monitored by fluorescence

(C5Na, to C6) is electrically silent (Loo et al. 2006); (2)
there is an increase in fluorescence with increasing [indi-
can],, confirming the evidence of a sugar- (indican) bound
conformation (C7Na,S, Fig. 8); (3) the increase of fluo-
rescence indicates that there is a change of the local
environment of the fluorophore between the Na'-bound
(C2Na,) and the fully loaded Na* and indican-bound
(C7Na,S) conformations, thereby providing direct evi-
dence for a conformational change of hSGLT]1 after sugar
binding, and this sugar binding step has not been previ-
ously examined by electrical measurements because it is
voltage-independent (Parent et al. 1992; Loo et al. 2006);
and (4) the contrast between the increase of fluorescence in
saturating [indican], and the decrease of fluorescence in
saturating [«MDG], indicates that the rate-limiting con-
formation is different between «MDG and indican.

In summary, the charge and fluorescence measurements
indicate a difference in the rate-limiting step (and confor-
mation) for indican and «MDG transport. For indican it is
sugar translocation across the membrane, whereas for
oMDG it occurs on the internal membrane surface. The
recovery of the charge lost in the presence of «MDG by
increasing concentrations of indican (Fig. 6E) indicates
that competition between indican and «MDG is due to a
higher affinity of SGLT1 for indican and a lower turnover
rate for indican, thereby “trapping” the transporters in the
indican-bound conformation (C7Na,S). To examine this
interpretation, computer simulations were performed on the
kinetic model for SGLT1 (Loo et al. 2006).

Kinetic Model

The kinetic model for SGLT1 is based on the alternating
access mechanism with a Na*/substrate transport stoichi-
ometry of 2 (Fig. 8). The transporter is assumed to have
eight kinetic states, consisting of the empty (C1 and C6),
Na*t-bound (C2Na, and C5Na,) and Na*- and sugar-bound
(C3Na,S1 & C4Na,S1 for glucose and C7Na,S2 &
C8Na,S2 for indican) states at the external and internal
membrane surfaces, as well as intermediate states (C, and
C,) between C1 and C6. The empty or ligand-free protein
is negatively charged (valence —2). The voltage-sensitive
steps are the binding of external Na* (C1 to C2Na,) and
the translocation of the empty carrier between the external
and internal sides of the membrane (C1 to C6). SGLT1 pre-
steady-state currents are associated with the voltage-sen-
sitive partial reactions (see Appendix for details on the
formulation of the model and estimation of the kinetic
parameters). Fluorescence experiments were simulated by
attributing empirical (or apparent) quantum yield values for
the fluorophore in each conformation of the transporter and
assuming that changes of fluorescence intensity (AF) are
due to changes in occupancy probabilities as membrane
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voltage and substrate concentrations are altered (see
equation 5; Loo et al. 2006).

Model Simulations

Simulations were performed on the eight-state kinetic
model by estimating the rate constants for «MDG and
indican transport alone, and this was extended to a 10-state
model in the presence of both sugars (see Fig. 8). As
described below, we were able to simulate the experi-
mental data on (1) steady-state kinetics—the /-V relations
of the sugar- (indican, aMDG) coupled currents (Fig. 2D)
and the Ky s and I,,, values for indican and «MDG:; (2)
competition between indican and oMDG (Figs. 3B, 6D-F,
7D-F); and (3) differences in pre-steady-state kinetics of
charge and fluorescence in the presence of indican and
oMDG (Fig. 4D-F).

Indican and aMDG Alone

The kinetic parameters extracted from the simulations for
indican (this study) along with those previously obtained
for glucose (eMDG) are summarized in Table 1. Indican
and «MDG differed in their binding affinities and translo-
cation rates. The external binding constants (Kp) for
indican and «MDG are 40 pM and 0.44 mm, respectively.
The rate of translocation of «MDG across the cell mem-
brane (k34 50 s_l) was 100-fold greater than that of indican
(k75 0.5 s_l). Model predictions fit the experimental data
on the steady-state I-V relations and the Kys and I,
values for indican and aMDG (Fig. 2D, E).

