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ABSTRACT: Na+/glucose cotransport by SGLT1 is a tightly coupled process that is driven by the Na+

electrochemical gradient across the plasma membrane. We have previously proposed that SGLT1 contains
separate Na+- and glucose-binding domains, that A166 (in the Na+ domain) is close to D454 (in the
sugar domain), and that interactions between these residues influence sugar specificity and transport. We
have now expressed the mutant D454C inXenopus laeVis oocytes and examined the role of charge on
residue 454 by replacing the Asp with Cys or His, and by chemical mutation of D454C with alkylating
reagents of different charge (MTSES-, MTSET+, MMTS0, MTSHE0, and iodoacetate-). Functional
properties were examined by measuring sugar transport and cotransporter currents. In addition, D454C
was labeled with fluorescent dyes and the fluorescence of the labeled transporter was recorded as a function
of voltage and ligand concentration. The data shows that (1) aspartate 454 is critically important for the
normal trafficking of the protein to the plasma membrane; (2) there were marked changes in the functional
properties of D454C, i.e., a reduction in turnover number and a loss of voltage sensitivity, although there
were no alterations in sugar selectivity or sugar and Na+ affinity; (3) a negative charge on residue 454
increased Na+ and sugar transport with a normal stoichiometry of 2 Na+:1 sugar. A positive charge on
residue 454, in contrast, uncoupled Na+ and sugar transport, indicating the importance of the negative
charge in the coordination of the cotransport mechanism.

Membrane cotransporters belong to a large class of
ubiquitous proteins which convert the energy of the trans-
membrane electrochemical gradient into work to drive a
cosubstrate across the membrane. They are found in all forms
of life, from Archea to man, reflecting the importance of
this basic process. Comparison of a large variety of unrelated
cotransporters has revealed remarkable similarities in func-
tional characteristics, indicating conservation of the basic
mechanism among cotransporters with no primary amino acid
sequence homology.

Arguably, the best functionally characterized example of
a cotransporter is the mammalian Na+/glucose cotransporter,
SGLT1.1 Studies have described transport kinetics, con-
structed kinetic models, and described the secondary structure
of SGLT1, and details of the molecular motions involved
continue to be discovered. The mechanism by which the
process of cotransport is accomplished remains unknown. It
is expected that insights into this process will be aided by
studies following the recent determination of the atomic
structure of the H+/lactose permease (1).

SGLT1 has been shown to behave as if it is composed
of two domains; Na+ binding/translocation is located in
the N-terminal part of the protein, and the C-terminal 5
transmembrane helices mediate sugar binding/transloca-
tion (e.g., refs2-8). Transport by SGLT1 is tightly cou-
pled, with 2 Na+ ions cotransported for each sugar mole-
cule. This precise coordination requires that each domain
relay the fact that its respective substrate is bound to the
other domain. It is likely that this information is trans-
mitted via conformational changes, but residues involved
in the interaction between the domains have not been
identified. Recently, a proposal was made that alanine 166,
in the Na+-binding domain, was functionally close to
aspartate 454 in the sugar-binding domain (9). The charge
at position 166 was found to be an important determinant in
sugar transport.

In this study we have mutated residue 454 and investigated
its functional consequences using biophysical and biochemi-
cal techniques. We find that the negative charge on this
residue plays a major role in determining the stoichiometry
of cotransport: If the charge at 454 is negative, the normal
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positive charge at this position uncouples Na+ transport from
sugar transport. Otherwise, the functional characteristics of
D454C hSGLT1 were found to be similar to those of the
wild-type protein.

MATERIALS AND METHODS

Oocytes. Stage V-VI oocytes from Xenopus laeVis
(Nasco, Fort Atkinson, WI) were injected with 50 ng of
D454C mutant SGLT1 or wild-type cRNA and maintained
at 18°C for 3-7 days (10). Experiments were performed at
22 ( 1 °C.

Molecular Biology.Aspartic acid at the 454 position of
human SGLT1 (hSGLT1) was replaced by cysteine (D454C)
by site-directed mutagenesis using a two-step polymerase
chain reaction protocol with the following oligonucleotide
primers: D454C-sense, 5′-CAGCTCTTCTGTTACATC CAG-
3′; and D454C-antisense, 5′-CTGGATGTAACAGAA-
GAGCTG-3′. The underlined letters represent the mutation
at amino acid position 454 to a cysteine, and a silentSapI
site was introduced as an aid in screening. The plasmid
encoding wild-type hSGLT1 was used as template. PCR
products were purified and combined in a final PCR reaction
using the normal primers flanking the mutation site to
produce an insert withAVrII and Eco47III restriction sites.
The resulting fragment was ligated into a similarly treated
wild-type hSGLT1-containing plasmid. Sequencing verified
the presence of only the desired mutation. WT and D454C
encoding plasmids were linearized withXbaI and transcribed
(MEGA-script kit, Ambion, Austin, TX). The D454H mutant
was constructed using the same procedure and the following
primers: sense, 5′-CAG CTC TTC CAT TAC ATC CAG-
3′; and antisense, 3′-GTC GAG AAG GTA ATG TAG GTC-
5′, where the underlined letters represent the mutation to
histidine and the silentSapI restriction site. The double
mutant, A166C/D454C was generated by standard protocols
using the A166C (9) and D454C mutants.

