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ABSTRACT: Recently, we identified the extramembranous C-terminus loop 13 of SGLT1 as a binding site
for the aromatic glucoside phlorizin, which competitively inhibits sodiumD-glucose cotransport. Alkyl
glucosides are also competitive inhibitors of the transport. Therefore, in this study, we searched for potential
binding sites for alkyl glucosides in loop 13. To this end, we synthesized a photoaffinity label (2′-Azi-
n-octyl)-â-D-glucoside and analyzed the region of attachment using MALDI mass spectrometry, producing
wild-type recombinant truncated loop 13. Furthermore, we prepared four single-Trp mutants of the loop
and determined their fluorescence, its change in the presence of alkyl glucosides, and their accessibility
to acrylamide. Photolabeling of truncated loop 13 with (2′-Azi-n-octyl)-â-D-glucoside revealed an attachment
of the C2 group of the alkyl chain to Gly-Phe-Phe-Arg (amino acid residues 598-601). In the presence
of n-hexyl-â-D-glucoside, all mutants (R601W, D611W, E621W, and L630W) exhibited a significant
decrease in Trp fluorescence with an apparent binding affinity of 8-14 µM. Only L630W exhibited a
significant blue shift, and only in R601W was a change in acrylamide quenching (protection) observed.
No quenching or protection was found forD-glucose; however, 1-hexanol produced the same results as
n-hexyl-â-D-glucoside. The interaction shows stereoselectivity forn-hexyl-â-D-glucoside binding; the
â-configuration of the sugar moiety at C1, thecis conformation of the unsaturated alkenyl side chain in
the C3-C4 bond, and the alkyl chain length of six to eight carbon atoms lead to an optimum interaction.
A schematic two-dimensional model was derived in which C2 interacts with the region around residue
601, C3 and C4 interact with the region between residues 614 and 619, and C6-C8 interact with the
region between residues 621 and 630. The data demonstrate that loop 13 provides binding sites for alkyl
glucosides as well as for phlorizin; thus, loop 13 of SGLT1 seems to be a major binding domain for the
aglucone residues of competitiveD-glucose transport inhibitors.

Ion-coupled cotransport systems are critically involved in
the absorption and secretion of inorganic and organic solutes
across epithelia (1-3). Na+ D-glucose cotransporters (SGLTs)
play a major role inD-glucose absorption by utilizing the
inwardly directed Na+ ion gradient as a driving force for
the accumulation of sugars across the brush border membrane
of kidney proximal tubules and the small intestine. Recently,
SGLT11 has been identified as a potential target in the
treatment of diabetes, and inhibitors of the transporter are
therefore of renewed interest (4, 5). The cotransport system
is inhibited by glucosides with either aromatic or aliphatic
aglucone residues. Recently, we showed that phlorizin, an
aromatic glucoside, binds to recombinant loop 13 of SGLT1

via the aromatic aglucone moiety, inducing conformational
changes in the loop (6, 7) predominantly in the region of
amino acids 600-611.

Alkyl glucosides, also, have been demonstrated to inhibit
sodium D-glucose cotransport in brush border membrane
vesicles (8, 9). In the study presented here, we therefore
asked whether alkyl glucosides also bind to loop 13 of
SGLT1 and, if so, whether they interact with the same amino
acids. For this purpose, we expressed and purified the
truncated loop 13 and performed photoaffinity labeling with
a newly synthesized diazirino analogue of octyl glucoside,
(2′-Azi-n-octyl)-â-D-glucoside, in Vitro. Furthermore, we
conducted fluorescence measurements of loop 13 mutants
in which Trp residues were placed at different positions of
the loop as reporter groups.

In the photoaffinity labeling experiments, a binding of C2
of the alkyl chain to the area between amino acids 598 and
601 of loop 13 was identified. The fluorescence signals
confirmed this binding region and revealed further inter-
actions in the area between amino acids 614 and 619 and at
amino acid 630. Thus, loop 13 also provides, indeed, a
binding region for alkyl glucoside; the areas of interaction
and the conformational changes induced differ, however,
significantly from those found for phlorizin. This opens new
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possibilities for a model-guided synthesis of glucose transport
inhibitors.