The rate-limiting step of the transport cycle under
maximal transport conditions—large hyperpolarizing volt-
ages and saturating external sugar and sodium
concentrations—is the sugar-translocation step (k;g = 0.5
s_l) for indican, whereas it is the release of Nat from
SGLTI in the internal membrane surface (ksq = 5 s~ ') for
oMDG (Table 1). This finding is also supported by the
observed low apparent affinities (by two orders of magni-
tude) for sugars and glycosides on the internal membrane
surface compared to the external (Eskandari et al. 2005).

The effects of sugars (indican and ®MDG) on occupancy
probabilities (P,) of the eight-state model are shown in
Fig. 9. In the absence of sugar (100 mm [Nat], alone) the
protein resides in the outward-facing Na*-bound confor-
mation C2Na, at large hyperpolarizing voltages (<—150
mYV) and in the inward-facing empty transporter state C6 at
large depolarizing voltages (>>+ 50 mV) (Fig. 9A). In
saturating [indican], (1 mm), the highest occupancy state at
—150 mV is the outward-facing Nat and indican-bound
conformation C7Na,S2 (P, = 0.8, Fig. 9B). In contrast,
the highest occupancy state in saturating [«MDG],, (10 mm)
is the inward-facing Na'-bound conformation C5Na,
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(P, = 0.7 at —150 mV, Fig. 9C). In all cases, at large
depolarizing voltages (>> + 50 mV) the protein is driven
to the inward-facing ligand-free conformation C6. The
differences in state occupancy at negative membrane
potentials (e.g., —50 mV) provide the rationale for the
observed charge movement in saturating indican and its
disappearance in saturating xMDG. A depolarizing voltage
pulse (e.g., from V;, =50 to 4+ 50 mV) in saturating indican
would drive SGLT1 from C7Na,S2 to Cg4 (along the con-
formations in Fig. 1, region I), thereby generating a pre-
steady-state outward current, while a hyperpolarizing pulse
(from —50 to —150 mV) only causes a minor increase in
C;Na,S2 at the expense of C5Na, and, thus, a small pre-
steady-state inward current. In contrast, there are negligible
pre-steady-state currents in saturating [¢dMDG], as extreme
voltage jumps only alter the distribution of the transporter
between electroneutral steps (C5Na, and Cg, Fig. 9C).

There was close agreement between the simulated pre-
steady-state currents and the experimental compensated
pre-steady-state current, and this is shown in Fig. 4D-F for
0 um, 100 pM and 1 mm indican. Likewise, there was good
agreement between simulated AF records and experimental
data (Fig. 7D-F). The increase in maximal fluorescence
(AF ., extrapolated) at saturating indican (Fig. 7E) is due
to a lower (apparent) quantum yield of C7Na,S2 compared
to C2Na,, whereas the decrease at saturating oMDG
(Fig. 7F) is due to the lower (apparent) quantum yield of
C5Na, compared to Cg (Fig. 9C) (Loo et al. 2006). The
fluorescence change (AF) when V,, is stepped from —50
mV (V) to + 50 mV is associated with transition from
C5Na, — Cg in saturating «MDG, whereas it arises from
C7Na,S2 — Cq4 (along region I of Fig. 1, see also Fig. 5B,
C) in saturating indican.

Competition Between Substrates

We have shown that indican acts as an inhibitor of «MDG
transport (Fig. 3). This was at first surprising as we
expected that the currents for the two sugars would be
additive, as for MDG and galactose (Fig. 3A). The inhi-
bition can be understood from the state distributions of
hSGLT1 in the presence of the two competing sugars.
Compared to the distribution in the absence of sugar where
the transporter is in C2Na, at large hyperpolarizing volt-
ages (Fig. 9A), the transporter is distributed between
C5Na, (P, 0.5) and C2Na, (P, 0.3) at 0.25 mm [aMDG],
(Fig. 10A). When a saturating [indican], (1 mm) is added
in the presence of 0.25 mm [¢MDG],, the transporter is
predominantly in the indican-bound configuration
C7Na,S2 (P, = 0.7, Fig. 10B). The increase in C;Na,S2
occurs at the expense of CsNa,. Thus, the inhibition is
simply due to competitive inhibition between indican and
oMDG for the external binding site and the very low
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Fig. 9 Simulation of