Labeling the D454C Protein.D454C protein was labeled
with cysteine-specific reagents in Na+ buffer (100 mM NaCl,
2 mM KCl, 1 mM CaCl2, 1 mM MgCl2, and 10 mM HEPES,
pH 7.5 with Tris) at 22°C. Na+ concentration in the buffer
was varied by replacement with choline+. The reagents used
were MTSET+ [2-(trimethylammonium)ethyl methanethio-
sulfonate], MTSES- [sodium(2-sulfonatoethyl)methane-
thiosulfonate], MMTS0 [(methyl) methanethiosulfonate],
MTSHE0 [(2-hydroxyethyl)methanethiosulfonate] (Toronto
Research Chemicals, Toronto, ON, Canada); tetramethyl-
rhodamine-6-maleimide (TMR6M); and tetramethylrhodamine-
5-maleimide (TMR5M) (Molecular Probes, Eugene, OR).
Working concentrations of MTSHE0 (1 mM) and MMTS0

(1 mM) in Na+ buffer were prepared from 100 mM stock
solutions (in anhydrous dimethyl sulfoxide, kept frozen at
-20 °C). MTSES- (1 mM) and MTSET+ (1 mM) as well
as the fluorophores (0.2 mM) were dissolved immediately
before use. Iodoacetate was purchased from Sigma (St. Louis,
MO), and labeling was in Na+ buffer at pH 9 for 30 min.

Uptake Experiments.50 µM substrate uptake into oocytes
was measured using a radioactive tracer technique (11).
14C-RMDG and14C-glucose were purchased from Amersham
(Piscataway, NJ) or ICN (Costa Mesa, CA). The effect of
labeling the 454 Cys was determined by pretreating the
oocytes for 30 min at 22°C in Na+ buffer with 0.2-1 mM

of the methanethiosulfonate reagent or fluorophore. The
reactants were removed with two changes of choline buffer
before exposure to the radioactive sugar.

Voltage-Clamp Experiments.The membrane potential was
controlled and the currents were measured using the two-
electrode voltage clamp (12). The D454C protein was labeled
with a MTS reagent for 20-30 min and then washed with
Na+ buffer. The sugar-dependent current was the difference
between the current recorded in the sugar and the previous
record in Na+ buffer alone. The experiments were controlled
and data were acquired using pClamp software (Axon
Instruments, Union City, CA). Although results from single
oocytes are used to illustrate the data, all experiments were
repeated on at least three oocytes from different donor frogs.

Stoichiometry Experiments.The charge to sugar transport
stoichiometry was obtained by simultaneous measurement
of sugar-induced current and sugar uptake (13, 14). The
oocytes were clamped at-100 mV. Charge transport was
obtained as the difference between baseline and current in
the presence ofRMDG and was then integrated and
converted to its molar equivalent of monovalent charge.
[14C]-RMDG uptake into noninjected oocytes was used as
the control.

Fluorescence Experiments in the Voltage Clamp.D454C-
expressing oocytes were labeled with TMR5M or TMR6M.
Electrophysiological and fluorescence experiments were
performed simultaneously (15). The membrane holding
potential,Vh, was-50 mV, and currents in response to the
voltage pulse protocol were measured using the two-electrode
voltage clamp. Fluorescence intensity is expressed as arbi-
trary units (a.u.). The experiments were controlled using
Clampex (pClamp7, Axon Instruments, Union City, CA).
Examples of fluorescence records are from single oocytes;
however, all experiments were repeated on at least 3 oocytes
from different donor frogs.

Kinetics.To obtain the apparent Na+ affinity (K0.5
Na) of

D454C the protein was labeled with TMR6M. The membrane
voltage (Vm) was clamped at-50 mV, and the change in
fluorescence (∆F) was recorded as theVm was jumped to
+50 mV for 100 ms. Changes in∆F at the end of the pulse
were recorded as a function of Na+ concentration. To
estimate the apparent sugar affinities (K0.5

sug) for D454C the
protein was labeled with TMR5M and the membrane
potential was stepped from-50 mV to -150 mV. The
change in fluorescence (∆F) was recorded as a function of
sugar concentration. All the fluorescence data was corrected
for photobleaching (15). The Na+-induced or the sugar-
induced increase in∆F was plotted as a function of external
concentration and fitted to the equation

where∆Fmax is the maximal change in fluorescence,S is
substrate concentration,K0.5 is the substrate concentration
for 0.5∆Fmax, andn is the Hill coefficient. For sugar kinetics
n ) 1.

