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Abstract. Purification and reconstitution of the ac-
tive Vibrio parahaemolyticus Na'/galactose trans-
porter (VSGLT) enables us to do protein chemistry
studies on a representative member of this class of
membrane transporters. By measuring intrinsic tryp-
tophan (Trp) fluorescence, conformational changes
on the binding of substrates could be investigated.
Trp fluorescence increased by 6% on the addition of
saturating levels of both Na* and p-galactose, with a
K, 5 for p-galactose of 0.6 mm. No change was seen
on the addition of Na* alone or by adding p-galac-
tose in the presence of K*. The Trp fluorescence
could be quenched by acrylamide, but not by Cs*or
I". In the presence of Na™ or K alone, of Na™ or K+
and p-galactose, of Na® and r-glucose, or in the
absence of ligands, the fluorescence quenches by
acrylamide were similar. This indicated that the
tryptophan exposure to acrylamide was unchanged in
the presence or absence of ligands. No shifts in Ay,
maximum were observed. To find the Trp responsible
for the change in fluorescence, Trp 448 in trans-
membrane helix 11 in the putative sugar-binding
pocket was mutated. It was found that W448F
showed a similar change in Trp fluorescence upon the
addition of p-galactose in the presence of Nat. We
conclude that the Trp fluorescence properties of the
purified and reconstituted Na™/galactose cotrans-
porter are selectively changed by the transported
substrates Na™ and p-galactose, but it is not the Trp
(W448) in the sugar translocation pathway that is
involved.
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Introduction

Members of the sodium/glucose transporter (SGLT)
family are found throughout living organisms. They
cotransport a wide variety of substrates (sugars,
inositol, iodide, urea and proline) into the cell using
the electrochemical gradient of Na*, Li* or H. An
apparent stoichiometry of 2 ions to 1 sugar is found
for most members. All family members share a
common topology of at least 13 transmembrane
(TM) helices, with an extracellular N-terminus. It has
been predicted that the N-terminal half is responsible
for Na* binding and translocation and the C-termi-
nal half for sugar binding and translocation (Turk &
Wright, 1997; Wright et al., 1998; Wright, 2001).

The Vibrio parahaemolyticus Na™ /galactose co-
tranporter (VSGLT) is a bacterial member of the
SGLT superfamily. It possesses 14 TM helices with
an extracellular N-terminus and consists of 543
amino acids with a mass of 60 kDa. Sugar transport
is Na*-dependent with a preference of galactose >
glucose > fucose. The stoichiometry for cotransport
was predicted to be 1:1 by Hill coefficient analysis,
with an apparent K, for Na™ of 129 mm and 158 um
for galactose (Turk et al., 2000). It was also found
that Gly-151 and GIn-428 are essential for transport.
MTSEA labeling of a cysteine at position 425
(Q425C) blocked transport and labeling could be
blocked by the addition of Na® and p-glucose, but
not by L-glucose. From cross-linking experiments
with the split vSGLT (N7:C7) it was found that res-
idues 1.149C and A423C are within 8 A of another in
the functional transporter, which means that helices 4
and 5 lie close to helices 10 and 11 (Xie, Turk &
Wright, 2000).

To further characterize the structure/function of
vSGLT, the protein was purified and reconstituted
into liposomes in an active form in order to enable us
to perform Trp fluorescence experiments on this class
of transporters for the first time. By monitoring
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changes in the fluorescence of the 12 tryptophans
present in the cotransporter, putative conformational
changes of the cotransporter may be observed upon
binding of ions, sugars and quenchers. When both
Na™ and p-galactose were bound to the transporter a
change in Trp fluorescence was observed but this was
not accompanied by a shift in emission maximum or
a change in accessibility to acrylamide. By changing
Trp 448 to a phenylalanine (W448F) we tried to lo-
cate this substrate-induced change in the cotrans-
porter, but W448F showed the same fluorescence
properties as vSGLT.

Materials and Methods

MATERIALS

Acrylamide was purchased from BDH (Garden City, NY). Nal, p-
galactose, L-glucose, L-arabinose, cholesterol and N-acetyltrypt-
ophanamide were purchased from Sigma (St Louis, MO). CsCl was
purchased from Life Technologies (Rockville, MD). Asolectin
(unfractionated soy phospholipids) was purchased from Associated
Concentrates (Woodside, NY) and decyl-p-p-maltoside and dode-
cyl-pB-p-maltoside were purchased from Anatrace (Maumee, OH).

