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The predicted topology of the mammalian high-affinity sodium/glucose cotransporter (SGLT1), in the
region surrounding transmembrane segments 4 and 5, disagrees with the recent published crystal struc-
ture of bacterial SGLT from Vibrio parahaemolyticus (vSGLT). To investigate this issue further, 38 residues
from 1143 to A180 in the N-terminal half of rabbit SGLT1 were each replaced with cysteine and then
expressed in COS-7 cells or Xenopus laevis oocytes. The membrane orientations of the substituted
cysteines were determined by treatment with the thiol-specific reagent N-Biotinoylaminoethyl methane-
thiosulfonate (biotin-MTSEA), combined with the membrane impermeant thiol-specific reagent sodium
(2-sulfonatoethyl) methanethiosulfonate (MTSES). The present results combined with previous struc-
ture/function studies of SGLT1, suggest that transmembrane domain (TM) 4 of mammalian SGLT1
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extends from residue 143-171 and support the topology observed in the crystal structure of vSGLT.

© 2008 Elsevier Inc. All rights reserved.

The high-affinity sodium/glucose cotransporter (SGLT1) [1] is
an active secondary transporter that utilizes the sodium electro-
chemical gradient to transport sugar substrates uphill against a
concentration gradient. SGLT1 belongs to the homologous family
of Na*/solute symporters (SLC5) and is expressed most abundantly
at the mucosal surface of the small intestine [2,3]. It serves as the
principal uptake pathway for glucose derived from dietary sources.
Mutations that result in dysfunctional SGLT1 affect intestinal glu-
cose/galactose absorption [1]. Recently, SGLT1 has been a target
protein for diabetes treatment [4].

The transporter functions as a monomer with 14 transmem-
brane domains (Fig. 1) and exhibits a stoichometry of 2 Na* ions:
1 sugar molecule [5]. Investigation of the structure/function rela-
tionships of SGLT1 is crucial to understanding cotransporter mech-
anism [6-10].

The recently published crystal structure of Vibrio parahaemolyt-
icus SGLT (vSGLT) contains a core structure formed by multiple
transmembrane helices from both N-terminus (TMs 2-6) and
C-terminus (TMs 7-11) [11]. Galactose and Na* are bound in the
center of the core. Both SGLT1 and vSGLT belong to the solute so-
dium symporters family, have a sequence similarity of 60%, contain
14 transmembrane domains and share an alternating-access mech-
anism with tight coupling between sodium and solute transport
[11]. This suggests that they may have similar structure and func-
tion. However, the validity of extrapolating the structure of vSGLT
to mammalian SGLT1 is brought into question. Previous biochem-
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ical characterization of SGLT1 showed that TMs 10-13 in the C-ter-
minal half of SGLT1 retained sufficient tertiary structure to
transport sugar downhill in a stereospecific and selective manner
[8]. On the other hand, studies from other groups suggest that
the putative external loop joining TM 4-5 in the N-terminal half
of SGLT1 is involved in the Na* interaction [6,12-14] and TM 4 par-
ticipates in sugar binding [7].

The aim of present study was to reinvestigate the topology of
rabbit SGLT1 in the region between residues 143-180 using the
scanning cysteine accessibility method. We show that by accessi-
bility criteria, multiple residues in this region are located extrac-
ellularlly and face an aqueous environment. We also provide
functional data confirming a role for residues in TM 4 in the inter-
action of sugar substrate. Together with the previous structure/
function characterization of SGLT1 [6] and molecular dynamic sim-
ulation studies [15], our data indicate that the region including res-
idues 162-171 in SGLT1 is a part of transmembrane segment
rather than existing as an extracellular connecting loop. This is
consistent with the recently reported structure of vSGLT [11].

Materials and methods

Construction of cysteine mutants. The protocols for obtaining the
N-terminal myc-tagged cysteine mutations has been described
elsewhere [16].