EXPERIMENTAL PROCEDURES

Materials.Chemicals used in synthesis were reagent grade
and purchased from either Fluka (Neu-Ulm, Germany) or
Aldrich (Steinheim, Germany), including EDTA, Tris base,
glycine, NaCl,L-Trp, phlorizin,n-hexyl-â-D-glucoside,trans-
n-3-hexenyl-â-D-glucoside,cis-n-3-hexenyl-â-D-glucoside,
n-octyl-â-D-glucoside,n-decyl-â-D-glucoside, 1-hexanol, iso-
propyl-â-D-thiogalactopyranoside, and 2,5-dihydroxybenzoic
acid.

Chemical Synthesis.The chemical synthesis of (2′-Azi-
n-octyl)-â-D-glucoside (4) is shown in Figure 1.n-Octanol-
1,2-diol was used as the starting material. Instrumentation
and abbreviations were used as described previously (9).

2-Oxo-n-octanol-1 (1). n-Octanol-1,2-diol (10.0 g, 68.4
mmol) was used as a starting material and dissolved in 50
mL of acetic acid. A solution of sodium hypochlorite (60
mL, 13%, 118 mmol) was added dropwise at room temper-
ature over a period of 30 min to a stirred solution of
n-octanol-1,2-diol. The reaction mixture was further stirred
for 3 h atroom temperature, diluted with 200 mL of water,
and extracted three times with 75 mL of dichloromethane.
The organic phase was separated and neutralized three times
with 100 mL of a saturated solution of sodium hydrogen
carbonate. The combined dichloromethane extracts were
washed with 100 mL of water, dried with MgSO4, and
evaporatedin Vacuo to yield 7.95 g (81%) of1 as a syrup:
TLC (EA-PE, 1:1)Rf ) 0.48; IR Vmax (film) 1700 (CdO),
3400 cm-1 (OH); 1H NMR (CDCl3, 500 MHz) δ 0.89 (t,
3H, H-8), 1.29 (m, 6H), 1.63 (m, 2H), 2.41 (t, 2H, H-3),
3.26 (s, 1H, OH), 4.24 (s, 2H, H-1);13C NMR (CDCl3, 125.8
MHz) δ 14.01, 22.49, 23.73, 28.91, 31.52, 38.46 (C-3-
C-8), 68.13 (C-OH), 210.03 (CdO).

2-Azi-n-octanol-1 (2). A stream of dry NH3 was introduced
into a solution of 2.84 g (19.7 mmol) of1 in 150 mL of dry
ME at -30 °C until the volume of the reaction mixture
increased∼20%. Then, 3.8 g (33.7 mmol) of hydroxylamine-
O-sulfonic acid was added in small portions over a period
of 1 h to thevigorously stirred mixture. The suspension was
stirred for 3 h at -30 °C, allowed to warm to room
temperature and held there for 18 h, filtered, and concentrated
in Vacuo. A solution of the residue in 100 mL of dry ME
containing 20 mL of triethylamine was cooled to 0°C, and
iodine was added until the red color persisted. The solution
was then concentrated, and the syrup was dissolved in 100
mL of dichloromethane. The organic phase was separated
two times with 50 mL of a sodium thiosulfate solution (5%)
with vigorous shaking. The combined organic extracts were
washed two times with 50 mL of water, dried with MgSO4,
evaporatedin Vacuo, and purified by column chromatography
(5 cm× 17 cm, EA-PE, 1:3) to give 2.08 g (68%) of crude
2: TLC (EA-PE, 1:1)Rf ) 0.56,λmax (ME) ) 344 nm (log
ε ) 1.81); IR Vmax (film) 3350 cm-1 (OH; no CdO); 1H
NMR (CDCl3, 500 MHz)δ 0.87 (t, 3H, H-8), 1.13 (m, 2H),
1.27 (m, 6H), 1.45 (t, 2H, H-3), 2.15 (s, 1H, OH), 3.49 (s,
2H, H-1); 13C NMR (CDCl3, 125.8 MHz)δ 14.01, 22.51,
23.40, 23.55, 28.89, 29.70, 31.58 (C-2-C-8), 63.93 (C-
OH).