SITE-DIRECTED MUTAGENESIS

VSGLT with a C-terminal six-histidine tag (VNHO6A) (Turk et al.,
2000) was mutagenized by PCR with oligonucleotide primers to
generate the W448F mutation. This construct was made using four
primers (Life Technologies, Rockville, MD) and pVINHOA as a
template. The PCR product from primers 5’GCC CGC TCT TCG
GAA GAA TAA GCC AAG TAA GAA TAC 3 and 5 TGG
TAT TGC CAG GTA TTG CCG C 3’ when cut with Sapl and
Pvull yielded insert 1. That from primers 5 GCC CGC TCT TCG
TTC AAG AAA ACA ACC AGT AAA GG 3 and 5 GAA CAA
TGT ATA TAA CAC TGC 3’ when cut with Sapl and Clal yielded
insert 2. Both insert and vector (pVNHG6A cut with Pvull and Clal)
were combined, yielding pVW448FH6.

EXPRESSION AND PURIFICATION

VNHG6A and VW448FH6 were expressed in Escherichia coli and
purified as described (Turk et al., 2000). The bacteria were grown
overnight at 30°C after expression of the protein with 33 pm and
13 um L-arabinose for VNH6A and VW448FH6, respectively. The
purity of the proteins, determined by Ag" stains and SDS-PAGE
electrophoresis, was ~90%.

REeconsTiTUTION OF VNH6A AND VW448FH6

Lipids and proteoliposomes were prepared as described before
(Turk et al., 2000) using 90 mg of Asolectin soy lecithin and 10 mg
of cholesterol. Liposomes were made at 22°C. 10% decyl-p-p-
maltoside, 90 pl of lipids, 15 pl of buffer (10 mm Tris, 10 mm
Tricine, 10 mwM dithiothreitol, 0.01% dimethylsulfoxide and 0.1 mm
Naj, phytate) and 350 pl of 2 x KG buffer (in mm: 20 Tris, 20
HEPES, 200 Choline-Cl, 300 KCI and 20% glycerol) were mixed
and incubated for 5 min. The sample was centrifuged to remove
undissolved lipids. 500 pg of purified VNH6A or VW448FH6
(238 pl) was added, mixed and incubated for 5 min. 7 ul of CM
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buffer (100 mm MgCl, and 100 mm CaCl,) was added, mixed and
incubated for 5 min. Proteoliposomes were formed upon the ad-
dition of 378 pl of CD2 buffer (60 mm B-cyclodextrin, 1 x KG
buffer and 15% formamide) added in 20 ul aliquots, mixing after
each addition. The mixture was centrifuged to remove debris and
desalted on a 7-ml bed of Superdex 30 using 50 mm potassium
phosphate buffer pH 7 at 0.5 ml/min. Proteoliposome fractions
were pooled and centrifuged at 400,000 x g for 1 hr at 4°C. Pellets
were resuspended in 200 ul potassium phosphate buffer with a 28
gauge needle and stored at —80°C.

Sodium-dependent D-galactose transport assays of vSGLT
(VNHO6A) and W448F (VW448FH6), reconstituted into liposomes
(Turk et al., 2000), demonstrated that both the wildtype and mu-
tant proteins were active. The initial transport rate for vSGLT was
0.2 nmol/mg/min and a comparable number was found for mutant
W448F. The level of W448F protein reconstitution was found to be
6 to 7 times lower than for VNHO6A.