Expression of mutants in COS-7 cells and Western blot detection.
COS-7 cells were grown and maintained in RPMI 1640 medium
with 10% fetal calf serum and 50 units/ml penicillin/streptomycin
(Invitrogen Canada) in a 5% CO, at 37 °C. At 70% confluency, the
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Fig. 1. Model of a modified secondary structure of rabbit SGLT1. The conserved N-glycosylation site is shown by a Y. The 38 cysteine-substituted mutants in this study were

made from 1143 to A180 between TM IV and TM V.

COS-7 cells were transfected with Lipofectamine Plus (Invitrogen)
according to manufacturer’s protocol.

Proteins samples were resolved on 10% SDS-PAGE and trans-
ferred to nitrocellulose. The myc-epitope was detected with mouse
monoclonal 9E10 (anti-c-myc, 1:1000) antibody (Berkley Antibody
Company), followed by peroxidase conjugated anti-mouse IgG
(1:200,000) (Sigma) Immunoblots were developed by chemilumi-
nescence and area analysis was performed using the public domain
NIH Image program (National Institutes of Health). Western blot
for B-actin was performed to check equal loading.

oMG uptake experiment. ['*C] aMG (o-methyl-p-glucopyrano-
side; Amersham Health, Canada) uptake was prepared as described
previously [17]. Culture medium was aspirated, and replaced with
500 pl of incubation medium containing either 140 mM NacCl or
140 mM KCl, 20 mM mannitol, 10 mM HEPES/Tris, pH 7.4 and
1 mM [*C] aMG. After 10 min at room temperature, the incuba-
tion medium was aspirated and the wells were washed three times
with 3 ml of ice-cold stop buffer, consisting of 140 mM KCI, 20 mM
mannitol, 10 mM HEPES/Tris, pH 7.4, and 200 uM phloridzin. The
cells were solubilized with 500 ml of PBS buffer with 0.1% SDS. Sol-
ubilization proceeded for 20 min, then the solution was removed
and prepared for liquid-scintillation counting.

Labeling of surface expressed mutants in COS-7 cells with biotin-
MTSEA. Cells in each well (1 x 0° cells/well, 12 well plate) were
first preincubated for 10 min at room temperature with either
500 ul PBS (control), 1.35mM phloridzin or phloretin, and
20 mM aMG, p-glucose or 20 mM L-glucose. The cells in each well
were then exposed to 500 pl of 1 mM biotin-MTSEA for 10 min at
room temperature. Cells in each well were then washed three
times with 2 ml cold PBS and individual wells were scraped into
0.5 ml lysis buffer (50 mM Tris-HCL, 150 mM Nacl, 1% Triton, 1%
SDS, 1 mM EDTA and protease inhibitor cocktail). Samples were
rocked at 4 °C for 30 min, and the insoluble protein removed by
centrifugation at 14,000 rpm for 15 min. Biotin labeled proteins
were isolated from the cell lysates with immobilized streptavi-
din-agarose (Sigma) (10% total volume, about 50 ul) by incubating
overnight at 4 °C with gentle agitation. The beads were washed and
the biotinylated protein eluted from the beads by the addition of
50 pl SDS-PAGE sample buffer (4% SDS) at 100 °C for 3 min.

Oocyte preparation and injection. Xenopus laevis were prepared
as described previously [13]. The injected oocytes were stored at
16-18 °C for 4 days or more.

Electrophysiology and transient current measurements. Voltage
clamping and recordings were performed as described previously
[12]. The oocytes were constantly superfused with a solution for
electrophysiological experiments consisting of 100 mM NadCl,
2 mM KCI, 1 mM MgCl,, 1 mM CaCl,, and 10 mM HEPES-Tris base
(pH 7.4) and held at a holding potential (—50 mV), then was sub-

jected to a series of voltage test pulses. n is the number of
observations.

