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ABSTRACT: In order to gain a better understanding of the structfwaction relation in hSGLT1, single

Trp residues were introduced into a functional hSGLT1 mutant devoid of Trps at positions that previously
had been postulated to be involved in sugar recognition/translocation and/or phlorizin binding. The mutant
proteins were expressed MRichia pastoris purified, and reconstituted into liposomes. In transport
experiments the putative sugar binding site mutants W457hSGLT1 and W460hSGLT1 showed a drastic
decrease in affinity toward-methylb-glucopyranoside withk, values of 13.3 and 5.26 mM compared

to 0.4 mM of the Trp-less hSGLT1. In addition, a strong decrease in the inhibitory effect of phlorizin was
observed. In Trp fluorescence studies the position of the emission maxima of the mutants, their sensitivity
to N-bromosuccinimide oxidation, and their interaction with water soluble quenchers demonstrate that
Trp*7 and Trg° are in contact with the hydrophilic extravesicular environment. In both mutants Trp
fluorescence was quenched significantly, but differently, by various glucose analogues. They also show
significant protection by-glucose and phlorizin against acrylamide, Kl, or TCE quenching. W602hSGLT1
and W609hSGLT1, the putative aglucone binding site mutants, exhibit normal sugar and phlorizin affinity,
and show fluorescence properties which indicate that these residues are located in a very hydrophilic
environment. Phlorizin and phloretin, but meglucose, protect both mutants against collisional quenchers.
Depth-calculations using the parallax method suggest a location &7 arpd Trg®° at an average distance

of 10.8 A and 7.4 A from the center of the bilayer, while ®and Tr§*®are located outside the membrane.
These results suggest that in the native carrier residues Gln at position 457 and Thr at position 460 reside
in a hydrophilic access pathway extendingBA into the membrane to which sugars as well as the sugar
moiety of inhibitory glucosides bind. Residues PRand Phé° contribute by their hydrophobic aromatic
residues toward binding of the aglucone part of phlorizin. Thereby in the phlorizin-carrier complex a
close vicinity between these two subdomains of the transporter is established creating a phlorizin binding
pocket with the previously estimated dimensions ofxd@7 x 7 A.

The life of every organism depends on the continuous across the cell membrane against its concentration gradient
supply of energy; one of the most important metabolic fuels by transforming the energy of the electrochemical"Na
is p-glucose. p-Glucose uptake into the cells requires gradient into osmotic work. In humans, SGLT1 is involved
transport proteinsl) and can be achieved either by passive in intestinal absorption and renal reabsorptiomajlucose
diffusion via facilitating transporters of the GLUT family andDb-galactose.
or by secondary active transport through sodium-glucose The human isoform of SGLT1 (hSGLT)lis 664 amino
cotransporters (SGLTs2(3). SGLT1 accumulates-glucose  acids long with a predicted topology of 14 transmembrane
helices and both the N- and C-terminus facing the extracel-
lular fluid (4). Previous studies of hSGLT1 demonstrated
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also supported by the fact that mutation Q457R causesEXPERIMENTAL PROCEDURES
glucose-galactose-malabsorption by blocking sugar translo-

cation Q). As reported for various sugar binding and transport . . .
. : e . .. ethanol were from Sigma (Munich, Germany). All media
proteins salt bridges also play a critical role in sugar binding (LB, YPD, BMMGY, and BMMY) were from Invitrogen

and translocation1(0—12). Indeed, mutational analysis of (Carlsbad, CA).o-Methyl-o-[C] glucopyranoside {C]

charged residues in the highly conserved transmembrane’ D N :
helices VII and VIII identified the negative charge of& 0-MDG) was from Perkin-Elmer LAS (Rodgatigesheim,

. : ... Germany). Synthetic 1-palmitoyl-2-stearoyt-goxyl)-sr
as essential for the turnover rate and the cation ?el‘?c“v'tyglycero-3-phosphocholine (DoxylPC), with the spin labels
of hSGLT1 uniport activity, and Naand sugar binding ¢ the 5- and 12-positions of then2-acyl chain, was
during cotransporter activityl@). purchased from Avanti Polar Lipids Inc (Alabaster, AL). All
Sodiume-glucose cotransport is inhibited by glucosides other chemicals were of analytical grade and obtained from
with aromatic or aliphatic aglucone residues. Phlorizin, a commercial sources.
B-glucoside of the aromatic compound phloretin, is the most ~ Molecular Biology A plasmid containing human hSGLT1
effective inhibitor, with an apparen€; of 1 uM (14). It is in Trps-less background named WOhSGL2I)(cDNA was
proposed that phlorizin binding to SGLT1 is a two-step Used as a template for site directed mutagenesis studies. Four
process: rapid formation of an initial collision complex, Mutants of WOhSGLT1 containing single Trp residues at
followed by a slow isomerization process that occludes different positions (457, 460, 602, and 609) were generated
phlorizin within its receptor sitel). Phlorizin is therepy Dy Quick-Change Il site directed mutagenesis kit (Stratagene,
supposed to bind to both the sugar-binding site and an La Jo!la, CA) as per _the mgnufacturer’s instructions. The
aglucone-binding sitel6, 17). The question which amino following oligonucleotides with mutated nucleotides (un-

; i~ : : ; ; ; derlined) were used for mutagenesis. Q457W-sense, 5
acids are critically involved in this process in the intact
transporter is still a matter of debate. One study from our CTCTTCGATTACATCTGGTCCATCACCAG-3 and an-

group (L8) on rabbit SGLT1 expressed in CHO cells using gsepjgo\?vclgcs;g%ﬁ%ﬁ%ﬁﬂﬂé&%ﬁﬁiﬁ
site directed mutagenesis suggests that a hydrophobic regio'béGACC-S' and antisense. " BGTCCCAAGTAACTC-
located in the C-terminal loop 13 (amino acid 6@BLLO) is CAGATGGACTGGAT-S' FéOZW-sense 'BAAAGGA-
critically involved in the binding of phlorizin. However, a ﬁCTGGAGGAGAGCC:I'ATGAC-IB' and, antisense. '5
recent study from Gagnon et al9) on human SGLT1, using  GTCATAGGCTCTCCTCCAG ATTéCTTT—S F609W-
the substituted Cysteine aCCGSSib”ity methOdXiﬂnopUS sense, SGCCTATGACFTATGGTGTGGGCTAGAG-3
oocytes, revealed that these amino acids appear not to bgg antisense, £ TCTAGCCCACACCATAGGTCATAG-
necessary for phlorizin binding to the carrier. Further support Gc-3. Al the constructs were confirmed by DNA sequenc-
for the former assumption, that indeed a phlorizin binding jhg (Agowa GmbH Berlin, Germany). For simplicity all
site is located in this region, came from studies on isolated mutants will be referred to only by the position of the Trp
loop 13 of rabbit SGLT1 using fluorescence spectroscopy as W547, W460, W602, and W609hSGLT1.

and affinity labeling 0, 21). By using the same approach  Expression, Purification, and Reconstitution of Different
on isolated loop 13 of rabbit SGLT1 for another inhibitor of hSGLT1 Mutants.Different mutants of hSGLT1 were
the sugar transporter, an alkyl-glucoside binding site was expressed irPichia pastorisand purified to homogeneity
identified in between amino acids 66630 22). by nickel-affinity chromatography2@). Reconstitution of