TRYPTOPHAN FLUORESCENCE MEASUREMENTS

For part of the experiments it was necessary to remove K™ from
the proteoliposomes. They were thawed and then freeze/thawed
three more times in liquid N,. The proteoliposomes were then di-
alyzed for 16 hr at 4°C in a 500 times excess of 50 mm Tris-Cl buffer
pH 7.2. The buffer was renewed twice during dialysis. Fluorescence
was measured on an Aminco-SLM 4800 spectrofluorometer
(Urbana, IL) at 22°C. The tryptophan residues in vSGLT and
W448F were excited at 288 nm and the emission was recorded from
300 to 400 nm with slit widths of 4 nm. In a 100 pl nominal volume
quartz cuvette, 6 pl proteoliposomes (7.2:1 lipid to protein ratio)
were added to 120 pl buffer (50 or 200 mm sodium phosphate pH
7.3 or 7.0 respectively, 50 mm potassium phosphate pH 7.2, or
50 mm Tris-Cl buffer pH 7.2 for the dialyzed vSGLT) and the
tryptophan fluorescence was recorded. p-galactose or rL-glucose
was added at different concentrations up to 10 mm, from a 1 m
stock solution, and NaCl at a concentration of 100 mm from a 4 m
stock solution. Quencher (acrylamide, Nal or CsCl) was added up
to 100 mmM, from 3 m stock solutions. The volume increase upon
these additions was no more than 5%. 1 mm Na,S,O5 was added to
the Nal solution to prevent formation of I5. The soluble Trp an-
alog N-acetyltryptophanamide (NATA) was used at a concentra-
tion of 0.12 mm. The quenching of Trp fluorescence by acrylamide
was measured in 200 mm sodium phosphate buffer in the presence
or absence of 0.005% dodecyl-B-p-maltoside following excitation at
288 nm. All fluorescence spectra were corrected for the blank, di-
lution effects and for the absorbency of acrylamide in buffer. The
liposome background was less than 15% of the total reconstituted
liposome fluorescence.

KINETIC ANALYSIS

The acrylamide-quenching data were analyzed using the Stern-
Volmer equation (Lakowicz, 1999):

Fo/F =1+ Ksv[0] (1)

where Fj and F are the fluorescence intensities in the absence and
presence of acrylamide (Q), respectively and Kgy is the Stern-Vol-
mer quenching constant.

The saturation fraction of ligand was determined from the
variation in fluorescence intensity upon the binding of p-galactose
(Guixé, Rodriguez & Babul, 1998):

Saturation fraction = (Fy — F)/(Fy — F™) (2)

where F represents the fluorescence intensity in the absence of p-
galactose, F~ the intensity in the presence of the saturating con-
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Fig. 1. Topology of vSGLT. Schematic diagram showing the lo-
cation of the 12 tryptophan residues (depicted in black) in vSGLT.
The N5 terminal half contains 9 tryptophan residues of which 7 are
in the transmembrane helixes. Trp29 in the first helix, Trp53 and
Trp54 in the second helix, Trp89 in the third helix, Trp 134 in helix
four and Trp257 and Trp264 in helix seven. One tryptophan
(Trpl87) is located in the intracellular loop between helix 5 and 6
and Trp217 is located in the extracellular loop between helix 6 and
7. The C; terminal half contains 3 tryptophans, one located in helix
11 (Trp450) and one in helix 14 (Trp543), and Trp341 is located in
the extracellular loop between helix 8 and 9.

centration of D-galactose and F the intensity at a given concen-
tration of Dp-galactose.

ANALYTICAL METHODS

Protein concentration was determined by using the BCA protein
assay (Pierce) with bovine serum albumin as a standard. SDS-
PAGE (Schiigger & von Jagow, 1987) and Ag'-stained (Heuke-
shoven & Dernick, 1985 & 1988) gels were performed as previously
described.

Results

The locations of the 12 tryptophan residues of the
vSGLT protein are shown in Fig.1. Nine tryptophans
are located in the N-terminal half of the protein.
Trp29, Trp53 and Trp54, Trp89, Trpl134, Trp257 and
Trp264 are located in transmembrane helices one,
two, three, four and seven respectively. Trpl87 is
located in the intracellular loop between helix 5 and 6
and Trp217 is located in the extracellular loop be-
tween helix 6 and 7. The C-terminal half contains
only three tryptophans; Trp448 and Trp543 in
transmembrane helices eleven and fourteen respec-
tively and Trp341 in the extracellular loop between
helix 8 and 9.