Pre-Steady-State Charge.The pre-steady-state transient
chargeQ was determined by using the fitted method (12).
The charge was calculated by integration of this transient
current with time, and the distribution of the charge moved
as a function of membrane voltage (V) was calculated by
fitting the data with the Boltzmann relationship:

∆F ) ∆FmaxS
n/(Sn + (K0.5)

n) (1)

13176 Biochemistry, Vol. 43, No. 41, 2004 Dı́ez-Sampedro et al.



where Qmax ) Qdep - Qhyp (Qdep and Qhyp are Q at
depolarizing and hyperpolarizing limits, respectively),F is
the Faraday constant,R is the gas constant,T is the absolute
temperature,V0.5

Q is the membrane potential where there is
50% charge transfer, andz is the apparent valence of the
movable charge. The Boltzmann relation was also used to
fit the dependence of change of fluorescence intensity (∆F)
on membrane voltage (∆F vs V), whereV0.5

F and∆Fmax are
the corresponding values for fluorescence. Fits of data with
equations were performed using Sigmaplot 2000 (SPSS,
Chicago, IL).

Time Constant.Time constants (τ) for charge movement
were estimated by fitting the data to two exponentials,
membrane capacitance and transporter pre-steady-state charge
(12). The τ for ∆F was estimated from a fit to one
exponential (16). SigmaPlot (ver. 8.0, SPSS) and Clampfit
(ver. 8.1, Axon Instruments) were used for the fits.

Freeze-Fracture Electron Microscopy.Visual determi-
nation of protein expression in the oocyte plasma membrane
was done as in ref17. Functional expression was estimated
for each oocyte from measurement ofQmax.

RESULTS

Functional Characterization of the Mutant D454C. Sugar
Uptake.Measurements of sugar uptake (50µM sugar for 30
min) were done in noninjected oocytes, oocytes expressing
the wild-type protein, hSGLT1, or oocytes expressing the
mutant D454C (Figure 1). The sugar uptake in the mutant
(3.3( 0.2 pmol/30 min) was low compared with the uptake
in the wild-type protein (125( 20 pmol/30 min), but
significantly higher than in the noninjected oocytes (0.5(
0.02 pmol/30 min). Uptake in D454H was 10( 1 pmol/30
min (n ) 3, not shown), and expression of the double mutant
A166C/D454C was not measurable.

Electrophysiology. Charge MoVements.D454C displayed
pre-steady-state charge movements and substrate-dependent
steady-state currents. Although the expression of the D454C
mutant was low, our measurements showed that pre-steady-
state charge movements in D454C had properties similar to
those of the wild-type hSGLT1 (12). Oocytes expressing the
D454C hSGLT1 were clamped at-50 mV. Figure 2 shows
the Na+-dependent pre-steady-state current. When the po-
tential was jumped to a new value in the presence of Na+

(A, C), an initial membrane capacitive transient with a time
constant (τ) of ∼1 ms was generated, and this was followed
by a slower transporter transient (ON) (τ ) 4-20 ms) before
the current reached a steady-state value. Upon returning to
the holding potential (Vh ) -50mV) there was an initial
fast capacitive transient due to the membrane capacitance
followed by a slower transporter current (OFF) that decayed
with a τ of ∼15 ms (Figure 2). This slow transient current
was not observed in the absence of Na+. Only the membrane
capacitive transients were observed in control oocytes.

The ON and the OFF transporter currents were isolated
and integrated to obtain the amount of transporter charge
moved (Q) after each voltage step.Q was plotted against
voltage and fit to the Boltzmann equation to obtain the
maximal charge moved (Qmax), the apparent valence of the
movable charge (z), and the voltage at which 50% of the

charge is moved (V0.5
Q, see Materials and Methods and Figure

3). AlthoughQmax for the D454C oocyte was small compared
with the oocyte expressing the wild-type transporter (e.g.,
0.9 nC vs 16 nC, in representative oocytes from one batch,
Figure 3), we could clearly detect functional effects of
substrate on pre-steady-state charge distribution. The addition
of 100 mM RMDG to the bath solution shifted theV0.5 to
more positive voltages (not shown), whereas for the wild-
type proteinQ was reduced (12). V0.5

Q was∼-20 to -30
mV for D454C in the absence of sugar (Figure 3A) and
∼+10 mV in the presence of sugar (not shown).V0.5

Q was
-47 mV for wild-type hSGLT1 in the absence of sugar
(Figure 3B).

The functional data suggested that there was low expres-
sion of the mutant protein in the plasma membrane of the
oocyte compared to wild-type hSGLT1. This was confirmed
by the number of intramembrane particles in the plasma
membrane of the oocyte (Figure 4). The density of particles

(Q - Qhyp)/Qmax ) 1/{1 + exp[z(V - V0.5)F/RT]} (2)

FIGURE 1: 50µM glucose uptake (30 min) in noninjected oocytes,
in oocytes expressing the mutant D454C, and in oocytes expressing
the wild-type hSGLT1. Uptakes are the mean of 8-12 oocytes and
are expressed as the mean( SEM.