. - hSGLT1 mutants was performed into preformed Triton
Recently hSGLT1 could be expressed in and purified from X-100-destablized liposomes composed of 90% (wt/vol)

Pichia pastorisin an active form£3). This allowed a closer  5q5j60tin sy lecithin and 10% (wtivol) cholesterol. The
look into the conformational geometry of the transporter. getergent-mediated solublization was followed by turbidity
Intrinsic and extrinsic Trp fluorescence studies on the measurement2g). Detergent-destabilized liposomes were
recombinant hSGLT1 identified three different conforma- mixed with purified protein in a 150:1 (w/w) and incubated
tional states of the transporter in solutioB3) and in at room temperature under gentle agitation for 10 min.
reconstituted proteoliposomez4j confirming directly con- Detergent was removed by adding Bio-Beads SM-2 activated
clusions derived in previous kinetic and electrophysiological according to 29) at a wet weight beads:detergent ratio of
experiments 25, 26). Furthermore the intramembrane ar- 6:1. After 1 h ofincubation at room temperature, fresh Bio-
rangement of various Trps of the transporter could be Beéads were added, and incubation was continued for an

determined 24). hSGLT1 contains 14 Trps residues at additional hour. After the third addition of Bio-Beads,
position 6, 45 '66 67 103. 114. 276. 289. 291. 440. 477 incubation was continued overnight at@. Bio-Beads were

removed by filtration on glass silk. Proteoliposomes were
487, 56.1' and 641. In a recent studl7) we mutated all concentrated by centrifugation at 300Q0fdr 45 min at
Trp residues to Phe residues to create the Trp-less mutan

e e : Y% °C and stored in liquid nitrogen.
WOhSGLT1; this mutant shows characteristic sodium- Analytical Methods Coomassie Blue staining was per-

dependent, phlorizin-inhibitable transport properties and f5rmed after protein separation by SBBAGE using 10%
eXhibitS the same transport kinetiCS as W|Id type hSGLTl acry|amide ge|s as describemi_ Western b|0t ana|ysis of
Therefore, in the current study we used this mutant in gel separated proteins was performed by using murine cell
mutagenesis, transport, and fluorescence studies to probeulture anti-FLAG M2 monoclonal antibody peroxidase
more precisely the components, environment, and locationconjugate (Sigma, Munich, Germany).

of the transporter domains involved in sugar recognition and  Transport StudiesProteoliposomes (preloaded with 100
phlorizin binding. mM potassium phosphate, pH 7.5/2 nfivmercaptoethanol)

Materials. All sugars, phloretin, phlorizin, and trichloro-
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were subjected to three sonication/freeze/thaw cycles before Fo/F = 1+ Kg,[Q]

uptake assays at 2Z. Uptake was initiated by mixing 10

uL of proteoliposomes with 1@L of transport buffer 2X whereF, andF are the fluorescence intensities in the absence
(200 mM choline/Cl, 50 mM NacCl, 100 mM mannitol, 20 and presence of quencher, respectively, [Q] is the concentra-
mM Tris, 20 mM HEPES, 6 mM MgS§?2 mM CaC}) with tion of quenching agent, anlsy is the Sterr-Volmer
o-methylo-[*“C] glucopyranoside {fC] a-MDG). Each quenching constant. In the case of a purely collisional
reaction was stopped by the addition of 1 mL of ice-cold quenching mechanism, a Sterdolmer plot of Fo/F versus
stop solution (10 mM Tris, 10 mM HEPES, 100 mM [Q] gives a linear plot with a slope value equalKey.
mannitol, 150 mM KCI, 50 mM choline/Cl, 50 mM NacCl, 3 Measurements of Intramembrane Location of Trp Residues
mM MgSQ,, 1 mM CaC}, 0.2 mM phlorizin). The proteo-  in Mutants Reconstituted in Liposomes Using the Parallax
liposomes were applied centrally to a 028 nitrocellulose Method.Average depth of Trp residue in different hSGLT1
filter GSWP (Millipore) over vacuum, washed with 3 mL mutants reconstituted into POPC liposomes was calculated
of ice-cold stop solution, and the filter was assayed by by the parallax method3(, 31) using the equation
scintillation counting. All experiments were performed at

least in triplicate. Ze= Ly + {[(—1/nC)In(F,/F,) — L212]/2L21}

For the determination oK, the rate of uptakeersus
substrate concentration curves were fitted to the Michaelis
Menten equationy/Vmax = [S)/([S] + Kw), using a nonlinear
regression analysis in Origin program (OriginLab, Northamp- the difference in depth between the two quenchers,@nd

ton, MA). ] ) _ . =the 2-dimensional quencher concentration in the plane of
Steady-State Fluorescence Studies and Ligand Bindingthe membrane (molecule?i Here Fy/F; is the ratio of the
Assay All fluorescence experiments reported in this study F/F; and F./F, in which F; and F, are fluorescence
were performed with WA457hSGLT1, WA460hSGLT1, intensities in the presence of the shallow (5-Doxyl PC) and
W602hSGLT1, or W609hSGLT1 reconstituted into proteo- deep quencher (12-Doxyl PC) respectively, both at the same
liposomes (liposomes were composed of 9:1 asolectin soyquencher concentratioB; F is the fluorescence intensity
lecithin and cholesterol). The final protein concentration was jn the absence of any quencher. All the bilayer parameters
5 uM, and the lipid/protein molar ratio was 150:_1. Steady- ysed were the same as described previouzly 0, 31).
state fluorescence measurements were done with a LS 50B  N-Bromosuccinimide Modification of Different Mutants of
fluorescence spectrometer (Perkin-Elmer), fitted with a 450 hsSGLT1 in Proteoliposome&V457, 460, 602, and 609
W xenon arc lamp at room temperature. A 0.3-cm excitation h\SGLT1 mutants (5(M) reconstituted in liposomes were
and emission path length quartz cell was used for all the sypjected to NBS modification by a 5-fold molar excess of
fluorescence measurements. The excitation wavelength wasNBS over the protein, using 2 mM stock solution of NBS in
set at 295 nm for selective excitation of Trp A 290 nm cutoff the same bufferz4)_ The fluorescence intensity at 340
filter was used to minimize the contribution of scattering 350 nm (depending on the fluorescence emission maximum
signals. Emission spectra were collected from 310 to 380 of the mutant) was monitored at an excitation wavelength
nm, averaging six scans. The bandwidths for both excitation of 295 nm. In each case the fluorescence intensity of the

and emission monochromators were 5 nm. The emissionsame amount of mutant protein without NBS modification
spectra were corrected for the liposome blank (scattering), was used as control.

dilution effects, and inner-filter effects, which at the maximal
lipid concentration used contributed at most 10% to the total RESULTS

signal. The ligand-induced fluorescence change as a function Protein Purification. W457hSGLT1, W460hSGLTL,

of ligand concentration was monitored as described previ- o
ously 3). Apparent binding constants for ligands were WGOZhSGLTl, "?".qd W609hSGLT1'WereT exprgsseﬂm’nm
calculated by the equation pastorisand purified to homogeneity WIFh a yield ef1.5,

1.8, 2.1, and 2.5 mg/L culture, respectively. Proteins were
more than 95% pure as judged by Coomassie staining and
Western blot analysis with anti-FLAG antibody (Figure 1).