The tryptophans of reconstituted vSGLT were
excited at 288 nm and the emission maximum was
observed at 327+0.5 nm (Figure 24, B and D).
When 10 mMm D-galactose was added to vSGLT in
100 mMm Na™, an increase in total fluorescence was
seen (Fig. 24). On average the sugar-dependent in-
crease in Trp fluorescence was 6 + 2% (n = 11). This
change in fluorescence was not seen on the addition
of 10 mm L-glucose in the presence of 100 mm Na™
(Fig. 2B). This enhanced fluorescence was not ac-
companied by a shift in the A,,,c. The time course of
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the D-galactose-induced change in fluorescence is
shown in Fig. 2C. The Trp fluorescence increased
within the 8 seconds that were required to add p-
galactose to the cuvette. The increase in Trp fluo-
rescence was only seen in the presence of Na™. In the
presence of 100 mm K* (Fig. 2D), the addition of p-
galactose had no effect. No change was observed in
the Trp fluorescence signal of vSGLT on the addition
of 100 mm Na't without sugar (data not shown).
Figure 2F shows that the increase in fluorescence with
increasing galactose concentration in 100 mm Na™
was hyperbolic. When fitted to the equation V =
Frax [S]/(Ko s + [S]), where K, s was the D-galactose
concentration where the fluorescence intensity was
half of the maximal intensity, the K 5 for p-galactose
was 0.61 mm. A second experiment gave a Kys5 of
0.58 mM D-galactose.

To study the influence of quenchers on the Trp
fluorescence of VSGLT acrylamide, I~ or Cst was
added. When 100 mm acrylamide was added in the
presence of 10 mm D-galactose and 100 mm Nat,
there was a 12+2% (n = 9) quench in fluorescence
(Fig. 34). Similar quenches were observed in the
presence of 10 mm L-glucose and 100 mm Na™
(14+1% (n = 4)) (Fig. 3B); in the presence of 10 mm
p-galactose and 100 mm K™ (13+£1% (n = 4)) (Fig.
3(); in the presence of either 100 mm Na™ or 100 mm
K™ without sugar (13+3% (n = 5)and 13+ 1% (n =
2) respectively); and in the absence of sugars and
cations (9+2% (n = 6)). Table I summarizes the ef-
fect of ligands and acrylamide on the Trp fluores-
cence of VSGLT. There was no significant difference
(P > 0.1) between the acrylamide quenches in the
presence or absence of ligands. Figure 4 shows the
Stern-Volmer plot of the fluorescence quenches of
vSGLT by acrylamide up to 100 mm. The Stern-
Volmer quenching constant was 1.7 Mm~'. Above a
concentration of 100 mm acrylamide the plot was
non-linear and curved towards the X-axis. Neither
Cs™ nor I” produced a change in Trp fluorescence,
either in the presence of Dp-galactose and Nat (Fig.
54 and 5B for Cs* and I respectively) or in the
presence of Nat or K™ alone (data not shown).

For vSGLT solubilized in detergent the protein
showed an emission Ay, of 329 nm. Acrylamide and
Cs' at a concentration of 100 mm quenched the
protein fluorescence to 46% and 25% respectively.
When the Trp fluorescence was quenched by 0-
100 mm acrylamide the Stern-Volmer plot showed a
quenching constant of 2.6 M™" (data not shown).

To more closely investigate the D-galactose-en-
hanced Trp fluorescence, Trp 448 was mutated into a
phenylalanine, giving W448F (Fig. 1) and reconsti-
tuted into liposomes. The emission maximum was
326+0.5 nm and upon the addition of 10 mm D-ga-
lactose in the presence of 100 mm Na* the Trp flu-
orescence increased 18% and 19% in two identical
experiments. A 10% quench was observed when
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Fig. 2. The effect of sugars on the tryptophan fluorescence of
vSGLT in liposomes in the presence of Na* or K*. Proteolipo-
somes were added to 50 mm sodium phosphate buffer pH 7.3 (4, B,
C and E) or 50 mm potassium phosphate buffer pH 7.2 (D). 10 mm
D-galactose (4) or 10 mm L-glucose (B) was added to proteolipo-
somes in 50 mm sodium phosphate buffer and the emission spectra
were recorded from 300 to 400 nm with excitation at 288 nm. All
spectra were taken with an average of 100 samples/data point. (C)
Fluorescence tracing of proteoliposomes in 200 mm sodium phos-
phate buffer pH7 was recorded at 327 nm following excitation at
288 nm. The recordings were stopped (breaks) to add 10 mm bp-
galactose (black) or 10 mm L-glucose (gray). All spectra were taken

100 mMm acrylamide was added (data not shown).
Again, there was no shift in the emission maximum
upon the addition of p-galactose. The fluorescence
for W448F was 6 to 7 times lower compared to
vSGLT, which was consistent with the amount of
protein incorporated into the liposomes.