FIGURE 2: Current records from a single oocyte expressing D454C.
The membrane voltage was initially held at-50 mV and then
jumped from-50 mV to different voltages (ranging from+50 to
-150 mV in 20 mV decrements). Each new voltage was applied
for 100 ms (“ON”) and then returned to the holding voltage for
another 100 ms (“OFF”). Records are shown in the presence (A,
C) and absence of Na+ (B, D). The pre-steady-state transient was
generated in the presence of Na+. Panels C and D are magnified
views of the records as the membrane potential was returned to
the holding potential to more clearly show the characteristics of
the Na+-dependent pre-steady-state current. The records are offset
to zero for clarity.

SGLT1 Cotransporter Stoichiometry Determined by D454 Biochemistry, Vol. 43, No. 41, 200413177



in noninjected oocytes was∼200/µm2. This density increased
to ∼500/µm2 in oocytes expressing D454C. In contrast, the
density of the SGLT1 wild-type protein particles was much
higher (∼ 3200/µm2) (see also ref17), indicating that the
mutant protein expression was significantly higher than the
expression in noninjected controls, but less than 10% that
of the wild-type.

Fluorescence of TMR5M- and TMR6M-Labeled D454C.
Oocytes expressing D454C were labeled with TMR5M or
TMR6M. There was a change in fluorescence intensity (∆F)
in response to the voltage pulse protocol. In Na+ (Figure
5A), for depolarizing voltages the fluorescence of D454C
TMR5M increased while at hyperpolarizing voltages∆F
decreased. When sugar was added to the medium (Figure
5C),∆F decreased at both hyper- and depolarizing voltages,
but was most pronounced in response to negative voltages.
In the absence of Na+ (Figure 5B), the record was similar
to the one in Na+, but∆F was smaller. In 0.2 mM phlorizin
(Figure 5D) the fluorescence was further decreased.V0.5

F (the
voltage at which∆F is 0.5∆Fmax) was calculated by fitting
the ∆F/V curve to the Boltzmann equation. In Na+, V0.5

F

was -35 mV andz was 0.6 (Figure 6A). When 100 mM
RMDG was added,V0.5

F became more positive, but it is
difficult to estimate the value since the∆F/V curve did not
saturate at positive values (not shown). In neither the absence
of Na+ nor the presence of phlorizin (Pz) was the∆F

saturable with voltage at either hyperpolarizing or depolar-
izing voltages.

The time constants for the fluorescence changes (τ) were
also calculated. In the presence and in the absence of Na+

(Figure 5A,B) theτ values were∼18 ms, independent of
voltage. When sugar was present (Figure 5C),τ was slower
for depolarizing (24 ms) than for hyperpolarizing voltages
(8 ms). In phlorizin (Figure 5D)τ was greater (41 ms) at
hyperpolarizing than at depolarizing potentials (27 ms).

The polarities of the fluorescence response depended on
the isomer of the dye conjugated to residue 454C. With the
6-isomer (TMR6M) in Na+ the∆F decreased at depolarizing
voltages and increased at hyperpolarizing voltages (Figure
7A). When 100 mMRMDG was present (Figure 7C), the
∆F were larger at depolarizing voltages. If Na+ was removed
(Figure 7B), the∆F were smaller. Phlorizin (Figure 7D)
almost abolished the fluorescence response. In Na+, V0.5

F

was -37 mV andz was 0.7 (Figure 6B) as for TMR5M
D454C. Adding sugar shifted theV0.5

F to more positive
values (-15 mV), and on removal of external Na+, theV0.5

F

shifted to more negative values (see Figure 9). In all the
conditions,τ was slower for depolarizing voltages than for
hyperpolarizing voltages and in sugar did not reach a steady
state at 100 ms (Figure 7C).

Na+ and Sugar Kinetics of the D454C Mutant.The kinetic
characterization of the mutant was done by labeling the

FIGURE 3: The charge-voltage (Q/V) curves of wild-type and D454C SGLT1 oocytes with membrane voltage varying from+50 to-150
mV. (A) Charge movement in a D454C expressing oocyte. The solid line was the fit of the data to the Boltzmann equation (Qmax, 3 ( 0.5
nC; V 0.5

Q, -20 ( 5 mV; z, 1 ( 0.2). (B) A hSGLT1 oocyte. The Boltzmann parameters wereQmax, 16.4( 0.1 nC;V0.5
Q, -47 ( 0.4 mV;

z, 0.9 ( 0.1.