occupancy probabilities (P,). A
(A) In NaCl buffer in the
absence of sugar. (B) In
saturating indican (1 mm). (C)
In saturating «MDG (10 mm).
Vertical dashed lines in (A-C)
show the values of P, at holding
potential (=50 mV). Simulated
time course of P, for a 300-ms
voltage pulse from V}, (=50 mV) P
to +50 mV in Na™ alone (D),
saturating indican (E) and
saturating aMDG (F).
Simulations were performed
using the kinetic parameters of
Table 1. For clarity, states with
P, < 0.1 were not plotted; these
states were C; in (A) (and (D));
C,, C2Na,, C3Na,S1, C4Na,S1,
C8Na,S2 in (B) (and (E)); and
C,, C2Na,, C3Na,S1, C4Na,S1,
C7Na,S2, C8Na,S2 in C (and
F)
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translocation rate of indican relative to aMDG, k-g 0.5 vs.
k34 50 s~! (Table 1).

Simulation predicted that the K, s for the inhibition of
the total 0.25 mm sugar-coupled current by indican is
210 pm (dashed line, Fig. 3B), close to the experimental
value of 247 + 84 pum. These values are higher (60—
100 pum) than the experiment and simulated values of K s
(85 um) in indican alone. Simulations indicate that if
oMDG is present at the Kys concentration, then K; for
indican inhibition of «MDG current was twice the K 5 for
indican transport with no change in the maximum velocity,
i.e., classical competitive inhibition. Irrespective of the
fixed indican concentration, in theory, a sufficiently high

50
vV, (mV)

150 450 600

oMDG concentration can be obtained to outcompete indi-
can binding. The K 5 for the shift of Vs, the increase in
Omas and the increases in 1oy Wwith increasing [indican],
were similar to the Kys (210 um) for the inhibition of
oMDG-currents (Fig. SD-F).

In summary, our model simulations reproduce the key
new observations of this study: (1) indican behaved as an
inhibitor of «MDG transport; (2) indican had little effect on
hSGLT charge movement, whereas «MDG abolished them;
(3) indican increased the time constants for hSGLT1
capacitive currents, up to 20-fold, whereas xMDG had little
effect; and (4) indican increased the voltage-dependent
fluorescence of TMRMO6-G507C-hSGLT1 (AF.x) to
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Fig. 10 Simulation of occupancy probabilities (P,) in the presence of
oMDG and indican. The 10-state model (Fig. 8) was used for
simulations. C3Na,S1 and C4Na,S1 are «MDG-bound. C7Na,S2 and
C8Na,S2 are indican-bound. (A) In the presence of aMDG (0.25 mm)
alone. (B) In the presence of aMDG (0.25 mm) and indican (1 mm).
Vertical dashed lines show the values of P, at holding potential (—50
mV). (C) Simulated time course of P, for a 300-ms voltage pulse from
Vi (=50 mV) to +50 mV in «MDG alone. (D) Simulated time course

150%, whereas «MDG reduced this signal to 30%. The
overall goodness of fit between model simulations and
experimental data provides further confirmation of the
eight-state kinetic model for SGLT1 (Loo et al. 2006).

Distinction Between Substrates and Competitive Inhibitors

A single cotransporter may transport substrates with wide
differences in apparent affinities and maximal transport
rates. Thus, in the transport cycle, there is a “specificity”
for substrate binding that may be different from the spec-
ificity for translocation. The apparent affinity largely
depends on the rate constants for substrate binding (k»3, k32
or ky7, k7). Maximum transport rate largely depends on the
rate-limiting step: k7g (for indican) and ks¢ (for «MDG).
Indican binding is fivefold stronger than «MDG binding,
while the translocation rate is 100-fold lower (Table 1).
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of P, in MDG and saturating indican. The simulated time course of
P, in 100 mm [Na*], alone is shown in Fig. 9D. Simulations were
performed using the kinetic parameters of Table 1. For clarity, states
with P, < 0.1 were not plotted. The states were C;, C3Na,Sl
(eMDG-bound) and C4Na,S1 («MDG-bound) in (A) and (C); C,,
C2Na,, C3Na,S1 («MDG-bound), C4Na,S1 («MDG-bound) and
C8Na,S2 (indican-bound) in (B) and (D)

This leads to indican acting as a competitive inhibitor of
oMDG transport.