Pre-steady state currents were determined as described previ-
ously [6,18]. The pre-steady state currents for each V, were inte-
grated over the entire course of the trace to calculate the total
charge transferred by the cotransporter. These Q(V;) curves were
fitted to the two-state Boltzmann relation to estimate Vg 5 (the po-
tential at which half of the total charge transfer is complete), Qumax
(the total charge transferred) and z (the apparent valence of the
movable charge).

Steady state parameters were determined with the difference in
the steady state currents obtained before and after exposure to the
substrate as described previously [6]. The final 100 ms of a test
pulse were selected and the average current value of this range
was acquired. The average current values were plotted versus [sub-
strate]. These I ([S]) curves were fitted to the Hill relation to esti-
mate Inax (the maximal current induced at saturating [substrate])
and Ky 5 (the [S] at which the I = I;,,x/2).

Statistical comparisons of means. Data are presented with means
+ SEM. Comparisons of parameters were tested with t-test (ORIGIN
7, MA). Statistical significance was accepted at an alpha level of
p<0.05.

Results
Expression and aMG transport activity of mutants in COS-7 cells

It has been previously demonstrated that N-terminal myc-
tagged WT rabbit SGLT1 is expressed at the cell surface of tran-
siently transfected COS-7 cells and its activity is similar to the
non-myc-tagged WT rabbit SGLT1 in terms of sugar transport
and phloridzin binding [16]. In the present study, we used immu-
noblotting of myc-tagged mutants in COS-7 cells, chemical modifi-
cation by MTS derivatives and the two-electrode voltage-clamp
method in X. laevis oocytes to study the role of residues 1143-
A180 (Fig. 1).

Table 1 summarizes the Na'-dependent aMG uptake from
COS-7 cells expressing mutants as a percentage of the WT con-
trol. The 38 mutants studied retained varying degrees of activity
compared with WT. Most mutants exhibited more than 20% of
transport activity. Three mutants (Y153, 1154C, and G165C) re-
tained only 10-15% activity compared with WT. Another three
mutants (K157C, A160C, and D161C) were inactive or had activ-
ities less than 5% of the parent transporter despite expression at
the cell surface (Fig. 2A), suggesting that these three residues
may play functionally important roles in glucose transport in
SGLT1.
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Table 1

Na*-dependent aMG uptake of single cysteine-substituted rabbit SGLT1 mutants.

Mutants % Uptake Mutants % Uptake Mutants % Uptake Mutants % Uptake
1143C 58 Y153C 14 F163C 33 L173C 66
Y144C 86 1154C 9 $164C 26 G174C 32
L145C 100 F155C 64 G165C 12 L175C 74
S$146C 92 T156C 50 A166C 49 D176C 100
1147C 96 K157C 2 1167C 64 1177C 75
L148C 91 1158C 27 F168C 31 Y178C 83
$149C 22 $159C 60 1169C 47 V179C 100
L150C 70 A160C 0 Q170C 75 A180C 100
L151C 74 D161C 1 L171C 63

L152C 77 1162C 26 T172C 69

COS-7 cells were transfected with empty vector (pMT4), WT or mutants (n > 2). The uptake of ®MG was measured as described in the experimental procedures section. The
external medium contained 140 mM NaCl, 20 mM mannitol, 10 mM Hepes/Tris, pH 7.4, and 1 mM ['“C] «MG. The Na*-independent uptake of 1 mM ['*C] «MG was measured
in equivalent medium containing 140 mM KCI. For clarity the Na*-independent uptake values have been subtracted. Sugar uptakes for the mutants are given as a percentage
of that obtained for the wild type rabbit SGLT1.
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Fig. 2. (A) Biotin-MTSEA reactivity to mutants. (B) MTSES pretreatment protects against biotin-MTSEA reactivity to mutants. COS-7 cells expressing empty vector (pMT4),
WT, or mutants, were preincubated in sodium buffer with (+) or without (—) 1 mM MTSES at room temperature for 10 min in order to label the accessible cysteines, washed,
and then exposed to biotin-MTSEA at room temperature for 10 min. Cell lysates were collected, reacted with streptavidin-agarose, and bound proteins subjected to
immunoblot analysis with anti-myc-antibody. (C) Densitometric tracings for each experiment were analyzed and expressed as a percent of maximum biotin-MTSEA bound
(10 min. value). The error bars represent SEM (n > 3). (D) Effect of substrate on biotin-MTSEA reactivity to mutant T156C. Densitometric tracings for each experiment were
analyzed and expressed as a percent of maximum biotin-MTSEA bound (10 min value). The error bars represent SEM (n > 3).