) ) ) Transport Properties of Proteoliposomes Containing
where [S] is the external substrate concentratidAmax IS \W457hSGLT1, W460hSGLT1, W602hSGLT1,and W609hSGLT1.
the maxima_l ch_angg in fluorescence intensity for saturating as shown in Figure 2 and Table 1, in proteoliposomes made
[S], andKq is dissociation constant. of hSGLT1, a-MDG uptake in the presence of a sodium
Quenching of Intrinsic Protein Fluorescence by Collisional gradient reached 1874 55 nmol x mg of hSGLTI?! x
QuenchersSteady-state fluorescence quenching was carriedmin?, and the uptake was almost completely blocked by
out by measuring the fluorescence intensities at the emissionphlorizin (301+ 60 nmol x mg of hSGLTI? x min™3).
maxima as a function of the quencher concentrations. When GIrf5” was mutated into T, an 80% decrease in
Increasing concentrations of the quenchers were added fromo-MDG uptake in the presence of sodium (32521 nmol
a concentrated stock solution of the quenchers in the samex mg of W457hSGLT1! x min~') was observed, and
buffer. All quencher solutions were freshly prepared, and inhibition by phlorizin amounted only to 20%. In mutant
0.1 mM NaS,0; was added to the Kl stock solution to W460hSGLT1 which is devoid of THP a-MDG uptake
prevent - formation. The accessibility of Trp was monitored decreased by 66%; again phlorizin was less effective. Mutant
by analyzing the quenching data using a Stevielmer W602hSGLT1 (PH&2— Trp5°9) and W609hSGLT1 (PKe®
equation, — Trp®%9 show almost the same-MDG uptake as the

wherez = the depth of the fluorophore from the center of
the bilayer,L.; = the distance of the center of the bilayer
from the shallow quencher (5-Doxyl PC in our cade),=

AF/AF, .= [SV[S] + K4
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Ficure 1: Coomassie-stained SBPAGE gel and immunoblot
of it with anti-FLAG antibody of purified W457hSGLT1,
W460hSGLT1, W602hSGLT1, and W609hSGLT1.

2100
1800
1500
1200

900

a-MDG Uptake
(nmol/mg of protein x min)

600

300

Ficure 2: Sugar uptake characteristics of proteoliposomes contain-
ing purified recombinant hSGLT1, W457hSGLT1, W460hSGLT1,
W602hSGLT1, W609hSGLT1, A602hSGLT1, or A609hSGLT1
proteins. 50uM o-MDG uptake by proteoliposomes made of
purified hSGLT1, W457hSGLT1, W460hSGLT1, W602hSGLT1,
W609hSGLT1, A602hSGLT1, and A609hSGLT1 transport 1874
+ 55, 375+ 21, 6444+ 25, 1648+ 58, 1685+ 64, 1598+ 88,
and 1650+ 41 nmol x mg of proteim! x min~1, respectively, in
the presence of 100 mM Nand 50uM a-MDG. Sugar transport
for each mutant in different conditions is compiled in Table 1. The
mean= SD of three independent experiments is given.

control (Table 1), and no effect on the inhibitory potential
of phlorizin is evident.

Apparent transport affinities of different sugars for the
recombinant wild type hSGLT1 and the mutants are compiled
in Table 2. Thep-glucoseK, for hSGLT1 was 0.51 mM,
but 1DOglc had a 22-fold lower affinity for the transporter

Biochemistry, Vol. 46, No. 47, 200713619

Table 1: Sugar Uptake by Proteoliposomes Containing hSGLT1 or
Its Mutants in Different Conditioris

o-MDG uptake (nmol/

mg of proteinx min) .\ inition of sugar

sodium sodium+ uptake by phlorizin
protein (control) Phlz (% of control)
hSGLT1 1874+ 55 301+ 60 84
W457hSGLT1 375t 21 295+ 34 22
W460hSGLT1 644t 25 480+ 46 26
W602hSGLT1 1648 58 342+ 25 80
W609hSGLT1 1685t 64 294+ 41 83
A602hSGLT1 1598t 88 1480+ 60 8
A609hSGLT1 1650t 41 1539+ 50 7

aUptake experiments were performed in the presence ofM0
o-MDG, 100 mM Na, and 10QuM phlorizin. The same concentrations
of phospholipids were used in all experiments.

with aKn, of 11.2 mM, indicating the importance of arOH
group at the C1 position of the sugar. TKg for a-MDG
(containing a methyl group in equatorial orientation at the
C1 position) was 0.4 mM (Figure 3). As expected, the most
dramatic change in affinity occurred when the sugar lost its
equatorial—-OH at the C2 position, and th&,, for 2DOglc
was >100 mM, since this equatoriat OH group plays a
major role in sugar recognition by the transporter. 30Mglc
had aKy, of 7.7 mM. The only increase in apparent affinity,
as compared witb-glucose, was found when the equatorial
—OH group at the C4 position was replaced with a stronger
hydrogen bond acceptoefrF (4F4DOglc) with &K, of 0.06
mM. Changing the orientation of the C40H group from
equatorial to axial im-galactose had no effect on its affinity
toward the transporter. Replacing the pyranose O with S in
the ring of the sugar, as in 5Thioglc, increasedkhgo 4.4
mM. The apparent affinity for 6DOglc was determined to
be 3.2 mM.L-glucose, which is a nontransported sugar, does
not interact with transporter. Phlorizin was the most potent
competitive inhibitor of sugar transport with an inhibition
constant of 5uM (Table 2).

For mutant W457hSGLT1 (Figure 3 and Table 2) the
o-MDG affinity decreased 33-fold as compared to the wild
type hSGLT1 from &, value of 0.4 mM (hSGLT1) to 13.3
mM. Other sugars also showed a similar trend in their
respective affinities toward this mutant. This mutant also
shows less inhibition by phlorizin on sugar transport as
compared to the wild type transporter, with an inhibition
constant of 2QuM, which is 4-fold higher than the value
determined for hSGLT1 (xM).

In WA60hSGLT1 (Figure 3 and Table @yMDG affinity
was 13 times lower than in hSGLT1 (5.26rsus0.4 mM).
Similarly the affinity to other sugars was reduced. This
mutant also shows a 3-fold decrease in its affinity toward
phlorizin, with a value of 15«M. However, phloretin, the
aglucone moiety of phlorizin, exhibits affinities toward both
mutants comparable to those of the wild type transporter.
The importance of residues G and Thf¢° on sugar
transport were further signified by the lower maximum
velocity (Vmay values (Figure 3). hSGLT1 showsVeax of
3.4 4+ 0.34umol x mg protein! x min~%, while mutant
WA457hSGLT1 and W460hSGLT1 givevaaxof 1.3+ 0.05
and 1.6+ 0.06umol x mg protein! x min~1, respectively.