(2′-Azi-n-octanol)-2,3,4,6-tetra-O-acetyl-â-D-glucopyrano-
side (3). The compounds 2-Azi-n-octanol (2) (0.78 g, 5
mmol) and 1,2,3,4,6-penta-O-acetyl-â-D-glucopyranoside
(2.93 g, 7.5 mmol) were dissolved in 150 mL of dry
dichloromethane in the presence of 2.0 g of molecular sieves
(4 Å) for 30 min at room temperature. Then tin(IV) chloride
was added, and the reaction mixture was allowed to stir at
room temperature for 5 h. The reaction mixture was
neutralized dropwise with saturated aqueous NaHCO3. The
organic phase was separated, extracted two times with 100
mL of dichlorometane, washed with water, dried with
MgSO4, and concentratedin Vacuo. The residue was purified
on a silica column [5 cm× 17 cm, EA-PE, 1:1,Rf ) 0.52,
λmax (ME) ) 339 nm (logε ) 1.81)]: 1H NMR (CDCl3,
500 MHz) δ 0.87 (t, 3H, H-8), 1.10, 1.25, 1.43 (m, 10H,
H-3′-H-7′), 2.01, 2.03, 2.08, (4× s, 12H, 4× H-Ac), 3.31
(d, 1H, H-1′a), 3.65 (d, 1H, H-1′b), 3.70 (m, 1H, H-5), 4.12
(dd, 1H, H-6a), 4.24 (dd, 1H, H-6b), 4.48 (d, 1H, H-1,J1,2

) 7.9 Hz), 4.98 (t, 1H, H-4), 5.08 (t, 1H, H-2,J2,3 ) 9.8
Hz), 5.21 (t, 1H, H-3,J3,4 ) 9.4 Hz); 13C NMR (CDCl3,
125.8 MHz)δ 14.15, 22.49, 23.40, 27.65, 28.83, 29.98, 31.53
(C-2′-C-8), 20.75 (4× C-Ac), 61.80 (C-6), 68.31 (C-1′),
70.45, 71.10, 71.98, 72.68 (C-2-C-5), 100.13 (C-1), 169.29,
169.38, 170.28, 170.64 (4× C-Ac).

(2′-Azi-n-octanol)-â-D-glucopyranoside (4). Compound
tetra-O-acetate (3) (390 mg, 0.8 mmol) was deacetylated by
stirring it with 10 mL of a NaOMe solution (0.01 M in dry
ME) for 1 h at room temperature. The solution was
neutralized with ion-exchange resin (Amberlite IR 100, H+);
the solvent was evaporatedin Vacuo, and the residue was
purified on a silica column (3 cm× 17 cm, EA-ME-W, 27:
2:1) to yield 230 mg (90%) of4: EA-ME, 4:1, Rf ) 0.49,
λmax (ME) ) 341 nm (logε ) 1.77).

Renal BBMV and Transport Measurements.BBMV from
hog kidney cortex were prepared by the magnesium pre-
cipitation method (10). Final BBMV were suspended at a
concentration of 20 mg/mL protein in MHT buffer [100 mM

FIGURE 1: (A) Synthesis of (2′-Azi-n-octyl)-â-D-glucoside (AOG)
4. The reagents were (a) NaOCl, (b) NH3, I2, triethylamine, and
hydroxylamine-O-sulfonic acid, (c)â-D-glucoside pentaacetate and
SnCl4, and (d) NaOMe. (B) UV spectra of a solution of (2′-Azi-
n-octyl)-â-D-glucoside (5.5 mM) in phosphate buffer [50 mM KH2-
PO4-KOH (pH 7.4)] irradiated for different periods of time (0, 0.5,
1, 2, 3, 4, 5, and 30 min). The half-life of the decomposition was
estimated from a logarithmic plot of the absorbance data vs the
irradiation time (τ1/2 ) 1.5 min,λmax ) 340 nm, andε ) 53 M-1

cm-1).
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mannitol and 20 mM Hepes-Tris (pH 7.4)] and stored at-70
°C until use. The transport studies were carried out as
described previously (8).