There is no simple relationship between the structure
of the compounds and their transport rate (Table 2).
Glucosides such as 2-naphthyl-f-p-glucopyranoside bind
with the same apparent affinity (1/Kys) as oMDG but
have low turnover numbers (8% of «MDG). Likewise,
simple halogenation of indican, e.g., 5-bromo- and 5-
bromo-6-chloro-3-indolyl-f-galactose, produced inhibitors
of «MDG transport with K; values of 40-200 pum. This
means that the rate of translocation (ks4) of these blockers
approached 0. As with indican, the blockers did not
inhibit charge movement but, instead, increased the time
constant at + 50 mV and shifted V&5 to more positive
values (Hirayama et al. 2001). With very high-affinity
blockers, e.g., phlorizin (K; 200 nwm), there was complete
inhibition of charge movement, i.e., during a 100-ms
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Table 2 Kinetics of glycoside interactions with hSGLT1
Compound Structure Transport rate (%) Ky.5 (mm) K; (mm)
p-Glucose 100 0.5 -
D-galactose 100 0.5% -
o-Methyl-p-glucose 100 0.5"2 =
2-Naphthyl-B-p-glucose /“ 8 0.5° _
Glc—0O
Indican (indoxyl-f-p-glucose) N 12 0.073 -
Glc—0O :
5-Br-6CI-3-indoxyl-galactose N 0 - 0.038>
e
Gal—O
Br
5-Br-3-indoxyl-galactose N 0 - 0.060°
Gal—O0 7\
0.0002"*

Br
Phlorizin How !OHIOH 0 _
(e]

Glc—0O

Half-maximal concentration (K s) or inhibitory (Kj) constants, structures and transport rates of various glycosides. References: ]Hirayama et al.
1996; 2Dl'eZ—Sampedro et al. 2001; 3Dfez—Sampedr0 et al. 2000; “Loo et al. 2006

depolarizing pulse to + 50 mV there was no dissociation
of the blocker from the transporter (Loo et al. 2006). We
surmise that the aglycone binds to a specific binding site
within 8 A of the external glucose binding site on
hSGLT1 (Hirayama et al. 2001) and that this high binding
energy precludes translocation. In the case of phlorizin,
the high binding energy locks the transporter in C3Na,S1,
disabling transport and charge movement. With lower-
affinity phlorizin binding, e.g., to the TMR6M-labeled
hSGLT1 mutant Q457C with a K; of 100 pMm, charge
transfer was recovered by holding the membrane potential
at + 50 mV for 5 s (Loo, Hirayama, Meinild and Wright,
unpublished data).

Pharmacological Relevance

In the present and previous studies (Diez-Sampedro et al.
2000, 2001), we have highlighted that SGLT1 can transport
a wide variety of sugars with apparent affinities (Kjs)
ranging from 50 pm to 100 mm and with similar or very
different maximal rates of transport (15-100% of that for
glucose). The transport of substrate analogues with differ-
ent turnover rates is a common observation among
transporters. There are strong parallels between the present
findings on «MDG and indican transport by hSGLT1 and
the transport of physiological substrates uridine and aden-
osine by rat nucleoside transporter CNT1 (Yao et al. 1996).
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Uridine and adenosine are transported with similar appar-
ent affinities (26 pum), but maximal rate of adenosine
transport is only 0.33% of that for uridine. Return of the
empty transporter from the inward-facing to the outward-
facing conformation is thought to be rate-limiting for uri-
dine transport, whereas translocation across the membrane
is thought to be the rate-limiting step for adenosine
transport.