Determination of topology for TMs 4-5 phobic environment, we tested whether pre-incubation with
membrane impermeant MTSES prevents biotin-MTSEA labeling
Biotinylation of mutants in intact COS-7 cells to mutants. Eleven mutants (residues T156 to 1177) were chosen

Previous work had demonstrated that biotin-MTSEA does not for pretreatment with membrane impermeant MTSES. Since WT
react with COS-7 cells expressing myc-tagged WT rabbit SGLT1 SGLT1 expressed in COS-7 cells was previously shown to be insen-
or empty vector (pMT4) [17]. Therefore, COS-7 cells transfected sitive to biotin-MTSEA and MTSES [16], COS-7 cells transfected
with vector (pMT4) or WT were used as a negative control in each with vector (pMT4) or WT were used as a negative control in each
experiment. The cell surface expression of the 38 mutants experiment. In Fig. 2B and C, pretreatment of mutants with MTSES
(I143C-A180C) in COS-7 cells was measured directly by labeling showed that (1) nine out of eleven mutants (A160C, D161C, F163C,
with biotin-MTSEA. Of the 38 mutants studied, fourteen mutants A166C, Q170C, L171C, L173C, L175C, and [177C) were highly sensi-
(I143C-F155C, A180C; Fig. 1) were not labeled by biotin-MTSEA tive to MTSES and reactivity with biotin-MTSEA significantly de-
(data not shown). In contrast, twenty mutants between T156C creased 90%; (2) mutant S159C was also sensitive to MTSES and
and V179C specifically bound to biotin-MTSEA (Fig. 2A). Finally, reactivity with biotin-MTSEA decreased 65%; (3) mutant T156C
five mutants (1162C, G165C, F168C, and D176C) between T156C was not sensitive to MTSES.
and V179C were difficult to detect after labeling with MTSEA-bio-

tin due to the low expression and/or steric hindrance. Determination of residues’ functions in TMs 4-5
MTSES accessibility of cysteine mutants expressed in COS-7 cells Effect of substrate on the accessibility of mutant T156Cin TM 1V
We have shown that mutants T156C to V179C could be specif- expressed in COS-7 cells
ically labeled by biotin-MTSEA (Fig. 2A). Biotin-MTSEA is relatively We were interested in investigating whether this region of rab-

membrane impermeant [19]. To determine if residues accessible to bit SGLT1 participates in sugar interaction/binding. Accordingly,
alkylation by biotin-MTSEA are located in a hydrophilic vs a hydro- we studied the apparent competition between sugar substrates



136 T. Liu et al./Biochemical and Biophysical Research Communications 378 (2009) 133-138

and biotin-MTSEA with respect to biotin-MTSEA reactivity with
cysteine mutant-T156C.

Fig. 2D illustrates the results of the relative inhibition of biotin-
MTSEA reactivity to mutant T156C in the presence of sugar ana-
logue, SGLT1 specific inhibitor-phloridzin (including the sugar
moiety and aglucone part) or phloretin (which lacks the sugar moi-
ety of phloridzin). Inspection of Fig. 2D indicates that mutant
T156C was only sensitive to p-glucose, aMG and phloridzin, and
decreased biotin-MTSEA binding by 80%, 70%, and 75%, respec-
tively. In contrast, phloretin, and L-glucose had no effect on bio-
tin-MTSEA binding of mutant T156C. These results are consistent
with previous studies that demonstrated the order of sugar speci-
ficity of WT rabbit SGLT1 to be p-glucose > «aMG >> L-glucose [16].