FIGURE 4: Freeze-fracture electron microscopy of the plasma membrane of a D454C-expressing oocyte (3) (the same oocytes shown in
Figure 5), one expressing hSGLT1 (2), and a noninjected oocyte (1). In the D454C oocytes there were 500 particles/µm2, 3200 in the
hSGLT1 oocyte, and 300 in the noninjected oocyte. The total area of the plasma membrane was estimated from the capacitance of the
D454C oocytes (24× 106 µm2). Scale bar is 100 nm.
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protein with the TMRM dyes and using substrate-dependent
changes in∆F to determine the kinetics of the mutant
transporter (15).

Apparent Na+ Affinity, K0.5
Na. D454C was labeled with

TMR6M, and changes in fluorescence were recorded at
0-100 mM NaCl. Fitting the data with eq 1 indicated that
the K0.5

Na was 12( 1mM and the Hill coefficient (n) was
1.5 (Figure 8). In 3 different oocytesK0.5

Na was 10( 2 mM
andn was 2( 0.5.

Figure 9 shows a semilog plot ofV0.5
F as a function of

Na+ concentration (the inset represents∆F as a function of

voltage at 25 mM Na+). The slope was 50 mV per 10-fold
change in [Na], andV0.5

F at <1 mM Na+ is extrapolated to
be ∼-120 mV.

Apparent Sugar Affinities:RMDG and Glucose.The pro-
tein was labeled with TMR5M, and theRMDG and glucose
K0.5’s were obtained by recording∆F as a function of the
sugar concentration. The apparentD-glucose andRMDG af-
finities were 0.7( 0.1 mM and 0.6( 0.1 mM (Figure 10).

Role of Charge at Position 454.We investigated the
influence of charge at position 454 with negatively charged
(MTSES- or iodoacetate-), positive (MTSET+), or neutral

FIGURE 5: Voltage-induced fluorescence changes of TMR5M-labeled D454C. The oocyte was clamped at-50 mV, and the membrane
voltage was stepped from-150 mV to+50 mV for 100 ms in the presence and absence of Na+ (A, B), 100 mM sugar (C), and 0.2 mM
phlorizin (D). Traces are shown for+50, +30, -10, -50, -90, and-150 mV.

FIGURE 6: TMRM fluorescence as a function of voltage (∆F/V) in D454C-expressing oocytes treated with TMR5M (A) or TMR6M (B)
with 100 ms pulses. The data were fitted with eq 2. TheV0.5

F values (median voltage of the∆F/V relation) are-35 ( 4 mV and-37 (
2 mV, respectively, and thez values are 0.6( 0.1 and 0.7( 0.1.

SGLT1 Cotransporter Stoichiometry Determined by D454 Biochemistry, Vol. 43, No. 41, 200413179



(MMTS0, MTSHE0) cysteine-specific reagents, and by
mutating D454 to histidine.

Uptake of Sugar.RMDG uptake increased 2.5 times
(Figure 11A;p < 0.0001) when the protein was labeled with
MTSES- compared to the unlabeled control. There was no
change in sugar uptake with MTSET+. Glucose uptake
(Figure 11B) was also increased by MTSES- but not by
MTSET+. There was no significant difference in uptake
after labeling with either MMTS0 or MTSHE0 (not shown).
In noninjected or in hSGLT1 oocytesRMDG and glucose
uptakes were unaffected by any MTS reagent or iodoacetate-.

Substrate-Dependent Currents.Figure 12 shows theI-V
curve of the sugar-induced current in a D454C expressing
oocyte. The glucose- andRMDG-induced currents were
small (<30 nA) and voltage-independent from 0 to-150
mV. After labeling with MTSES-, the RMDG-induced
current increased (Figure 12A) and remained voltage-
independent. In contrast, after labeling with MTSET+ (Figure
12B) the glucose-induced current became voltage-dependent
and did not saturate at the largest hyperpolarizing potential
(-150 mV). At positive potentials the glucose-induced
current of the MTSET+-labeled D454C was inhibited. The
effect of charged MTS reagents on voltage-dependence of

FIGURE 7: Voltage-induced fluorescence changes of TMR6M-labeled D454C. The oocyte was clamped at-50 mV, and the membrane
voltage was stepped from-150 mV to+50 mV for 100 ms in the presence and absence of Na (A, B), 100 mM sugar (C), and 0.2 mM
phlorizin (D). Traces are shown for+50, -10, -50, -90, and-150 mV.

FIGURE 8: Effect of Na+ concentration on D454C TMR6M fluor-
escence. At each Na concentration the fluorescence change (∆F)
resulting from a voltage jump from-50 mV to+50 mV was plotted
against Na+ concentration. The data were corrected for photo-
bleaching and fitted to eq 1. The Hill coefficient was 1.5( 0.2.

FIGURE 9: Apparent affinity for Na+ obtained using TMR6M
fluorescence. The effect of Na+ concentration in the distribution
of the protein is represented byV0.5

F. V0.5
F was measured at each

concentration of Na+, and was calculated from the∆F/V curve (the
inset shows the∆F/V curve obtained at 25 mM Na+).
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the sugar-induced current was independent of the identity
of the sugar. We did not observe any effect of the charge of
MTS reagents on either the pre-steady-state current or the
uncoupled steady-state current in the absence of sugar.