On the contrary, W602hSGLT1 and W609SGLT1 show
apparent transport affinities for sugars that are very similar
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Table 2: Summary of Apparent Affinities for Each Sugar in hSGLT1,

WA457hSGLT1, W460hSGLT1, W602hSGLT1, and W609hSGLT1

Km (MM)

ligands changés hSGLT1 W457hSGLT1 W460hSGLT1 W602hSGLT1 W609hSGLT1
D-Glc no 0.51+ 0.02 147+ 1.5 5.97+ 0.8 0.52+ 0.02 0.51+ 0.01
o-MDG —CHs group at C-1 0.4@& 0.05 13.3£1.2 5.26+ 0.06 0.47+0.03 0.46+ 0.02
1DOglc no—OH group at C-1 11.215 60.5+ 4.5 nd 1254+ 1.1 11.8+ 1.3
2D0Oglc no—OH group at C-2 >100 nd nd >100 >100
30Mglc —CHz group at C-3 7.41.8 128.5+ 14.8 65.3+ 7.5 8.0+ 1.6 7.5+ 1.0
p-Gal axial OH group at C-4 0.56 0.03 15.9+ 0.8 6.5+ 1.1 0.57£ 0.05 0.58+ 0.04
4F4DOglc  —F group at C-4 0.06:- 0.01 0.45+ 0.01 0.33+ 0.02 0.28+ 0.01 0.31+ 0.02
5Thioglc —S group in pyranose ring 4#40.8 35.7+ 3.8 nd 4.31.0 44+ 15
6DOglc no—OH group at C-6 3.2 0.5 4.5+ 0.04 4.1+ 0.05 3.6+ 0.07 3.3+ 0.05
Phlz K) phloretin moiety at C-1 0.00% 0.0008 0.02Gt 0.001 0.015t 0.0009 0.005t 0.0007 0.005t 0.0008
L-Glc L-isomer of glucose rfa na na na na

2 All changes are with respect twglucose” Not detected® Not applicable.
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4000- ® W4BOhSGLT1
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Ficure 3: Sugar uptake kinetics of proteocliposomes containing
purified recombinant hSGLT1, W457hSGLT1, W460hSGLT1,
W602hSGLT1, and W609hSGLT1 proteins. Concentration depen-
dence of the sugar uptake after 1 min shdtsvalues of 0.4+
0.05, 13.3+ 1.2, 5.26+ 0.06, 0.47+ 0.03, 0.46+ 0.02 mM and
maximum velocity ¥may of 3.4+ 0.34, 1.3+ 0.05, 1.6+ 0.06,
3.1+ 0.21, 3.2+ 0.30umol x mg proteim? x min~ for hNSGLT1
(m), WA57hSGLT1 @), W460hSGLT1 4), W602hSGLT1 ¥),
and W609hSGLT1 (left-facing solid triangle), respectively. Data
points (shown by symbols) were fitted to the Michaelidenten
equation, as shown by solid line, and the valuesKgf were
determined in the Origin program. All data fitted well in Michaelis
Menten equation withR> = 0.95 indicating the high quality fit of
the nonlinear regression line with the data points.

to those determined for hSGLT1 (Figure 3 and Table 2).
They also exhibit normal inhibitory effects of phlorizin on

sugar transport, with the same inhibition constants as for the

wild type transporter. Mutant W602hSGLT1 and W609h-
SGLT1 also show only a small decreasévimx (Figure 3).
Fluorescence Properties of Mutantp fluorescence has

maxima of both Trp mutants are in the range of 3860
nm, which is typical for a very hydrophilic environment. The
position of the emission maxima for these two mutants fits
very well with the predicted location of these residues in
the extramembranous loop 13 of the transporter.

The effect of different sugars and inhibitors on Trp
fluorescence of each mutant is compiled in Table 3A and
B. p-Glucose quenches Trp fluorescence of mutants W457h-
SGLT1 and W460hSGLT1 by 57% and 36%, respectively;
while phlorizin does so by 50% and 31%. It is worth
mentioning that in the presence pfglucose or phlorizin,
mutant W457hSGLT1 does not show any shift in emission
maxima, while mutant W460hSGLT1 shows-a8nm blue
shift. The mutants also differ with regard to the quenching
of their intrinsic fluorescence by different sugars. Thus
5-thioglucose quenches W457hSGLT1 to the highest extent
whereas the quenching of W460hSGLT1 is most sensitive
to 4—fluor-4-deoxyp-glucose. In order to distinguish which
part of phlorizin, the sugar moiety or aglucone part, is
responsible for fluorescence quenching, we recorded Trp
fluorescence of both mutants in the presence of D
phloretin. A much lower quenching in Trp fluorescence was
found for both mutants (5% for mutant W457hSGLT1 and
6% for mutant W460hSGLT1). As expected, in the presence
of L-glucose both mutants do not show any change in
fluorescence (Table 3A). These results indicate that residues
located in position 457 and 460 are involved, although
probably in a different manner, in sugar recognition/
translocation and provide also a binding site for the sugar
moiety of phlorizin.

In mutants W602hSGLT1 and W609hSGLT1, 10 mM
D-glucose increased the Trp fluorescence by 11% and 14%
without any shift in emission maxima (Figure 4C and D).

been used systematically as an internal reporter to studyVhen Trp fluorescence experiments were performed in the
location, environment, and conformational changes in pro- Presence of 10@M phlorizin or phloretin, fluorescence de-

teins after interaction with ligands and inhibitors. It is well-

creased by 80% and 84% for W602hSGLT1 and W609hSGLT1

known that the emission properties of the indole ring are With 5—6 nm red shifts in emission maxima. These results
very sensitive to changes in microenvironment. WA457hSGLT1 Support the notion that residues PHeand Phe” interact

and W460hSGLT1 exhibit emission maxima at 343 and 340 With the aglucone part of phlorizin, phloretin.

nm, respectively (Figure 4A and B), showing that the indole  The Ky values obtained in the fluorescence titration
ring lies in a moderately hydrophilic environment. This experiments are in general in good agreement with the
finding is quite surprising as these residues are present inrelative affinities Kn, values) of these compounds as assessed
transmembrane domain XI predicted to be buried inside the by transport kinetics (Table 2). For example tRgvalues
membrane4), but this phenomenon has been observed also for p-glucose for mutant W457hSGLT1 and W460hSGLT1
for a few other membrane protein82). The corrected  are 15.1 mM and 6.5 mM respectively; these values are 18-
emission spectra of W602hSGLT1 and W609hSGLT1 are and 8-fold lower than values determined for hSGLT1 (0.84
shown in Figure 4 (C and D, respectively). The emission mM, Table 3A). Most interestingly, again th& values for
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Ficure 4: Effect ofb-glucose or phlorizin on the corrected emission spectrum of (A) W457hSGLT1, (B) W460hSGLT1, (C) W602hSGLT1,
and (D) W609hSGLT1. For each experimeniy/@ protein reconstituted into proteoliposomes in the ratio of 150:1 was incubated in the
absence (solid line), presence of 10 noMylucose (dotted line), or presence of 1@ phlorizin (dashed line). The excitation wavelength
was 295 nm. The results shown are typicak&f0 independent experiments. All of the spectra were corrected as described in Experimental
Procedures; a.u., arbitrary units.