Characterization of cysteine mutants 1177C, Y178C, and A180C in TM
5 expressed in Xenopus laevis oocytes

To extend the functional characterization of rabbit SGLT1 in TM
5, we investigated three residues (1177, Y178, and A180), located
just below the membrane-water interface at the extracellular
end of TM 5. The normal residues were each replaced with cysteine
and studied using the two-electrode voltage-clamp method in
Xenopus laevis oocytes.

Pre-steady state currents for mutants were obtained as a func-
tion of voltage and integrated over 300 ms (V) to calculate total
charge (Q) transferred by the cotransporter (V;, was —50 mV, V;
varied from —150 mV to +70 mV). The charge (Q) was then plotted
as a function of the test pulses, and the Q(V;) curves were fit to the
two-state Boltzmann equation. This protocol was carried out at
100 mM saturating Na* concentrations and compared to WT rabbit
SGLT1.In 100 mM Na*, the V5 values of mutants 1177C, Y178C and
A180C are shifted to negative potentials compared to WT
[-28.4+23mV (n=4), -29.5+20mV (n=5), -32.4+0.9mV
(n=3),and —1.5+5.1 mV (n = 5), respectively] (Fig. 3A).

The apparent affinity of mutants for sugar substrate aMG,
(Ko.5*™S), was determined by measuring oMG induced steady state
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currents at various sugar concentrations and over a range of
holding potentials [6]. The results were then fitted according to
the Michaelis—-Menten equation (Fig. 3B). At —150 mV, the K s*M¢
of mutants 1177C, Y178C, and A180C is 0.15+0.01, 0.04 +0.01,
and 0.08 +0.02 mM, respectively; while for WT, Kos*MS is
0.16 £ 0.01 mM. At —50 mV, the Ky5*M¢ of mutants 1177C, Y178C,
and A180C is 0.12 £ 0.02, 0.04 £ 0.01, and 0.10 + 0.03 mM, respec-
tively; while for WT, K,5*MC is 0.19 + 0.02 mM.

To determine the Na* affinity of mutants, we measured oMG in-
duced steady state currents (obtained at saturating 5 mM oaMG) at
various Na* concentrations over a range of holding potentials and
the resulting curves were analyzed using the Hill relationship
(Fig. 3C) [6]. At —150 mV, the Kos"** of mutants 1177C, Y178C,
and A180C is 11.4+1.0, 10.1+0.5, and 14.5+0.1 mM, respec-
tively; while for WT, K;5*M¢ is 8.3 +0.8 mM. At —50 mV, the
KosN** of mutants 1177C, Y178C, and A180C is 25.9+0.8,
11.8£0.8, and 34.2 + 6.8 mM, respectively; while for WT, Ky s*M¢
is 34.7 £+ 1.5 mM.

Discussion

We have used scanning cysteine accessibility methods with
thiol-reactive MTS reagents to investigate the topology/functions
in the region surrounding predicted TMs 4-5.