The nucleoside (hCNT1, hCNT3, NUpC) and dipeptide
(hPEPT1, hPEPT2) cotransporters (Veyhl et al. 1998; Loe-
wen et al. 2004; Knutter et al. 2007; Sala-Rabanal et al.
2006; Larrayoz et al. 2004; Smith et al. 2004; King et al.
2006) are of particular pharmacological interest since their
broad substrate specificity makes them suitable targets for
drug delivery. Their substrate analogues include anticancer
drugs and antibiotics. For example, gemcitabine, a pyrimi-
dine analogue of deoxycytidine, is an anticancer drug
transported by human CNT1 with a twofold higher affinity
(Ko.524 vs. 45 um) but a four- to fivefold lower maximal rate
than uridine (Mackey et al. 1999). Likewise, the f-lactam
antibiotic cefadroxil is transported by human PEPT?2 with an
approximately fourfold higher affinity (K5 0.27 vs. 1.2 mm)
but an approximately twofold lower maximal rate than gly-
cylsarcosine (Sala-Rabanal et al. 2008).

The differences in affinities and turnover numbers could
result in significant inhibition of transport of the natural
substrate, making interactions between different substrates
for a transporter of considerable interest. For example,
indican is a natural plant glucoside and is just one example of
the glucosides in “dietary supplements” that are widely
touted as natural folk medicines. A common question in
nutrition circles concerns the adsorption of such glucosides
in the gut. Many of these glucosides, like indican, may
interact with or bind to SGLT1, and the interactions such as
we describe here may have beneficial or adverse effects on
the normal adsorption of glucose, e.g., blunt glucose
adsorption after a meal; be useful in the treatment of diabe-
tes; or cause diarrhea. We further cite two examples of the
interaction of “drug” substrates with transporters; first is the
transport of glufosfamide, a glycoside in clinical trials for
pancreatic cancer (Briasoulis et al. 2000). Glufosfamide is a
high-affinity, low-turnover substrate for SGLT1 and SGLT3
(Veyhl et al. 1998; unpublished results) and may block
glucose uptake into cells. Second is the oral delivery of drugs
where the drug may reduce the absorption of natural dipep-
tides by direct competition and a reduction in the maximum
velocity of hPEPT1 (Sala-Rabanal et al. 20006).

Summary

We have examined the kinetics of indican transport using
biophysical methods and mathematical modeling. The
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lower turnover rate of indican compared to glucose is due
to differences in the rate-limiting step: for indican it is
sugar translocation, whereas for glucose it is dissociation of
Na™ from the internal binding sites. Indican may act as an
inhibitor of glucose transport due to its higher affinity and
lower transport rate. The kinetics of indican and glucose
transport, alone or together, can be accounted for by the
model; and this shows the utility of kinetic models in
understanding how substrates influence the transport
mechanism. The interactions between low- and high-turn-
over substrates have implications in the use of
cotransporters as drug delivery systems. We also demon-
strate that fluorescence measurements combined with
steady-state and presteady-state kinetic analysis provide
powerful tools for studying the partial reactions of the
transport cycle.
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Appendix

This focuses on the formulation and simulation of the
kinetic model for SGLT1 in the presence of indican and
oMDG, alone and together.

Kinetic Model

The model is based on extensive experimental data (Parent
et al. 1992; Loo et al. 1993, 1998, 2005, 2006; Hirayama
et al. 1997, 2007; Meinild et al. 2002; Eskandari et al.
2005; Mackenzie et al. 1998, Zampighi et al. 1995). The
transporter has eight kinetic states: ligand-free (empty),
Nat-bound, Nat- and sugar-bound, and intermediates
(Ca, Cp) between the inward- and outward-facing empty
conformations (Fig. 8). The empty protein has a valence of
—2, and the voltage-sensitive steps are the binding of
external Na* (C1 to C2Na,) and translocation of the empty
carrier between the external and internal sides of the
membrane (C1-C6).