D454C Stoichiometry: Ratio of Charge Uptake/RMDG
Uptake. We simultaneously measured sugar uptake and
sugar-induced current in D454C oocytes treated with MTSES-

and MTSET+. The current was recorded for 5 min after 2
mM RMDG (+ 14C-RMDG) was added to the medium. The
sugar-induced current was integrated and converted to

picomoles of positive charge and compared with sugar
uptake. The ratios were∼2 positive charges:1 sugar for the
MTSES--labeled oocytes and∼5 positive charges:1 sugar
for MTSET+-labeled D454C (Figure 13). The small sugar-
induced current in the unlabeled D454C precluded a reliable
estimate of stoichiometry.

DISCUSSION

Ion-driven cotransporters are molecular machines which
are able to convert the transmembrane electrochemical

FIGURE 10: Apparent affinity for glucose andRMDG obtained using TMR5M fluorescence. Changes in fluorescence were measured as∆F
plotted against theRMDG concentration (A) or theD-glucose concentration (B) when the membrane voltage was jumped from-50 mV
to -150 mV at different sugar concentrations. Similar results were obtained in four different experiments. The experiments were repeated
five times, yielding similar results (0.6( 0.1 mM and 0.5( 0.1 mM). Data was corrected for photobleaching.

FIGURE 11: (A) Effect of 1 mM MTSES- or 1 mM MTSET+ on 50µM RMDG uptakes in 9-12 oocytes expressing D454C and (B) on
50 µM D-glucose uptakes. Background uptake from noninjected oocytes otherwise treated identically was subtracted. (*) Significantly
different from control (P < 0.00001).

FIGURE 12: Current-voltage (I-V) curves in D454C-expressing oocytes. Effect of labeling the protein with 1 mM MTSES- or 1 mM
MTSET+ on the sugar-induced current. (A) 150 mMRMDG-induced current in an oocyte expressing D454C before and after incubation
in MTSES-. (B) 150 mM glucose-induced current in an oocyte expressing D454C before and after labeling the protein with MTSET+.

SGLT1 Cotransporter Stoichiometry Determined by D454 Biochemistry, Vol. 43, No. 41, 200413181



gradient into physical work, i.e., energy from transport of
the cation down its gradient enables driving the cosubstrate
across the cell membrane, potentially against its concentration
gradient. Similarity of the functional characteristics of
cotransporters from unrelated gene families suggests a
conservation of the basic mechanism. Previous studies on
SGLT1 by several groups (e.g., refs10, 16, 18, 19) indi-
cate that binding on the external face of the transporter is
ordered, with Na+ binding first. Na+ binding, in the N-ter-
minal part of SGLT1 (e.g., refs2, 3, 5, 6, 9), initiates a
conformational change that results in an increase in the
affinity for sugar in the C-terminal domain (e.g., refs7, 8).
Sugar binding then induces another series of conformational
changes that results in transport (15, 16), i.e., reorientation
of the Na+- and sugar-binding sites to face the cytoplasm.
The residues involved in this interdomain coordination have
not been identified.

Recent experiments indicated that residue 166 in the Na+

domain is close enough to affect, or is directly involved in,
an interaction with residues in the sugar domain which altered
sugar-binding specificity (9). As inhibition of transport was
dependent on the presence of a positive charge at 166, we
speculated that a potential candidate for this inhibitory
interaction was the aspartic acid at position 454 because
cross-linking studies suggested that these residues were in
close proximity (20). In this study we functionally character-
ize the D454C mutant human SGLT1 using a variety of
biochemical and biophysical methods, and describe the
functional consequences of charge at this location.

Characterization of the D454C Mutant.D454C has low
expression compared to the wild-type hSGLT1 protein. The
14C-sugar uptake and currents indicated that the functional
expression was less than 2% of wild-type (Figures 1, 12)
while Qmax (12) and freeze-fracture electron microscopy
measurements (17) indicated that D454C protein density in
the plasma membrane was less than 10% compared with
wild-type protein (Figures 3, 4). The apparent discrepancy
between functional level and protein expression is explained,

at least in part, by the low turnover of D454C (MTSES-

treatment increased the sugar uptake and current by∼2.5-
fold, Figure 11). The low density in the plasma membrane
suggests that the residue at the 454 position was important
for the trafficking of the protein to the plasma membrane,
as noted for many other SGLT1 mutants (21). The functional
expression of D454H was also only∼10% of WT (not
shown), and the double mutant A166C/D454C was function-
ally inactive.