Preparation of Recombinant Peptides.Mutagenesis ex-
periments were performed using the Chameleon Double
Stranded, Site-directed Mutagenesis Kit (Stratagene, CA) as
described previously (6). The mutations were the same as
those used for the previous phlorizin binding studies (6) and
included D611W, which showed the most prominent re-
sponse (red shift, quenching, and increase in the accessibility
of acrylamide) to the addition of phlorizin. The recombinant
plasmids were transformed into BL21(DE3) cells for expres-
sion of 75-amino acid peptides of the wild type and Trp
mutants of the C-terminus of SGLT1.

Peptide Expression and Purification.Amino-terminal GST
tag peptides of the wild type and all mutants were expressed
using 1 mM isopropyl-â-D-thiogalactopyranoside induction
for 3.5 h at 37°C in a 2 L culture. Cells were pelleted by
centrifugation at 8000g for 10 min at 4°C and resuspended
in 20 mL of PBS lysis buffer [140 mM NaCl, 2.7 mM KCl,
10 mM Na2HPO4, and 1.8 mM KH2PO4 (adjusted to pH 7.3)]
supplemented with 5 mM DTT, 0.1% Triton X-100, 1 mg/
mL lysozyme, and Protease Inhibitor Cocktail (one tablet).
Cells were effectively lysed using a SONOPULS Ultrasonic
Homogenisation system under mild conditions. The lysate
was centrifuged at 17000g for 45 min at 4 °C. The
supernatants containing GST tag peptides were applied to
glutathione-Sepharose columns (Amersham Biosciences,
Freiburg, Germany) after being passed through a 0.2µm
filter. Soluble fractions of truncated wild-type loop 13 and
all mutants (amino acid residues 564-638) after removal of
the protease inhibitor were generated by treating the glu-
tathione-Sepharose-immobilized fusion peptide, derived
from pGEX-4T-1, with 2 units of thrombin/mL of the column
in PBS for 16 h at 4°C. The purity of all peptides was
assessed by SDS-PAGE using a precast Bis-Tris 4-12%
gel in Tris-glycine running buffer and staining with Coo-
massie Blue. The purity of the peptides was at least 90%.
All peptide concentrations were determined by the method
of Lowry using bovine serum albumin as a standard (11).

Photoaffinity Labeling of Truncated Loop 13 with (2′-Azi-
n-octyl)-â-D-glucoside. Photoaffinity labeling was performed
with the photolabile alkyl glucoside analogue (2′-Azi-n-
octyl)-â-D-glucoside, as previously reported (12, 13). The
photolabeling experiments were carried out in 100µL of PBS
buffer (pH 7.3) containing 225µg of wild-type truncated
loop 13 peptide and 1 mM (2′-Azi-n-octyl)-â-D-glucoside.
The mixture was preincubated at room temperature in the
dark for 5 min. After incubation, photolysis was carried out
in a Rayonet RPR-100 photochemical reactor (Southern New
England Ultraviolet Co., Branford, CT), and mass spectra
were acquired in the positive ion, linear mode on a Voyager
DE-PRO MALDI system (PE-Biosystems) as described
previously (6).

Steady State Trp Fluorescence.The fluorescence experi-
ments were performed at room temperature using a Perkin-
Elmer LS 50B fluorescence spectrometer (Perkin-Elmer),
following the same protocol described previously (6). All
data were corrected for changes in fluorescence intensity by
absorption or internal quenching.

Ligand Binding Assay.Fluorescence quenching was ob-
served in the presence of various concentrations ofn-hexyl-

â-D-glucoside for each mutant. This signal was utilized to
calculate the dissociation constants. Increasing amounts of
n-hexyl-â-D-glucoside (from 1 to 350µM) were added to
all mutants (5µM) in PBS. The corrected relative fluores-
cence intensity at different ligand concentrations was deter-
mined. Apparent binding constants were calculated using a
single-site binding equation in the nonlinear regression
analysis program Prism (Graphpad, San Diego, CA).