Discussion

Previously it was found that Na™ binding induces a
conformational change in SGLT1 from rabbit, which

300 320 340 360 380 400

wavelength (nm)

with an average of 10 samples/data point. 10 mm D-galactose was
added to proteoliposomes in 50 mm potassium phosphate buffer
(D) and the emission spectra were recorded from 300 to 400 nm
with excitation at 288 nm. All spectra were taken with an average
of 10 samples/data point. (E) The increase in tryptophan fluores-
cence of vSGLT in liposomes in 50 mm sodium phosphate buffer
pH 7.3 at increasing concentrations of p-galactose. The saturation
fraction (Fy—F)/(Fo—F~), where F,F, and F~ represent the fluo-
rescence intensity at a given concentration of p-galactose, in the
absence of D-galactose and at the saturating concentration of D-
galactose respectively, was plotted against the concentration of p-
galactose.

enhances the cotransporter’s affinity for sugar (Hi-
rayama, Loo & Wright, 1997; Loo et al 1998). Until
recently we were unable to study this conformational
change directly on the protein, but with the purifi-
cation and reconstitution of vSGLT we are now able
to do so. In this study we have examined the intrinsic
fluorescence of vSGLT in the presence and absence of
ligands. We found that a change in Trp fluorescence
was observed on the formation of a Na™/galactose/
cotransporter complex, which reflects a conforma-
tional change in the protein, and that this change was
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Fig. 3. Fluorescence emission spectra of the effect of acrylamide on
the tryptophan fluorescence of vSGLT in liposomes in the presence
of Nat or K™ and 10 mm sugar. Emission spectra of vSGLT in
liposomes added to 50 mm sodium phosphate buffer pH 7.2 (4 and
B) or 50 mm potassium phosphate buffer pH 7.2 (C) were recorded
from 300 to 400 nm after excitation at 288 nm. 100 mm acrylamide
was added to the liposomes in the presence of 50 mm sodium
phosphate buffer and 10 mm p-galactose (4) or 10 mm L-glucose
(B). (C) 100 mm acrylamide was added to the liposomes in the
presence of 50 mm potassium phosphate buffer and 10 mm p-ga-
lactose. All spectra were taken with an average of 10 samples data
point.

induced only by the simultaneous presence of the
transported substrates Nat and p-galactose.

It was determined that the maximum A, for
VSGLT reconstituted into liposomes was 288 nm. An
excitation of 295 nm is often used to measure Trp
fluorescence to avoid excitation of tyrosines (Tyr) (Aex
is 275 nm). Throughout the vSGLT protein there are
25 Tyr residues and if these residues were excited at
288 nm, a peak in the emission spectra around
300 nm would be expected. This was not observed in
the emission spectra of vSGLT. When the protein
was excited at 288 nm it exhibited a peak emission at
327+40.5 nm. The spectrum is similar to that for the
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Table 1. The effect of ligands and acrylamide on the Trp fluores-
cence of vSGLT

Additions Change in AF (%)
Na™ + p-galactose +6+2
Na™ +acrylamide -13+3
Na™ + p-galactose + acrylamide -12+2
Na™ +L-glucose + acrylamide -14+1
K™ + p-galactose + acrylamide -13+1
Acrylamide -9+2

AF is the change in intrinsic protein fluorescence at 327 nm. It
shows a mean of 4-11 experiments =+ the standard deviation. The
Trp fluorescence of vVSGLT was recorded following excitation at
288 nm. Emission spectra were recorded from 300 to 400 nm.
vSGLT was added to 50 mm sodium- or potassium-phosphate
buffer. p-galactose or L-glucose was added at a final concentration
of 10 mMm and finally acrylamide was added at a concentration of
100 mm.