phlorizin for W457hSGLT1 and W460hSGLT1 were 28| 5-thioglucose Kq = 39.1 mM) induced a maximum quench-
and 17uM, respectively; these values indicate that phlorizin ing of ~75%, while high-affinity substrate-glucose Kq =
binding with both mutants is 5- and 3-fold weaker than in 15.1 mM) and high-affinity inhibitor phlorizinky = 25 uM)
the wild type transporter. However, for saturating concentra- quench only 57% and 50% Trp fluorescence. Saturating
tion of phloretin both mutants show less fluorescence concentration of phloretin quenches 20% Trp fluorescence
quenching than hSGLT1 but the{y values are comparable of hSGLT1, 5% of W457hSGLT1, and 6% of W460hSGLT1
(Table 3A). Changes in thKy values for other ligands for  fluorescence, but ity values remains unaltered for all three
both mutants follow the same trend as previously seen in proteins. For mutants W602hSGLT1 and W609hSGLT1
transport studies (Table 2). The intense effects onkhe  saturating concentrations of phlorizin and phloretin quench
values for sugars and phlorizin due to replacement of Gln at Trp fluorescence up to equal extents (Table 3B) but their
position 457 and Thr at position 460 by Trps clearly binding affinities differ by at least 8-fold. These discrepancies
underline the importance of these residues in sugar bindingare most probably due to the different naturekgfand K,
and providing binding sites for the sugar moiety of phlorizin. valuesKy values represent binding constants obtained under
For mutants W602hSGLT1 and W609hSGLT1 tKke equilibrium conditions whereds, values represent apparent
values for different sugars and inhibitors exactly mirror the affinities of the complex overall translocation process.
values obtained for hSGLT1 (Table 3A and B). The extent  Trp Fluorescence Quenching of Mutants by Acrylamide,
of quenching or increase induced by saturating concentrationsKl, and TCE in the Presence and Absence-d@$lucose or
of various ligands did not uniformly appear to correlate with Phlorizin. The quenching of Trp fluorescence for different
the affinity of the ligands for binding to different mutants. mutants of hSGLT1 in the absence and presence of substrates
For example, in mutant W457hSGLT1 low-affinity substrate and inhibitors using water-soluble quenchers (acrylamide,
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Table 3: Binding Affinity of Different Ligands with hSGLT1 and Its Different Mutants as Determined by Change in Intrinsic Fluoréscence

A.hSGLT1, WA57hSGLT1, and W460hSGLT1

hSGLT1 WA457hSGLT1 W460hSGLT1
ligands AF (%) K (mM) AF (%) K (mM) AF (%) K (mM)
D-Glc +13.0+ 1.0 0.84+ 0.15 —57.0+6.3 15.1+1.2 —36.5+4.0 6.5+ 1.2
o-MDG +15.0+ 3.5 0.71£ 0.10 —58.1+4.7 12.0+0.98 —37.0£35 6.1+ 0.5
1DOglc +1.14+0.2 14.3£ 2.5 —-10.3+1.2 65.7+ 3.5 no no
2D0Oglc no no no no no no
30Mglc +2.6+ 0.5 8.1+ 0.97 —-59+1.0 119.9+10.3 —-3.0+£0.2 75.1+£ 8.3
p-Gal +12.0+ 2.3 0.86+ 0.11 —57.2+5.0 158+ 1.1 —36.9+ 3.9 75+1.4
4F4DOglc +25.0+ 4.2 0.15+ 0.03 —65.0+ 4.5 0.51+ 0.02 —86.3+ 3.9 0.30+ 0.04
5Thioglc +6.5+ 0.4 49+ 1.3 —75.0£ 2.0 39.1+ 2.6 —5.0£1.0 no
6DOglc +7.3+1.0 3.7£0.79 —-10.8+ 1.7 4.9+ 0.7 —12.0+1.0 4.5+ 0.4
Phlz —50.0£5.0 0.005+ 0.0005 —50.1+ 45 0.025+ 0.003 —31.0+£ 3.0 0.017+ 0.001
Phlo —20.0+ 3.0 0.045+ 0.007 —-5.0+0.7 0.043+ 0.003 —6.0+1.0 0.041+ 0.003
L-Glc no no no no no no
B. W602hSGLT1 and W609hSGLT1
W602hSGLT1 W609hSGLT1
ligands AF (%) K (mM) AF (%) K (mM)
D-Glc +11.3+1.2 0.89+ 0.05 +14.1+ 2.0 0.72+ 0.04
o-MDG +11.9+1.0 0.083+ 0.03 +16.3+ 2.0 0.66+ 0.02
1DOglc no no no no
2D0Oglc no no no no
30Mglc no no no no
p-Gal +10.0£1.2 0.85+ 0.07 +13.4+ 1.5 0.75+ 0.01
4FADOglc +13.0+ 2.0 0.12+0.01 +18.5+ 25 0.10+ 0.01
5Thioglc no no no no
6DOglc +2.0+0.2 no +1.5+0.1 no
Phliz —80.1+ 10.0 0.0045+ 0.0011 —84.3+11.7 0.0041 0.0009
Phlo —80.0+ 12.9 0.040+ 0.006 —83.3+13.9 0.034+ 0.008
L-Glc no no no no

aPlus sign 4)/minus sign €) indicate increase/decrease in the fluorescence intensity after addition of kgemelapparent equilibrium dissociation
constant Kq) was determined from the nonlinear regression analysis of the percentage of fluorescence increase or decrease as a function of ligand
concentration using a computer-based analysis program (Origin). Values are the-m8ansf three independent experiments.

Table 4: Sterr-Volmer Quenching Constant&¢y) of hSGLT1, W457hSGLT1, W460hSGLT1, W602hSGLT1, and W609hSGLT1
Reconstituted into Proteoliposomes in Different Conditions

Ksv® (MY
in the presence of

in the absence in the presence of in the presence of

mutants of ligand? 10 mMb-glucosé 100uM phlorizinc 100uM phloretirf
A. Acrylamide
W457hSGLT1 2.03: 0.03 0.76+ 0.01 1.13+0.01 2.16+ 0.02
W460hSGLT1 1.74+ 0.02 0.464+ 0.01 1.02+ 0.02 1.83+ 0.02
W602hSGLT1 3.95+ 0.08 3.45+ 0.09 1.174+0.03 2.03+0.01
W609hSGLT1 4.02t 0.07 3.63+ 0.07 1.204+ 0.02 1.58+ 0.03
B. Kl
W457hSGLT1 1.08t 0.02 0.59+ 0.02 0.79+ 0.03 1.164+ 0.02
W460hSGLT1 0.72+ 0.01 0.34+ 0.01 0.50+ 0.01 0.85+ 0.05
W602hSGLT1 2.7H 0.04 2.52+ 0.06 1.094+ 0.03 1.474+0.03
W609hSGLT1 2.9Gt 0.03 2.49+ 0.04 0.98+ 0.02 1.55+ 0.05
C.TCE
W457hSGLT1 2.88t 0.02 0.88+ 0.02 1.214+0.01 2.95+ 0.05
W460hSGLT1 1.95+ 0.02 0.52+ 0.01 1.13+0.03 2.05+ 0.02
W602hSGLT1 4.69t 0.09 4.36+ 0.06 1.394+ 0.02 2.03+ 0.06
W609hSGLT1 5.66+ 0.07 5.32+ 0.07 1.694+ 0.04 2.23+ 0.05

aQuenching experiments were conducted in the absence of li§&uknching experiments were conducted in the presence of 10-giMcose.
¢ Quenching experiments were conducted in the presence qfNIQghlorizin. ¢ Quenching experiments were conducted in the presence qfNIO0
phloretin.® The Sterr-Volmer quenching constants were determined from the slopes of the lifegFof= 1 + Ks\[Q]. Values are the meait
SD of three independent experiments.