Quenching of Trp Fluorescence by Acrylamide.Trp
fluorescence quenching experiments were performed in PBS
(pH 7.3) for all mutants (5µM) in the presence and absence
of 30 µM n-hexyl-â-D-glucoside, trans-n-3-hexenyl-â-D-
glucoside,cis-n-3-hexenyl-â-D-glucoside,n-octyl-â-D-glu-
coside,n-decyl-â-D-glucoside, or 1-hexanol. Acrylamide was
added at room temperature as aliquots from a 5 M stock
solution to each mutant peptide solution up to a final
concentration of 350 mM. The accessibility of each Trp was
monitored by analyzing the quenching data using a Stern-
Volmer equation as described previously (6). The inner filter
effects of the ligands found for the titration of aL-Trp
solution (5µM) at an excitation of 295 nm and emission at
355 nm were found to be very weak; hence, they are not
considered further in our measurements.

RESULTS

Synthesis and Properties of (2′-Azi-n-octyl)-â-D-glucoside.
The synthesis of (2′-Azi-n-octyl)-â-D-glucoside is depicted
in Figure 1. The secondary C2 hydroxy group ofn-octanol-
1,2-diol was converted into the corresponding carbonyl group
via oxidation in the presence of NaOCl. The less reactive
C2 carbonyl group of1 could be easily converted into the
diazirine group with the NH3, hydroxylamine-O-sulfonic acid
reagent and subsequent oxidation of the intermediate di-
aziridine with iodine (20, 21). The selective glycosylation
of 2-Azi-n-octanol-1 with C1 ofâ-D-glucose pentaacetate
using SnCl4 as a Lewis-acid catalyst gave compound3. (2′-
Azi-n-octyl)-â-D-glucoside4 was obtained after deacetylation
of compound3.

The absorption maximum (Figure 1B) of the diazirine
group of (2′-Azi-n-octyl)-â-D-glucoside is at 340 nm (ε )
53 M-1 cm-1). On irradiation with long-wavelength UV lamp
(λmax ) 350 nm) in a Rayonet photochemical reactor, (2′-
Azi-n-octyl)-â-D-glucoside decomposes with a half-life of
1.5 min.

Interaction of (2′-Azi-n-octyl)-â-D-glucoside with the So-
dium D-Glucose Cotransporter.To test whether the photo-
active compound still interacted with SGLT1, its inhibitory
action on sodium-dependent uptake ofD-glucose into hog
renal BBMV was investigated. As shown in Figure 2, (2′-
Azi-n-octyl)-â-D-glucoside exhibits competitive inhibition
characteristics with respect toD-glucose with aKi of 43 (
12 µM. Compared to the inhibitory effect ofn-octyl-â-D-
glucoside (Ki ) 30 ( 10 µM) described previously (9), the
modification of the molecule with the photolabile diazirine
group at position C2 of the alkyl side chain did not
significantly alter its affinity for the transporter.

Photolabeling of Truncated Loop 13 with (2′-Azi-n-octyl)-
â-D-glucoside.To analyze directly whether alkyl glucosides
interact with loop 13, photolabeling experiments with (2′-
Azi-n-octyl)-â-D-glucoside were performed and analyzed by
MALDI mass spectrometry. Figure 3A shows the expected
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mass peak for loop 13 atm/z 8689.56 when no (2′-Azi-n-
octyl)-â-D-glucoside was present. After photoaffinity label-
ing, an additional peak ofm/z9025.28 was observed (Figure
3B). The mass difference between the first peak (loop 13)
and the second peak (*) corresponds to the mass of the
photolyzed (2′-Azi-n-octyl)-â-D-glucoside. Another peak
close tom/z 7700 was observed which probably represents
a degradation product of the peptide. Furthermore, to
determine the sites of interaction, photolabeled truncated loop
13 was digested in gel with trypsin. After extraction of the
peptides from the gel, the resulting mixture was analyzed
by MALDI-TOF. The only additional peak observed in the
labeled probe was atm/z 845.05 (Figure 4A,B). This
corresponds to an adduct of the Gly-Phe-Phe-Arg peptide
of m/z 526.27 (amino acid residues 598-601) with the
photolyzed (2′-Azi-n-octyl)-â-D-glucoside (m/z 318.78).