melibiose transporter (Mus-Veteau & Leblanc, 1996),
the P-glycoprotein multidrug transporter (Lui, Sie-
miarczuk & Sharom, 2000) and the hexose trans-
porter (Pawagi & Deber, 1990). These emission
spectra reflect an average of all the tryptophans in a
protein, some of which are in a polar environment
(Amax =~ 350 nm) and others that are in a nonpolar
environment (Anax ~ 310-324 nm). (Pawagi & Deber,
1990). The intrinsic fluorescence of the purified pro-
tein is selectively modified by the transported sub-
strate D-galactose, but only in the presence of Na™,
giving an increase in fluorescence of 6+2%. There
was no change in vSGLT fluorescence upon the ad-
dition of p-galactose in the absence of Na™, in the
presence of K*, or upon the addition of the non-
transported sugar L-glucose in the presence of Na*.
Neither was there a change upon the addition of Na*
in the absence of sugar. This negative result would
still be consistent with a Na*-induced conformation
change, which does not alter the environment of the
tryptophans within the protein. Furthermore, the p-
galactose-induced increase in VSGLT fluorescence in
the presence of Nat became saturated as the p-ga-
lactose concentration increased, and the apparent D-
galactose affinity was determined to be 0.6 mMm. For
Na™ /p-galactose transport by vSGLT in proteolipo-
somes (Turk et al., 2000) the apparent affinity for
D-galactose was 0.2 mm. Neither a change in the
tryptophan emission spectrum nor a change in ac-
cessibility to quench reagents such as acrylamide, Cs™
and I” accompanied the Na*-dependent p-galactose-
induced increase in VSGLT fluorescence. The acryl-
amide quench was similar in the presence or in the
absence of ligands. It is possible that a change in
conformation, in which one Trp gets more or less
exposed to the solvent, might be undetectable in a
background of 12 tryptophans. Another explanation
could be that the substrate-induced increase in fluo-
rescence is caused not by a change in solvent exposure
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Fig. 4. Stern-Volmer plot of the effect of acrylamide on the try-
ptophan fluorescence of VSGLT in liposomes. The tryptophan
fluorescence of vSGLTI in liposomes was measured in 50 mm so-
dium phosphate buffer pH 7.3 at increasing concentrations of
acrylamide. F/F,, where F is the fluorescence intensity at increasing
concentrations of acrylamide and Fj is the intensity in the absence
of acrylamide is plotted against the acrylamide concentration.

of vVSGLT tryptophans, but is perhaps due to de-
creases in interactions between the indole rings and
adjacent polar residues in the transporter. Similar
results have been reported for the effect of ligands on
the E. coli melibiose (Mus-Veteau & Leblanc, 1996;
Mus-Veteau, Poucher & Leblanc, 1995) and the hu-
man hexose transporter (Pawagi & Deber, 1990) re-
constituted into liposomes. In the case of the hexose
transporter, which has 6 Trp residues, D-glucose
specifically decreased the fluorescence by 10% and
this decrease was accompanied by small decreases in
the fluorescence quenches produced by I™ and acryl-
amide. The Na™*/melibiose cotransporter contains 8
tryptophans, and here the addition of Na™ induced a
2% quench in fluorescence. However, the addition of
melibiose in the presence of Na® enhanced Trp flu-
orescence up to 20%. Both the sugar specificity and
the concentration dependence of the increase agree
closely with those for sugar cotransport. Mutation of
the two tryptophans (W299 and W342) in the C-ter-
minal half of Mel permease to phenylalanines (Mus-
Veteau et al., 1995) did not alter the cation quench of
the remaining 6 Trp residues in the N-terminal half of
the protein, but the sugar-induced fluorescence in-
crease varied from mutant to mutant in a sugar-spe-
cific manner. It was concluded that W299 and W342
in helices IX and X are at, or close to, the sugar-
binding site.

Neither iodide nor cesium quenched vSGLT Trp
fluorescence in proteoliposomes and this suggests
that none of the 12 Trp residues are readily accessible
to the external polar environment. Of these 12 try-
phophans, Trp217 and Trp341 are on extracellular
hydrophilic loops, and Trp 187 is on an intracellular
loop, thus one might have expected a 10-20% iodide
or cesium quench depending on the orientation of the
reconstituted protein. In detergent, however, the Trp
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Fig. 5. Fluorescence emission spectra of the effect of quenchers on
the tryptophan fluorescence of vSGLT in liposomes in the presence
of Na*t and p-galactose. The emission spectra of vSGLT in lipo-
somes in 50 mmM sodium phosphate buffer pH 7.3 were taken after
excitation at 288 nm. 10 mm D-galactose was added and finally
100 mMm CsCl (4) or 100 mm Nal (B) was added. All spectra were
taken with an average of 10 samples/ data point.