Transitions between states C; and Cj are represented by
first-order (or pseudo-first-order in case of Na™ and sugar
binding) rate constants k;;: C; — C;. Eyring rate theory is used
to describe the dependence of rate constants on membrane
potential. k;; = kjj exp(—e;F/RT), where &} is a voltage-
independent rate, g; is the equivalent charge movement (up
to the transition state between C; — C;) and F, R and T have
their usual physicochemical meanings (Parent et al. 1992).
Na™ and sugar binding on external and internal membrane
surfaces is represented by pseudo-rate constants ki, = k3,
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[Na]zexp(—sle V/RT), ky3 = k53[aMDG],, k7 = k5-[indi-
can]’, kes = ks[Nal; and ks = k34 [xMDG],, kgs = kgs
[indican];. Na™ ions bind to two identical binding sites in one
step before glucose (C1 + 2Na* 2 C2Na,), and this is
considered to be valid at high [Na™], with high cooperativity
between Na™ binding sites (Falk et al. 1998).

Pre-steady-state currents (hSGLT1 capacitive currents)
are associated with the reorientation of the empty carrier
between outward- and inward-facing conformations (C1 2
C, 2 C, 2 C6) and external Na™ binding/dissociation (C1
2 C2Nay). There are four predicted components of pre-
steady-state currents (region I, Figs. 1 and 8): C,Na, =2 Cj,
C, 2 C, C, 2 G, and C, 2 C¢. The current (f;;) asso-
ciated transition C; 2 C; is given by [;; = e(ey; + £;)(k;iC;
— k;iC;), where e is elementary charge (Loo et al. 2005;
Parent et al. 1992).

Total current (/) associated with SGLT1 is

I =Nr (2 + 1o + L + Ive)

= Nre[(e12 + &21)(k12C1—k21CoNay)
+ (e1a + ga)(k1aC1—ka1Ca) + (€ab + €va)(kabCa—kbaCo)
+ (&6 + €6b) (kb6 Co—kebCo)] (4)

where Ny is the total number of transporters in the oocyte
plasma membrane.

Changes of fluorescence intensity (AF) associated with
SGLT1 with step jumps in membrane voltage are assumed
to be due to changes in occupancy probabilities:

AF = qy14C; + q924Cy + qyaACq + qyp ACy + qy3 4Cs
+ qy44C4 + qysACs + qysACs (5)
where gy; is the apparent quantum yield of the fluorophore

(TMR6M) when SGLT]1 is in conformation C; (Loo et al.
2006).

Simulation of SGLT1

In the presence of two different substrates the model
has 10 states (Fig. 8), with the differential equation
(equation 6):

C; is the occupancy probability in state i and C;4C,+C3
4+C44+Cs+Cs+C74Cg+C,+Cp=1. In case of a single
substrate, equation 6 reduces to equation 4 of Loo et al.
(2006).

Computer simulations were performed using Berkeley
Madonna 8.0.1 (Loo et al. 2006). The voltage pulse pro-
tocol was simulated by determining the occupancy
probabilities at holding potential (V;, = —50 mV). At each
test voltage (V, ranging between + 50 and —150 mV), the
time course of the occupancy probabilities was obtained by
numerically integrating equation 6. Cotransporter currents
and fluorescence intensity changes (AF) were calculated
using equations 4 and 5. Steady-state kinetic parameters
(Imax> Ko.5) were simulated by generating the /-V relations
for the sugar-coupled current as functions of [Na*], and
[sugar],. At each V,,, the [ vs. [sugar], and I vs. [Nat],
curves were fitted to equation 1.

For pre-steady-state simulations, the predicted transient
cotransporter currents for ON and OFF responses at each
voltage (V) were integrated to obtain the charge (Q). Q—V
relations were fitted with the Boltzmann relation (equation
3) to obtain QOuax 202 and Vgs. Model predictions on
relaxation time constants were obtained by fitting the
simulated pre-steady-state currents to

I(t) = It exp(_t/rfast) + Imed exp(_t/fmed)

+ Lilow exp(_t/‘cslow) + I (7)

IaeXp(—t/Tpa) 1S the fast submillisecond component
and is beyond the resolution of the two-electrode voltage
clamp (Loo et al. 2005).