Effect of n-Hexyl-â-D-glucoside on the Fluorescence of
Trp Mutants.We first tested whethern-hexyl-â-D-glucoside
changed the steady state fluorescence of loop 13 mutants.
The corrected Trp fluorescence spectra of R601W, D611W,
E621W, and L630W in the presence and absence ofn-hexyl-
â-D-glucoside are shown in Figure 5A-D, respectively.
Fluorescence quenching and shifts in the maximum were
observed for each mutant, although to different extents. The
fluorescence of R601W was quenched by 26% with a blue
shift of 1 nm and that of D611W by 40% with a blue shift
of ∼2 nm. Fluorescence quenching of∼54% was found for
E621W, and a slight red shift of 0.5-1 nm was observed. A
fluorescence quenching of 46% with a remarkable blue shift
of 3 nm was noted for L630W. The differences between the
fluorescence quenching spectra of the various mutants, in
particular, the shifts in the maxima, suggest that the various
segments of loop 13 react differently to the binding of
n-hexyl-â-D-glucoside.

Binding of n-Hexyl-â-D-glucoside to Single-Trp Mutants.
The affinity of the mutants forn-hexyl-â-D-glucoside was
determined by titration of the Trp mutants with different
concentrations ofn-hexyl glucoside, as shown in Figure 6.
A maximum quenching of∼55% of the fluorescence was
observed for all mutants at high concentrations ofn-hexyl-
â-D-glucoside. The estimated equilibrium dissociation con-
stants for all mutants are presented in Table 1. They are

similar for all mutants and range from 8 to 14µM, values
comparable to the affinity ofn-hexyl-â-D-glucoside for the
intact SGLT1 in natural membranes (9).

Effect of n-Hexyl-â-D-glucoside on Trp Accessibility
Monitored by Titration with Acrylamide.The water soluble
collisional quencher acrylamide was used to measure the
changes in accessibility of each Trp upon addition ofn-hexyl-
â-D-glucoside. The Stern-Volmer quenching plots in which
F0/F is plotted against the acrylamide concentration in the
presence and absence of 30µM n-hexyl-â-D-glucoside are
shown in Figure 7A-D. All plots were linear with a
regression coefficient of>0.99. The Stern-Volmer constants
for all mutants are compiled in Table 1. Maximum protection
was noted for mutant R601W, and slight protection was
observed for D611W and L630W. In contrast, a slight
increase in Trp accessibility was found for E621W.

StereoselectiVity of the Interaction of Alkyl Glucosides with
Truncated Loop 13.In intact brush border membranes, a
distinct stereoselectivity was observed for the interaction of
alkyl glucosides with SGLT1 (8). The position of the residue
at C1 (â vs R) or at the C3-C4 bond (cis vs trans) and the

FIGURE 2: Inhibitory effects of (2′-Azi-n-octyl)-â-D-glucoside on
D-glucose transport. Inhibitory effects of various concentrations of
(2′-Azi-n-octyl)-â-D-glucoside on 5 sD-glucose uptake into hog
kidney cortex BBMV measured at two substrate concentrations,
0.1 (9) and 0.2 mM (b) D-glucose, according to the method of
Dixon. Results from representative experiments are shown. From
three independent experiments, aKi value of 43( 12 µM for (2′-
Azi-n-octyl)-â-D-glucoside was calculated.