fluorescence of vSGLT showed a 25% quench upon
the addition of 100 mm Cs™, suggesting that deter-
gent solubilization perturbs the native conformation
of the protein in the bilayer. The collisional quencher
acrylamide, however, does quench vSGLT Trp fluo-
rescence. The quench in proteoliposomes was 12 +2%
at a concentration of 100 mm acrylamide, which is
comparable to that observed for P-glycoprotein (Lui
et al., 2000), but at higher concentrations the quench
becomes less efficient. This indicates heterogeneity in
the accessibility of the 12 vSGLT tryptophans to this
collisional quencher (Eftink & Ghiron, 1976). Strik-
ingly the Trp fluorescence quench of vSGLT in de-
tergent by 100 mm acrylamide was 40% and the
quench constants of the Stern-Volmer plots were 1.7
M~ and 2.6 v, for vSGLT in liposomes and de-
tergent respectively. For the soluble Trp analog N-
acetyltryptophanamide the quench constants were
24.6 M~ ! in buffer and 18 m~! in detergent. This in-
dicates that even in detergent, most of the trypto-
phans that contribute to protein fluorescence are
buried in vSGLT.

Which tryptophans are involved in sugar trans-
port by vSGLT? Previous studies on the SGLTI
protein suggest that the C-terminal domain-contain-
ing helices 10-14 form the sugar translocation path-
way through the cotransporter: 1) the sugar
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selectivity and affinity of the cotransporter are de-
termined by the residues in this C-terminal portion of
the protein (Panayotova-Heiermann et al., 1996); 2)
the truncated protein, when expressed in oocytes or
when it is purified and reconstituted into proteo-
liposomes, behaves as a glucose uniporter (Panayot-
ova-Heiermann et al., 1997 & 1999); and 3) Q457 on
helix 11 of SGLTT1 (Loo et al., 1998) and Q425 of the
vSGLT cotransporter (Xie at al., 2000) dramatically
control glucose translocation. There are only two
tryptophans in this C-terminal region of vSGLT,
W448 on helix 11 and W543 at the C-terminal of helix
14 (Fig. 1). The tryptophan that we deemed most
likely to respond to the addition of pD-galactose in the
presence of Na™ was W448 because it is close to Q425
in VSGLT (Xie at al., 2000), which resides in a posi-
tion equivalent to Q457 in SGLTI (Loo et al., 1998).
When this tryptophan was mutated into a phenyla-
lanine, the reconstituted transporter still showed en-
hanced Trp fluorescence upon the formation of a
Nat/galactose/vSGLT complex. This suggests that
the tryptophan in the sugar-translocation domain is
not responsible for the sugar-induced increase in
fluorescence.

The data presented here suggest that the binding
of Na® and p-galactose induce a conformational
change in the Na™/galactose cotransporter. We did
not elucidate the part of the protein where this
change takes place, since W448F still exhibits a lig-
and-induced fluorescence increase. Future ap-
proaches to this question will include the use of a
distance-reporter-group method (Pierce & Wright,
1987) where tryptophan is used as an energy donor to
an extrinsic fluorescent reporter group, e.g., anthra-
cene bound to specific cysteines in the N- or C-
terminal halves of the protein. The Forster critical
distance, R,, for tryptophan to anthracene is 21 A,
which indicates that anthracene is an efficient re-
porter of tryptophans within 15-30 A. This, com-
bined with tryptophan mutagenesis, is a powerful
method to identify specific tryptophans associated
with ligand-induced conformational changes of the
cotransporter.

We thank Olivia Kim and Miranda Rizk for their initial assistance
in protein purification, reconstitution and mutagenesis, Bruce Hi-
rayama with assistance in the fluorescence measurements, and
Bruce Hirayama and Don Loo for their critical reading of the
manuscript. This work was supported by NIH grants DK 19567,
DK44062 and DK44582.