Estimating Kinetic Parameters

In two-electrode voltage-clamp experiments, the rate con-
stants for sugar translocation (C3Na,S1 2 C4Na,S1) and
internal ligand binding (C4Na,S1 =2 C5Na, + S1; C5Na,
2 C6 + 2Na™) cannot be uniquely determined. This
requires the kinetics of outward currents, using, e.g.,
excised patches (Eskandari et al. 2005). Here, we used
kinetic parameters obtained from experiments where

rc1] [—(kla+ki2) k21 0 0 0 0 0 0 kal 0 rcil
c2 K12 —(k214+k23+k25+k27) k32 0 k52 0 k72 0 0 0 2
c3 0 k23 —(k324+k34) k43 0 0 0 0 0 0 c3
c4 0 0 K34 —(k43+k45) k54 0 0 0 0 0 c4
ajar| €3\ = 0 k25 0 45 —(kS2+k54+k56+Kk58) k65 0 k85 0 0 sl g
c6 0 0 0 0 k56 —(k65+k6b) 0 0 0 kb6 c6
c1 0 k27 0 0 0 0 —(k72+k78) k87 0 0 c7
c8 0 0 0 0 k58 0 K718 —(k85+k87) O 0 c8
Ca kla 0 0 0 0 0 0 0 —(kal+kab)  kba Ca
Lcb) 0 0 0 0 0 k6b 0 0 kab  —(kba+kb6)] | Cb)
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individual partial reactions were isolated; i.e., (1) kinetic
parameters for voltage-dependent reactions (Fig. 1, region
I) were obtained from fitting the pre-steady-state currents
in the absence of sugar (Loo et al. 2005) and (2) kinetic
parameters for «MDG on the internal membrane surface
(Fig. 1, region III) were obtained from our previous study
on reverse sugar transport using the excised giant patch
(Eskandari et al. 2005).

Simulations were performed by varying the rate con-
stants (initially obtained by trial and error) until a global fit
(by eye) was obtained for the experimentally obtained
steady-state and pre-steady-state kinetics (steady-state I-V
curves, KON‘; Kg%DG, Ki)?gica“, time course of pre-steady-
state currents, Q—V and 7—V curves) and fluorescence
intensity changes (4F—V). The objective was to obtain a
single set of parameters that fit the global data set rather
than those required to obtain an optimal fit to one type of
experiment. Each rate was varied in turn to determine the
sensitivity of the simulations to that value.

The simulations shown in Figs. 2—4, 6, 7, 9 and 10 were
carried out for hSGLT1 and TMR6M-labeled mutant
G507C at 20°C using the parameters of Table 1 with
[Nat], = 100 mm, [Nat]; = 5 mm, [eMDG]; = 0 and Nt
~10"-10"? transporters. All simulations were performed
at 0-100 mm [Na't],, 0-10 mm [¢MDG], and 0-10 mm
[indican],,.

Model Simulations

The kinetic parameters obtained for indican and xMDG are
summarized in Table 1. Simulations with one set of
parameters account for the steady-state and pre-steady-
state kinetics of hSGLT1 in the presence of «MDG and/or
indican. This is seen from the goodness of fit for the steady-
state and pre-steady-state kinetics (e.g., Figs. 2D, E, 3B,
4D-F, 6D-F and 7D-F). The sensitivity of the fit was
tested by systematically changing each parameter in turn;
e.g., ky7 and k;, can only be varied by threefold (keeping
the ratio k;,/k,7 constant) to account for the indican K 5
and the effect of indican on the time constants for the pre-
steady-state currents. On the other hand, global fits are
insensitive to variations in kgs from 100 to 1,000 s~ ':
studies of outward currents as a function of internal
[indican] are required to place limits on kgs (ksg is con-
strained by microscopic reversibility).

In order to account for the natural variation in kinetics
from experiment to experiment, we determined the range in
each parameter that is required (Table 1). The experi-
mental parameters that vary include the following: (1) the
Vo.5 for charge movement (VOQj) ranges from —33 to —70
mV (Loo et al. 2005), and this is accounted for by variation
of ky, of 50,000-140,000 M~ s~ ! (Table 1); (2) the K, s for
indican is ~60-100 pm, and this can be accounted for by
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variations in k»; of ~1000,000-300,000 m~'s™" and in k7,

of ~12-35 s~ '. As previously noted, there is a poor fit of

the capacitive currents recorded in the submillisecond
range, and this is probably due to our assumption about the
simultaneous binding of the two external Na' ions to

hSGLT1 (Loo et al. 2005).