iodide, or TCE) provides further means to examine the and W460hSGLT1 show moderate quenching by acrylamide
environment and functional role of the Trp residues. All with Ksy values of 2.03 M! and 1.74 M?! (Table 4A). In
experimental data fitted linear SterWolmer plots for the presence af-glucose and phlorizin both mutants show
collisional (dynamic) quenching, thereby excluding a con- a drastic decrease in quenching with much smé&ligrvalues
tribution from static quenching. The Steriolmer constants ~ (Table 4A). On the contrary, in the presence of phloretin,
forallmutants are compiledin Table 4. Mutants WA57hSGLT1 which lacks the sugar moiety of phlorizin, both mutants show
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Table 5: NBS Oxidation of Different hSGLT1 Mutants Reconstituted

into Proteoliposomes

residual fluorescence (%)

conditions W457hSGLT1 W460hSGLT1 W602hSGLT1 W609hSGLT1
no NBS 100 100 100 100
NBS 0 0 0 0
D-Glc + NBS? 91 88 0 0
L-Glc +NBS 0 0 0 0
Phlz+ NBS® 88 75 71 65
Phlo+ NBS! 0 0 62 55

aNBS modification experiments were carried in the presence of 10 oviuicose® NBS modification experiments were carried out in the

presence of -glucose. NBS modification experiments were carried o
were carried in the presence of 1M phloretin.

ut in the presence ofud@@hlorizin. ¢ NBS modification experiments

higherKsy values than in the absence of ligands (Table 4A).
The higheKsy values might indicate conformational changes
in other parts of the transporter that make “Pfand Tr#e°
more accessible for acrylamide.

The much highelKsy values for acrylamide quenching
obtained for mutants W602hSGLT1 and W609hSGLT1 point
to a very high degree of solvent exposure for *ft@nd
Trpé% (Table 4A). Importantly, there are significant reduc-
tions inKsy values for mutants W602hSGLT1 and W609h-
SGLT1 in the presence of phlorizin (70% less quenching)
and phloretin (48% and 54% less quenching for®%pnd
Trpt%9). Mutants W602hSGLT1 and W609hSGLT1 show,
however, only 16-12% less quenching in the presence of
D-glucose. In the presence i6fglucose (data not shown) no
reduction in theKsy values for all four mutants was observed.

To provide further information on polarity and charge of

acids 602 and 609 form part of the binding sites for phloretin,
the aglucone moiety of phlorizin.

To confirm that the different transporter mutants were
reconstituted in the proteoliposomes in one orientation, we
constructed the single Trp mutant of hSGLT1, W66hSGLT1.
Based on topology models of hSGLT1, this Trp residue is
present on the membrane face opposite to Trp 457 or 460.
When we performed NBS oxidation of the Trp residue of
W66hSGLT1 reconstituted into liposomes, we did not get
any significant fluorescence quenching. This indicates that
Trp 66 is not accessible for NBS modification due to its
different position within the transporter and location in the
proteoliposomes. However, in solution or in proteoliposomes
treated by 4 mM CHAPS detergent, this Trp is completely
oxidized by 5-fold molar excess of NBS within 1 min. This
result clearly indicates that, on the one hand, NBS, at least

the region surrounding the fluorophore, we used also Kl and in the current experimental setup, does not penetrate the
trichloroethanol. Thé&sy values for all four mutants for Kl membrane and, on the other hand, all proteins were
were less as compared to acrylamide or TCE probably duereconstituted in one orientation in the membrane. These
to the charged nature of this quencher as Trps in all mutantsresults support the view that all mutants investigated in this
have a negatively charged amino acid nearby. TCE, which study, when incorporated into proteoliposomes, assume only
is neutral and a less polar quencher than acrylamide, showsone orientation within the membrane (see Discussion for
the highesKsy values for all four proteins, indicating that  further evidence).
the Trp residues are located in an environment which also As reported in the literature NBS can brominate unsatur-
contains some hydrophobic elements. ated lipids 83) and break down the lipid bilayer. To test the
N-Bromosuccinimide Oxidation of Different Mutants Re- possibility that proteoliposomes in the current experimental
constituted into Proteoliposomes in the Presence and Ab-design are not stable after treatment with NBS, we performed
sence ofp-Glucose or Phlorizin.Since the fluorescence calcein release assays from proteoliposomes containing
emission maxima and fluorescence quenching studies of themutant protein after NBS treatment. 25 or 26M NBS
four mutants of hSGLT1 suggested that the Trps are locatedtreatment of proteoliposomes filled with calcein dye did not
in recognition sites with accessibility from the extravesicular yield any increase in calcein fluorescence even after incuba-
space, we performed NBS oxidation studies of the Trp tion for 1 h after NBS treatment. Detergent treatment of
mutants in the presence and absencebgflucose and calcein containing proteoliposomes lead instantaneous in-
inhibitors. In the presence of a 5-fold molar excess of NBS crease in calcein fluorescence. Those results clearly indicate
over transporter protein, Trp fluorescence of all mutants was that proteoliposomes are stable after treatment with NBS
completely quenched within 1 min after NBS addition (Table even at a 10-fold higher concentration than that used for the

5). Furthermore, Tr{5” and Trg%%in mutant W457hSGLT1

and W460hSGLT1 were almost completely protected against

NBS modification by saturating concentrationsedlucose
or phlorizin (Table 5). However, phloretin arglucose did

fluorescence experiments.

Membrane Penetration Depth of Mutant Trps in Recon-
stituted Liposomed.o gain further and more precise insight
into the membrane localization of the Trp residues in the

not provide any protection against NBS modification. On different hSGLT1 mutants, average penetration depths of the
the contrary, in mutants W602hSGLT1 and W609hSGLT1, Trp residues were determined by the parallax method. To
saturating concentrations of phlorizin or phloretin provided this end we studied quenching of the Trp fluorescence for
the same protection against modification by NBS (Table 5), the four mutants reconstituted into POPC liposomes contain-
but no protection by-glucose was observed. These results ing 5-Doxyl PC or 12-Doxyl PC. The average depths of

further support the notion that the area around amino acidspenetration of the Trp residue determined for the different
457 and 460 is part of the-glucose recognition/translocation hSGLT1 mutants are compiled in Table 6. The Trp residue
pathway and provides a binding site for the sugar moiety of in the W457hSGLT1 protein is, on the average, positioned
phlorizin as well. On the other hand, positions near amino at a relatively shallow location in the membrane as evidenced
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of the proteoliposomes. However, this Trp residue is
completely accessible for NBS oxidation in solution as well
as in detergent treated proteoliposomes, which ruled out the
possibility that this residue is buried in the protein and

Table 6: Depth-Calculation of Trp Residue Locations in hSGLT1
Mutants Reconstituted into Liposomes (Parallax Method)

distance of Trp
from the bilayer

mutant Fs/Fo FiJ/Fo  FsfF1»  center (A) therefore not accessible to NBS. These data further reduce
W457hSGLT1 0.75- 0.08 0.714+0.03 1.05 10.8- 0.5 the possibility that hNSGLT1 and its mutants studied in this
W460hSGLT1 0.56£0.01 0.78+0.05 0.72 7.4-0.3 work are reconstituted in more than one orientation, as does

the fact that NBS could quench the fluorescence of all four
mutants reconstituted in the proteoliposomes completely
(Table 5).
As reported in previous studies, forwa2B( 37, 39, 43—
45) and reverse transport mode#0( 41, 46) of hSGLT1
tion of the Trp residue in WA57hSGLT1. Thus, Tfshows show completely different transport kinetics. In the current
' study we wanted to assess functional properties of the

the same localization as Gk which in previous studies ‘ dt  mode. i tside to insid d add
(4, 34) has been postulated to be localized in transmembrane orwarg transport mode, 1.€., outside 1o Inside, and address
ligand kinetics and critical amino acids involved in this

helix XI at the interface between the membrane and the

aFs andF, Trp fluorescence intensity in POPC-containing vesicles
containing 5-Doxyl PC or 12-Doxyl PC quenchers in 15 mol %.

from the average distance of 10.8 A from the center of the
bilayer. This value is consistent with an interfacial localiza-

extracellular fluid.