MTSES protects mutants (between T156 and V179) from
reacting with biotin-MTSEA, suggesting that these residues are
on the extracellular side of the membrane or facing an aqueous
environment. The results obtained from functional characteriza-
tion of mutant T156C suggest that TM IV directly or indirectly
participates in sugar binding because sugar substrates (p-glucose,
oMG and phloridzin), but not phloretin and L-glucose protect
mutant T156C from reactivity to biotin-MTSEA (Fig. 2D). Further,
since mutants 1177C, Y178C, and A180C exhibited altered voltage
sensitivity and increased Na* and sugar affinity of the cotrans-
porter, this suggests that while this region of TM V is not di-
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Fig. 3. (A) Typical results demonstrating the effects on WT or mutants charge transfer in oocytes in 100 mM Na*. The Q(V,) curves were adjusted to zero at hyperpolarizing
voltages (—150 mV) and normalized with respect to the extrapolated Qmax. (B) The aMG Kps of WT (n=5) and mutants (n > 3) for voltage dependence. The error bars
represent SEM. (C) The Na* Ko s of WT (n = 4) and mutants (n = 3) for voltage dependence. The error bars represent SEM.
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Human SGLT1 138 GQRIQVYLSLLSLLLYIFTKISADIFSGAIFINLALGLNLYLA
Rabbit SGLT1 138 GKRIQIYLSILSLLLYIFTKISADIFSGAIFIQLTLGLDIYVA
Rat SGLT1 138 GKRIQIYLSVLSLLLYIFTKISADIFSGAIFINLALGLDIYLA
Mouse SGLT1 138 GKRIQIYLSVLSLLLYIFTKISADIFSGAIFINLALGLDIYLA
Sheep SGLT1 138 GQRIQVYLSVLSLVLYIFTKISADIFSGAIFINLALGLDLYLA
Pig SGLT1 81 GKRIQVYLSILSLMLYIFTKISADIFSGAIFITLALGLDLYLA
Bovine SGLT1 138 GQRIQVYLSVLSLVLYIFTKISADIFSGAIFINLALGLDLYLA
Horse SGLT1 138 GQRIQVYLSLLSLLLYIFTKISADIFSGAIFINMALGLDLYLA
Vibro SGLT 123 -KKLKTILAVFWISLYIFVNLTSVLYLGGLALETILGIPLMYS
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Fig. 4. Amino acid sequence alignment and secondary structure of the transmembrane segments 4-5 in SGLT1 and vSGLT. The previously predicted topology of SGLT1 is

shown on top. The secondary structure of vSGLT is shown on bottom.

rectly involved in binding of sugar substrate, residues at this
location are likely involved in determining accessibility to the
Na*-and sugar-binding domain.

The 3D structure of vSGLT, a homolog of SGLT1, was recently
determined and provides important insights into the structure/
function of this bacterial cotransporter [11]. Although there are
significant functional differences between vSGLT and mammalian
SGLT1 (the Na*/galactose stoichiometry is 1:1 and the Na*/glu-
cose stoichiometry is 2:1, respectively), it is informative to ex-
plore how much of the information obtained from vSGLT
structure can be extrapolated to SGLT1. The crystal structure of
vSGLT contains a hydrophilic core structure formed by multiple
transmembrane helices from both N-terminus (TMs 2-6) and
C-terminus (TMs 7-11). Na* and galactose are bound in the cen-
ter of the core. The theme of N- and C-terminal segments partic-
ipating in formation of a common cavity for Na“ and
cotransported substrate is also emerging from studies of other
ion coupled cotransporters, such as the Na*/leucine transporter
[20], Na*/aspartate transporter [21], Na*/glutamate transporter
[22], Na*/H" antiporter [23] and lactose permease [24]). For
example, crystal studies of lactose permease complexed with lac-
tose demonstrate the involvement of TM I, IV, and V in sugar
binding [24].

In the region (143-180), vSGLT has a sequence similarity of
76% to all members of SGLT1 (Fig. 4). Therefore, it is possible
that the topologies in this region surrounding predicted TMs
4-5 of vSGLT and SGLT1 are similar. Previous cysteine scanning
mutagenesis (amino acids 162-173 of rabbit SGLT1) in Xenopus
laevis oocytes indicated that this region might be a-helix with
one face exposed to the extracellular aqueous environment [6].
Molecular dynamics (MD) simulations at low dielectric constant
that were carried out for a 42-residue peptide (amino acids 147-
188 of human SGLT1) also were consistent with the conclusion
that the segment 162-173 has an a-helical conformation [15].
Taken together, the present study along with previous biochem-
ical characterization of SGLT1 [6,7,12-14], shows that segment
143-171 is part of TM 4 and that TMs 4-5 in the N-terminal half
of SGLT1 form part of aqueous Na*- and sugar-binding cavity.
Collectively, our results support the conclusion that the pub-
lished crystal structure of vSGLT can be extended to mammalian
SGLTL1.
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