The most striking differences between the kinetics of
indican and glucose transport are in the turnover numbers,
the competition between «MDG and indican and the effects
of the sugars on the pre-steady-state kinetics. The fact that
these differences can readily be accommodated may be
taken as additional support for our model of Nat/sugar
cotransport by hSGLT1 (Fig. 8).

Specifically, the simulations permit the following:

1. Isolation of conformation C,Na,S2: Namely, under-
saturating external Na™ and indican concentrations at
large negative membrane potentials, the transporter is
predominantly in the C7Na,S2 conformation
(P, = 0.8, Fig. 9B) due to the low rate of indican
translocation (k7g = 0.5 sfl). This is in sharp contrast
to that for MDG transport, where the transporter is
predominantly in the C5Na, conformation (P, = 0.7,
Fig. 9C) due to the higher rate for sugar translocation
(k34 =50 s') and low rate of Na® dissociation
(kss = 5 s~"). The high population of state C7Na,S2
in the presence of indican also accounts for (a) the
charge transfer on depolarizing the membrane poten-
tial, i.e., the shift in conformation from C7Na,S2 to C6
(C7Na,S2 — C2Na, —» C, —» C, — Cg; Fig. 9B, E),
and (b) the increase in time constant for both charge
movement and fluorescence changes (Figs. 4 and 9).
On the other hand, saturating «MDG eliminates charge
movement—depolarizing the membrane potential
shifts C5Na, to Cq (Fig. 9C, F), an electroneutral step
(see Loo et al. 2006). Implicit in the model is that the
Na*t/sugar cotransport step (C3Na,S1 — C4Na,S1 and
C7Na,S2 — C8Na,S2) is electroneutral and that the
only voltage-sensitive steps in the transport cycle are
those involving external Na™ binding (C1 = C2Na,)
and the reorientation of the ligand-free transporter (C1
2 C, 2 C, 2 C6, see Fig. 8).

2. Evidence for a conformational change after sugar
binding: The conformational transitions monitored by
fluorescence change (AF) when V,, is stepped from
—50 mV (V},) to + 50 mV differed in the presence of
saturating concentrations of sugars: in saturating
oaMDG, AF is associated with transition from C5Na,
— C6, whereas in saturating indican it arises from
C7Na,S2 — C6 (C7Na,S2 — C2Na, —» C1 - C, —
C, — Co6, Fig. 9B, C). The increase in maximal
fluorescence change (AF,,c) in saturating indican
compared to NaCl buffer alone indicates that the
(apparent) quantum yield of C7Na,S2 is lower than
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that of C2Na, (qy; = 0.7, gy, = 1). This difference in
quantum yields between C2Na, and C7Na,S2 provides
evidence for a conformational change of SGLTI1
induced by sugar binding, prior to the sugar translo-
cation step.

3. Substrate competition: This is simply a consequence of
the large difference in the transporter turnover number
for the two substrates. In the case of SGLT1, where the
turnover for indican is only 10% of that for «MDG, the
addition of indican causes a reduction in oMDG
transport. Simulations demonstrate that this is caused
by an increase in the probability of the sugar-binding
site being occupied by indican (see Fig. 10) and the
concomitant reduction in translocation; k34 is reduced
from 50 to 0.5 s~' (k-g). The model accurately predicts
the apparent inhibition constant for indican, 210 um
(Fig. 3), and the difference between this K; and the
Kos for indican transport in the absence of other
substrates (0.1 mm). Simulations also predict the
changes in the kinetics of «MDG transport at fixed
concentrations of indican; i.e., a fixed concentration of
indican produces the expected decrease in apparent
affinity (increase in Ky s) of ®MDG with no change in
maximum velocity, or classical competitive inhibition.
Irrespective of the fixed indican concentration, a
sufficiently high “MDG concentration can be obtained,
in theory at least, to outcompete indican binding.
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