On the other hand, the average distance from the cente
of the bilayer of Trg8%in the W460hSGLT1 mutant is only
7.4 A (Table 6), indicating a deeper localization. Since for

r

process on the external side of the transporter; therefore we
decided to perform transport kinetics and fluorescence studies
of hSGLT1 and its mutants in sealed vesicles, in the absence
of substrates on the trans side. In the future, reconstitution

of transporter in the presence of sugars could be used to study
conformations in the equilibrium exchange mode of the
carrier.

In the transport studies reported above recombinant wild
type hSGLT1 reconstituted into proteoliposomes shows
transport characteristics very similar to the values reported
in previous electrophysiological studi€®) performed after
expression of the transporterXenopus lagis oocytes. Since
it was recently demonstrated from our groudy) that a
hSGLT1 mutant devoid of its 14 native Trps shows identical
general transport properties as the wild type transporter, we
thought it to be justified to use the wild type hSGLT1 for

In the current study all experiments were performed with comparison with different mutants in this study.
recombinant hSGLT1 or mutants after reconstitution. For  In mutant W457hSGLT1, where Gftis replaced by Trp,
protein reconstitution the detergent destabilization method the apparent affinities for different sugars decreased 10- to
was used 23, 28, 35). This method sometimes leads to 30-fold, possibly due to the loss of specific interactions with
scrambled or inside-out orientation of the transporters as GIn**’. This mutant also shows a marked decrease in
reported by for example Meyer-Lipp et aB@) in melibiose phlorizin affinity (Table 2), which clearly indicates that
permease reconstitution experiments. In our case it seem$-glucose and phlorizin share common binding sites and
that the transporters are exclusively reconstituted in a right- GIn*7 forms part of it. These conclusions are further
side-out orientation due to following reasons. First, hNSGLT1 supported by the Trp fluorescence and NBS modification
shows transport kinetics and effects of phlorizin that have studies. In fluorescence studieglucose and phlorizin, but
been reported previously for the right-side-out orientation not the aglucone phloretin, quenched Trp fluorescence to the
of hSGLT1 @3, 37—39), as hSGLTL1 in inside-out orientation  same extent (Figure 4A) and both provide protection against
shows completely different transport kinetic parameté€s ( acrylamide, Kl, and TCE quenching (Table 4). NBS modi-
41). Second, the complete oxidation of the Trp in all mutants fication experiments (Table 5) showed similar results. The
by N-bromosuccinimide-a reagent not penetrating the parallax method revealed an interfacial location for“¥fp
membrane at least under the experimental conditions em-at 10.8 A (Table 6) from the center of the bilayer; a similar
ployed-indicates that all Trps are facing to the extravesicular location for this residue has been postulated in previous
space. Third, results of trypsin bead digestion experimentsstudies 4, 34).
on recombinant hSGLT1 reconstituted in liposomes yielded Mutant W460hSGLT1 shows the same trend for sugar
only peptides, which matched with peptides from the affinities as discussed above for W457hSGLT1, although the
N-terminal domain, loop 7, and loop $2), which in decrease in affinities is only on the order of 8- to 10-fold
previous studies had been reported to have an extracellularfor sugars and 3-fold for phlorizin (Table 2). Nevertheless,
orientation 4, 34). the effects of sugars and phlorizin on Trp fluorescence (Table

Further support for this notion that indeed transporter was 3), the protection against quenching of Trp fluorescence by
reconstituted in membrane in one orientation came from NBS collisional quenchers in the presencebefjlucose or phlo-
inability to modified Trp residues in W66hSGLT1 mutant rizin (Table 4), and the shielding of Trp against NBS
(parallax method shows average distance of 11 A from the modification in the presence ofglucose or phlorizin (Table
center of bilayer, data not shown). This result indicates that 5) suggest that also Trp 460 is located in an area that forms
in the current experimental setup NBS could not have part of the binding sites fas-glucose and the sugar moiety
modified Trp residues which are supposed to face the lumenof phlorizin.

the lipids used in these experiments the thickness of the
hydrocarbon region of the monolayer is assumed to be 15
A, a depth of 7.4 A from the center of the bilayer actually
corresponds to the level of the tenth carbon atom of the fatty
acyl chain of the phospholipid. As expected from the results
reported above, we did not observe any quenching of Trp
fluorescence of W602hSGLT1 or W609hSGLT1 mutants
(data not shown) in these experiments, which confirms that
Trpé%2 or Trp®®° are not located within the lipid bilayer.

DISCUSSION
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Mutants W602hSGLT1 and W609hSGLT1, modified in group at the C4 position ob-glucose. Similarly Gin in
loop 13, show almost the same transport properties and theposition 457 has been postulated from kinetics and amino
same effects of phlorizin on sugar transport as the wild type acid sequence comparison to form hydrogen bonds with the
(Table 2). The positions of the Trp fluorescence emission C1 and C5 oxygen atonB). These assumptions can now
maxima indicate a location of these residues in a very also be partly confirmed since 5-thioglucose exerts the
hydrophilic environment; these observations are in excellent strongest effect on the fluorescence of W457hSGLT1 with
agreements with Trp scanning studie&l)( on isolated a Kq value of 39.1 mM.
truncated loop 13 from rabbit SGLTL1. In the presence of In the current studies, after the introduction of Trp at
phlorizin both mutants exhibit a very strong quenching in positions 457 and 460, hSGLT1 is evidently still able to
Trp fluorescence with 45 nm red shift in the emission  establish hydrogen bonds with sugars similar to the observa-
maxima (Figure 4C and D). Both mutants also show tions with Glutl £4). It seems, however, that in the mutated
protection against collisional quenchers and NBS modifica- hSGLT1, due to the bulky size of the Trp residue as
tion in the presence of phlorizin and phloretin (Table 5). compared to those of Gln or Thr, the arrangement of the
Taking all these results together, it is evident that®%and hydrogen bonds is distorted. This might explain the low sugar
Trps%° provide binding sites for the aglucone part of phlorizin  affinities of mutant W457hSGLT1, and W460hSGLT1, but
and phloretin. per se does not exclude the conclusions presented above,