The low expression made characterization of the D454C
mutant difficult using radioactive tracer uptake and electro-
physiology. We took advantage of our ability to attach a
fluorescent probe to the 454C residue, and used voltage-
induced and substrate-induced conformational changes re-
ported by the fluorescent probe to measure the apparent
kinetics of Na+ and sugar binding (15). The 454C residue is
predicted to be in an external loop between transmembrane
helices 10 and 11 (4), and it is accessible to large cysteine-
specific reagents. When D454C was labeled with TMR6M
(Figure 7), the voltage-induced fluorescence changes (∆F)
were similar to those of Q457C labeled with this dye (15,
16): Hyperpolarization of the membrane caused an increase
in ∆F with a time constant of 6( 1 ms (n ) 3), while
depolarization decreased∆F with a time constant of 31( 1
ms (n ) 3). The magnitude of∆F was ligand-dependent,
and phlorizin blocked the fluorescence changes (Figure 7).
This similarity in the fluorescence response indicates that
the closely spaced residues 454 and 457 experience similar
environmental changes as substrates, inhibitors, and voltage
modify the conformation of the protein. We note with interest
that the shift inV0.5

F for a 10-fold reduction in [Na+] for
D454C labeled with TMR6M was-50 mV, whereas for
Q457C it is-100 mV.

When 454C was labeled with TMR5M, changes in the
fluorescence were similar to those for TMR6M (Figure 5),
but the polarity of∆F in response to voltage was inverted
so that hyperpolarizing decreased∆F (τ ) 19 ( 1 ms,n )
5), depolarizing voltage increased∆F (τ ) 12 ( 1, n ) 5),
and sugar decreased∆F. The inversion in fluorescence
polarity with voltage between the 5- and 6-isomers indicates
that the fluorescent moiety experiences different environ-
ments due to the small positional difference imposed by the
molecular geometry.

The apparent affinity for Na+ (K0.5
Na) was obtained from

the Na+ dependence of TMR6M∆F. We observed a
sigmoidal increase in∆F with increasing [Na+] with a K0.5

Na

of 12 mM and a Hill coefficient of 1.5 (Figure 8). Similarly,
when 454C was labeled with TMR5M, in the presence of
100 mM Na+, we observed a hyperbolic concentration-
dependent decrease in∆F as the [sugar] increased with a
K0.5

sugarfor glucose andRMDG of 0.6 mM (Figure 10). This
is similar to that for Q457C (15, 16). Both K0.5 values, for
Na+ and sugar, were unchanged from the value for the wild-
type protein (22), indicating that the substitution of the
aspartate for a cysteine at the 454 residue was not important
for the affinity of either substrate, and suggesting that the
454 residue does not form a part of either the sugar- or Na+-
binding sites. In contrast, residue 457 directly interacts with
the sugar, and modifications to this position adversely affect
the K0.5

sugar and/or transport (7).
Role of 454 in Cotransport.Perhaps most significantly,

residue 454 has a critical role in the transport mechanism.

FIGURE 13: Effect of 1 mM MTSES- or 1 mM MTSET+ on the
ratio of inward positive charge/RMDG uptake in oocytes expressing
D454C. Oocytes were incubated with one of the reagents for 20-
40 min, and 2 mMRMDG uptake and inward charge were measured
simultaneously for 5 min in each oocyte expressing D454C. The
inward charge and sugar uptake was calculated as described in
Materials and Methods. The charge:sugar uptake ratio was deter-
mined for each oocyte. Charge uptake after MTSES- ranged from
62 to 130 pmol, sugar uptake from 34 to 59 pmol, and charge:
sugar stoichiometry) 2.0 ( 0.2 (SEM, n ) 5); for MTSET+

positive charge uptake ranged from 103 to 157 pmol and sugar
uptake was from 18 to 29 pmol, and the stoichiometry) 5.0 (
0.4 (n ) 4).
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In the SGLT1 wild-type protein the cosubstrate coupling
stoichiometry is very strict: 2 Na+ are transported for each
sugar (6, 13, 23). The stoichiometry after labeling D454C
with MTSES- was 2 Na+:1 sugar (we project that the charge
is a Na+ ion, as sugar uptake was Na+-dependent). Labeling
D454C with MTSET+ increased the coupling ratio to 5.
Glucose uptake was consistently higher thanRMDG uptake,
whereas there was no difference inK0.5

sug, suggesting that
an interaction by theR-methyl group with elements in the
sugar transport pathway decreased turnover rate. In two
D454H oocytes the stoichiometry for uptake at pH 7.5 was
2 Na+:1 sugar, but when the experiment was done at pH 5.0
(three oocytes) the stoichiometry was 3 Na+:1 sugar (not
shown). Although the actual pKa of histidine in the protein
is not known, the free solution pKa of histidine is 6.0, a result
consistent with the protonation of this histidine resulting in
uncoupling of transport. This suggests that the charge at
position 454 plays an important role in coupling Na+ and
sugar uptake.