Reference

Eftink, M.R., Ghiron, C.A. 1976. Exposure of tryptophanyl resi-
dues in proteins, quantitative determination by fluorescence
quenching studies. Biochemistry 3:672—680

Guixé, V., Rodriguez, P.H., Babul, J. 1998. Ligand-induced con-
formational transitions in Escherichia coli phosphofructokinase

255

2: Evidence for an allosteric site for MgATP,. Biochemistry
37:13269-13275

Heukeshoven, J., Dernick, R. 1985. Simplified method for silver
staining of proteins in polyacrylamide gels and the mechanism
of silver staining. Electrophoresis 6:103—-112

Heukeshoven, J., Dernick, R. 1988. Increased sensitivity for Coo-
massie staining of sodium dodecyl sulfate-polyacrylamide
gels using PhastSystem Development Unit. Electrophoresis 9:
60-61

Hirayama, B.A., Loo, D.D.F., Wright, EM. 1997. Cation effects
on protein conformation and transport in the Na'/glucose
cotransporter. J. Biol. Chem. 272:2110-2115

Lakowicz, J.R. 1999. Principles of Fluorescence Spectroscopy
Kluwer Academic Publishers, New York

Loo, D.D.F., Hirayama, B.A., Gallardo, E.M., Lam, J.T., Turk,
E., Wright, E.M. 1998. Conformational changes couple Na*
and glucose transport. Proc. Natl. Acad. Sci. USA 95:789-7794

Lui, R., Siemiarczuk, A., Sharom, F.J. 2000. Intrinsic Fluorescence
of the P-glycoprotein Multidrug Transporter: Sensitivity of
Tryptophan Residues to Binding of Drugs and Nucleotides.
Biochemistry 39:14927-14938

Mus-Veteau, 1., Leblanc, G. 1996. Melibiose Permease of Escher-
ichia coli: Structural Organization of Cosubstrate Binding Sites
As Deduced from Tryptophan Fluorescence Analyses. Bio-
chemistry 35:12053—-12060

Mus-Veteau, L., Pourcher, T., Leblanc, G. 1995. Melibiose Perm-
ease of Escherichia coli: Substrate-induced conformational
changes monitored by tryptophan fluorescence spectroscopy.
Biochemistry 34:6775-6783

Panayotova-Heiermann, M., Eskandari, S., Turk, E., Zampighi,
G.A., Wright, E.]M. 1997. Five transmembrane helices form the
sugar pathway through the Na™/glucose transporter. J. Biol.
Chem. 272:20324-2032

Panayotova-Heiermann, M., Leung, D.W., Hirayama, B.A.,
Wright, E.M. 1999. Purification and functional reconstitution
of a truncated human Na™/glucose cotransporter (SGLT1)
expressed in E. coli. FEBS Lett. 459:386-390

Panayotova-Heiermann, M., Loo, D.D.F., Kong, C-T., Lever,
J.E., Wright, EM. 1996. Sugar binding to Na™'/glucose co-
transporters is determined by the C-terminal half of the protein.
J. Biol. Chem. 271:10029-10034

Pawagi, A.B., Deber, C.M. 1990. Ligand-Dependent quenching of
tryptophan fluorescence in human erythrocyte hexose transport
protein. Biochemistry 29:950-955

Pierce, B.A., Wright, E.M. 1987. Examination of the Na™*-induced
conformational change of the intestinal brush border Na/glucose
symporter using fluorescent probes. Biochemistry 26:4272-4279

Schigger, H., von Jagow, G. 1987. Tricine-sodium dodecy! sulfate-
polyacrylamide gel electrophoresis for the separation of proteins
in the range from 1 to 100 kDa. Anal. Biochem. 166:368-379

Turk, E., Kim, O., le Court, J., Whitelegge, J.P., Eskandari, S.,
Lam, J.T., Kreman, M., Zampighi, G., Faull, K.F., Wright,
E.M. 2000. Molecular characterization of Vibrio parahaemo-
Iyticus vSGLT: a model for sodium-coupled sugar cotrans-
porters. J. Biol. Chem. 275:25711-25716

Turk, E., Wright, E.-M. 1997. Membrane Topological Motifs in the
SGLT Cotransporter Family. J. Membrane Biol. 159:1-20

Wright, E.M. 2001. Molecular Aspects of Intestinal Brush-Border
Na™/Glucose Transport. Curr. Topics Membr. 50:499-515

Wright, EXM. Loo, D.D.F., Panayotova-Heiermann, M., Hiray-
ama, B.A. Turk, E., Eskandari, S., Lam, J.T. 1998. Structure
and Function of the Na™/glucose Cotransporter. Acta Physiol.
Scand. 163:257-264

Xie, Z., Turk, E., Wright, E.M. 2000. Characterization of the Vibrio
parahaemolyticus Na' /glucose Cotransporter: A  bacterial
member of the SGLT Family. J. Biol. Chem. 275:25959-25964