Based on these results the question arises, why we didsince sodium dependeniglucose transport is observed for
not observe a change in the inhibitory potency of phlorizin all mutants. Hydrodophobic interactions between sugar and
when the phenylalanine in these mutants was replaced withdifferent aromatic residues (Trp, Phe, and Tyr) are also
tryptophan. We, therefore, constructed two new mutants widely known as important for sugar recognition and have
containing Ala at positions 602 and 609, and performed been postulated for the sugar moiety of phlorizin in phar-
transport studies. These mutants exhibit almost identical macophore model studie$8). In lactose permease of
transport characteristics for sugars (see Figure 2), but a veryEscherichia coli Trp!®! (32, 59, 60) plays important role in
drastic decrease in the affinity for phlorizin was observed. sugar recognition by hydrophobic stacking. The presence of
A602hSGLT1 and A609hSGLT1 shok values of 58 and  aromatic amino acids in sugar binding sites in yeast Gal2
45 uM versusb uM determined for h\SGLT1, W602hSGLT1, transporter§l), rat Glutl transporter6Q), lectins 63), and
or W609hSGLT1. These results underline the importance sugar-specific poringd) has also been reported. Thus, it is
of the presence of aromatic amino acids in the phlorizin quite surprising that in hSGLT1 mutation of all native Trp
binding sites. into Phe does not affect transport kinetics of mutant

In the presence af-glucose both mutants exhibited also  WOhSGLT1 Q7). One possible reason for the similar
a small protection against collisional quenchers, but no transport kinetics exhibited by wild type hSGLT1 and its
protection against NBS oxidation was observed. The small Trp-less mutant WOhSGLT1 might be that the replacement
change in conformation of this area in loop 13 in the presence of amino acids is conservative in nature (FrpPhe). The
of p-glucose might be indirect but expected when loop 13 C-terminal 5-helices in hSGLT1 contain a large number of
is indeed part of the vestibule for sugar binding of SGLT1 aromatic residues (5 Trp, 10 Phe, and 4 Tyr), providing
as postulated recently). potential interaction sites with the sugar; how and to what

Molecular Basis ob-Glucose Recognition/Translocation. extent these amino acids influence sugar binding and
Importance of hydrogen bonds for sugar interaction and specificity in hSGLT1 remains to be determined.
transport for different transporters or sugar binding proteins A Refined Model for Sugar Recognition and Phlorizin
have been reported in the literatu48{-56). Our results Binding. Based on our current results we can propose a
clearly underline the importance of residues‘@&land Thf®0 refined hypothetical model for sugar recognition and phlo-
in D-glucose recognition/translocation through hSGLT1. rizin binding (see Figure 5). According to this mechanism
Conservation of GIf#” and Thf6%in all known SGLT1 from residues GIft” and Thf¢®are present in a water-filled cavity,
different species (see Supplementary Figure 1, Supportingwhich can open toward the periplasm. This water filled cavity
Information) also supports this assumption. Previous work forms part of the sugar binding and translocation pathway.
by Diez-Sampedro et al3) assumed that hydrogen bond Presence and importance of aqueous channel in sugar
donation to the protein from Thr 460 to the C4 OH-group permeation paths have also been reported for SGLT1 and
of the sugar is one of the major determining factors for sugar human Glut 1 %4, 57, 65—67). Sodium binding to the
binding. Our transport experiments on recombinant hSGLT1 transporter leads to conformational changes, which result in
strongly support this fact as 4F4DOglc had a strikingly lower opening of this cavity to the extracellular face of the
Km compared withp-glucose (6-fold higher affinity). The = membrane (outward-facing conformation). This event has
orientation of the acceptorOH group, however, does not been recently demonstrated directly in single molecule
appear to be important because the 4-epimeghkicose and recognition studies using substrate poised AFM ti@8).(
p-galactose had similar affinities. This suggests that the The transporter thereby interacts via Ginby hydrogen-
residue is not acidic, as commonly found in sugar-binding bond bonding to O1 and O5 of the sugar; binding to*¥hr
proteins, which do not discriminate between epimég ( takes place by donation of a hydrogen bond to O4 of the
52), but contains eithe—OH or NH, group 67). The sugar.
important role of the amino acid in this position is now In addition, there is an interaction of the aglucone moiety
demonstrated directly at the isolated carrier level as 4F4DOglcof phlorizin with amino acids in the region 602 to 609.
guenched Trpfluorescencetothe largestextentin W460hSGLT1Thereby a binding pocket is created which as predicted from
with a Ky value of 0.30 mM (Table 3A). Thus it is quite the studies by Wielert-Badt et al5§) is larger than the
probable that THfC forms a hydrogen bond with theOH glucose binding pocket. Wielert-Badt et al58f also
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Ficure 5: Hypothetical scheme of major interaction sites between phlorizin and hSGLT1. The sugar moiety of phlorizin interacts with
residues Glff’and Thf® present in TMH XI probably by the same hydrogen bond interactiomsglacose does; the aromatic ring A of

the aglucone interacts with PR&Phe&%2 and ring B makes contact
hSGLTL1. (For details see Discussion.)

concluded that in addition to hydrophobic interactions
hydrogen bond formation at the 4 and 6-OH groups of the
aromatic ring A are essential for phlorizin binding. The red
shift in the fluorescence emission maximum of W602hSGLT1
and W609hSGLTL1 in the presence of phlorizin indicates a

with PH#Phe&0% both are present in the extracellular loop 13 of

part of the phlorizin binding site whose dimensions have been
estimated to be 10< 17 x 7 A. This requires that the
domains of loop 13 between 602 and 609 have to come into
very close vicinity to the membrane when the carrier
phlorizin complex is formed. Such a “contraction” of the

transition from an ordered state to a less ordered state oftransporter has been implied already in the single molecule

loop 13 of hSGLT1. A similar finding for different Trp

recognition experiments by Wielert-Badt et @9 and by

mutants of truncated loop 13 has been reported in previousthe studies on the conformation of recombinant hSGLT1 in

studies from our group2(l). However, the shift in the
maximum of Trp fluorescence toward a longer wavelength
could also be caused by a strong interaction of phlorizin-
associated water with loop 13 of hSGLT1. Such a complex
between phlorizin and water molecules can be formed by
H-bonding betweer-OH groups of phlorizin aromatic ring
A. The aromatic ring B of phlorizin interacts probably with
residue Ph®7Phé%. The results of our photolabeling
experiments on truncated loop 13 of rabbit SGLT1 with
3-azido phlorizin with the reactive azido group on ring B
suggest an interaction at this positid?i). In intact rabbit
SGLT1 a similar location for phlorizin binding sites has been
reported {8, 20). However, a recent study from Gagnon et
al. (19) on hSGLT1 claimed that the phlorizin binding site

solution and after reconstitution into proteoliposom2s, (
24). Clearly these considerations have to be verified
falsified—by crystallization studies which unfortunately have
been possible thus far only for a limited number of membrane
transporters49, 50).

SUPPORTING INFORMATION AVAILABLE

Supplementary Figure 1 showing the amino acid sequence
alignment of SGLT1 from different species. Sequences are
identified with the NCBI accession numbers, and sequence
alignments are performed by using the ClustalW program
(http://www.ebi.ac.uk/clustalw). This material is available
free of charge via the Internet at http://pubs.acs.org.

is not located between residues 602 and 611. The discrepanCkEFERENCES

between our current study and the results of Gagnon et al.
(19) might be that in their studies residues PRand Ph&"
were not investigated directly and separately.

Thus, in summary, the binding site for the aglucone moiety
for phlorizin is located between residues 602 and 609, where
Pheé%2 and Ph&” form part of the binding site; in this region
ring A interacts with Ph&YPhé°2via hydrogen bonds; ring
B does so with PH&% Phé® via hydrophobic interactions.
The sugar moiety of phlorizin is free to interact with &l
and Thf®° residues present in the-glucose binding site
(Figure 5). The proposed mechanism can easily explain
competitive inhibition of sugar transport by phlorizin and
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