The charge at position 454 influenced the voltage depen-
dence of transport. In the wild-type transporter the sugar-
induced current increases as the voltage becomes more
negative and saturates asVm reaches about-150 mV (e.g.,
refs6, 22, 24, 25). In D454C the voltage-dependence of the
sugar-dependent current was shifted to positive potentials
compared to the wild-type and was voltage-independent for
negative values ofVm (Figure 12). This is consistent with
the V0.5

Q shift of the pre-steady-state current (not shown).
Producing a negatively charged residue at position 454, by
labeling the protein with MTSES-, increased sugar uptake
(Figure 11) and sugar-dependent current with no change in
voltage sensitivity (Figure 12A). A similar increase in uptake
was observed after labeling with iodoacetate- (not shown).
In contrast, if D454C was labeled with MTSET+, a positively
charged reagent, sugar transport was unchanged but un-
coupled from Na+ (Figures 11 and 13). The sugar-induced
current was voltage sensitive from+50 to-150 mV, twice
as large at-150 mV as for the MTSES--labeled condition,
and reversed at about+40 mV (Figure 12B). These effects
of charge at position 454 were sugar-dependent: we could
not detect any change in the magnitude or voltage-de-
pendence of the uncoupled current in the absence of sugar.

In A166C there were also differences in maximal transport
rate (Imax) as well asK0.5

sug. Both D-glucose andD-galactose
had higherImax values thanRMDG, but theK0.5

sug values of
RMDG andD-glucose were identical, and about 3-fold higher
than that ofD-galactose. This was attributed to an alteration
in the sugar-binding site as a structural response to the change
in a residue adjacent to the binding site (9). For D454C there
is no difference between the sugars inK0.5

sug.
The importance of a charged residue adjacent to the

substrate-binding site may be part of a general theme for
coupling cosubstrate transport. Our results in hSGLT1 show
a structural and functional parallel to the glutamate trans-
porter (EAAC-1). Borre and Kanner (26) neutralized the
positively charged arginine 445 of EAAC-1 by substitution
with serine (R445S), and created a glutamate-gated cation
conductance which is dependent on the structure of the bound
substrate. Significantly, this site is only 2 residues from
arginine 447, which is proposed to bind to theγ-carboxyl
group of glutamate in the binding site (27). In hSGLT1 D454
is only 3 residues from glutamine 457, which appears to

interact with O1 and O5 of the sugar in the binding and
translocation pathway (7). In contrast to EAAC-1, however,
it does not appear that 454 has a direct influence on substrate
binding, since we observed no alterations in the apparent
kinetics of ion or sugar binding from the wild-type.

The role of charged residues in coupling has been shown
in several other bacterial and eucaryotic transporters. Muta-
tion of the conserved arginine 282 to glutamate in the rabbit
H+-dipeptide cotransporter (PepT1) uncoupled the mecha-
nism so that dipeptides were transported down their con-
centration gradient, and dipeptide binding opened a H+

conductance, with little effect on kinetics (28), and in
hSGLT1, mutation of aspartate 204 (proposed to face the
cytoplasm) to asparagine (D204N) produced a glucose-gated
H+ channel (6). In bacteria glutamate 269 of the lactose
permease is involved in substrate-cation coupling, and the
crystal structure shows that the substrate homologueâ-D-
galactopyranosyl-1-thio-â-D-galactopyranoside interacts with
two residues, arginine 144 and tryptophan 151, involved
in substrate binding (1). The residue arginine 40 of the
Na+/proline cotransporter (PutP) is involved in cation
specificity, and alkylation of the cysteine mutant (R40C)
uncouples proline transport (29).

Although we have shown that the negative charge at 454
is essential for coupling Na+ glucose cotransport, it does not
appear to be the sole arbiter. Sequence comparison of SGLT
isoforms 1, 2, and 3 from several species places a negatively
charged residue here for 1 and 2, which are sugar transport-
ers, but a His in hSGLT3, which is a sugar sensor, and cannot
transport sugar (23). Simply changing residue 454 from Asp
to His does not reproduce the SGLT3 phenotype: D454H
SGLT1 transports sugar. For all of the isoforms, residue 166
is an alanine (4). So, although 166 and 454 are thought to
be physically close together in at least some conformational
states of SGLT1, and the charge of residue 166 influences
the conformation of the sugar-binding site, coupling is
probably not mediated by a direct interaction between them.
We suspect that a charged or polar residue in another loop
may interact with 454 and also be critical in stoichiometry.

In conclusion, these observations suggest that the negative
charge at position 454 is intimately involved in a specific
part of the mechanism of cotransport. (1) Na+ binds to the
transporter irrespective of the charge on residue 454; (2) as
in the wild-type, sugar binding requires Na+ to be bound,
and binding is charge independent; (3) after sugar binds, it
can be transported by the protein; and (4) after sugar binds,
Na+ can be transported; but (5) only if the charge at residue
454 is negative are Na+ and sugar cotransported together
with the wild-type stoichiometry of 2 Na+:1 sugar. We
therefore suggest that the primary role of residue 454 is to
coordinate the function of the Na+ and sugar domains, which
results in stoichiometric cotransport.
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