FIGURE 3: MALDI mass spectrometry of photoaffinity-labeled
truncated loop 13. The peptide was incubated with (2′-Azi-n-octyl)-
â-D-glucoside in PBS for 5 min in the dark at room temperature,
followed by irradiation at 280 nm for 5 min. After being separated
from noncovalently bound (2′-Azi-n-octyl)-â-D-glucoside by chlo-
roform/methanol extraction, the peptide was dissolved in a 2,5-
dihydroxybenzoic acid matrix: (A) truncated loop 13 (m/z8689.56)
before photoaffinity labeling and (B) truncated loop 13 after
photoaffinity labeling. The asterisk denotes truncated loop 13 cross-
linked with photolyzed (2′-Azi-n-octyl)-â-D-glucoside (m/z9025.28).
au, arbitrary units.
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chain length (C6-C10) turned out to be important. We
therefore investigated the interaction of the corresponding
compounds with loop 13in Vitro. As in the studies on intact
membranes, theâ-glucosides exhibited a more marked
change in fluorescence than theR-glucosides, and the same
holds for the preference of thecis versus thetrans config-
uration at the C3-C4 bond. Extension of the alkyl chain
beyond C6, however, reduced rather than increased the
responses (see Table 2).

Effect of 1-Hexanol andD-Glucose on Trp Fluorescence
and Accessibility to Acrylamide.To investigate which part
of the alkyl glucoside, the sugar or the aglucone, is involved
in the interaction with loop 13, 1-hexanol andD-glucose were
used as ligands. The fluorescence of R601W was quenched
upon addition of 100µM 1-hexanol by 45% with a red shift
in maximum of 0.5-1 nm. Also, a significant protection
effect was observed for 1-hexanol (KSV ) 13 M-1; also see
Table 2 for comparison with the effect ofn-hexyl-â-D-
glucoside).D-Glucose (100µM) had no effect on either the
fluorescence of R601W or the accessibility of Trp to
acrylamide.

DISCUSSION

We observed basically three different parameters for the
Trp fluorescence whenn-hexyl-â-D-glucoside interacted with
loop 13: (I) spectral shift in the fluorescence maximum, (II)
fluorescence quenching, and (III) protection against acryl-
amide. Since the affinity ofn-hexyl-â-D-glucoside for the
different truncated loop 13 mutants is quite similar, the
differences in parameters I and III are interpreted as an
indication of different conformational changes in different
portions of loop 13. A shift in maximum is considered to
indicate a change in the hydrophobicity of the environment
of the Trp under investigation, a blue shift points to increased
and a red shift to decreased hydrophobicity. Such interpreta-
tion has been substantiated in various studies (15). The
quenching we notice in this study is probably due to
positioning of the Trp molecule in the proximity of me-
thionine, tyrosine, threonine, arginine, and/or lysine (16, 17)
since the ligandn-hexyl-â-D-glucoside is spectroscopically
silent. The protection against acrylamide is interpreted as a
reduced accessibility of Trp caused by the fact that either
the alkyl glucosides or a part of the loop shields Trp against
the collision with acrylamide.

Using this interpretation, the changes in the fluorescence
of the various regions can be explained by the following
events. For Q581W and E591W mutants (data not shown),
we did not observe any changes indicating that these
positions do not participate in the interaction between loop
13 andn-hexyl-â-D-glucoside. In a way, this is to be expected
since computer modeling suggests a random orientation of
this part of loop 13.

The changes discussed below are compiled in the sche-
matic model presented in Figure 8. For R601W, we observe
a small blue shift of the maximum, a minor quenching, but
maximum protection against acrylamide. The protection is
probably caused by a strong binding of part of the alkyl
glucoside in this area as also found in the photoaffinity
labeling experiments where a direct interaction of the C2
position of the alkyl side chain with amino acids 598-601
could be demonstrated. The slight blue shift supports this
assumption. These data furthermore suggest that the alkyl
side chain is the part of the glucoside, which is binding. The
experiments with 1-hexanol, where identical changes in the
fluorescence of R601W were observed for 1-hexanol and
n-hexyl-â-D-glucoside, point in the same direction.

The major change found for D611W is a strong quenching
of fluorescence upon interaction withn-hexyl-â-D-glucoside.
These data indicate that this area of loop 13 changes its
position significantly with regard to neighboring areas of loop
13 but maintains its accessibility to acrylamide. The nearest
neighbors responsible for major quenching could be the
arginines at positions 601 and 602 or a methionine at position
618. Such a movement would require a high flexibility of
this part of the molecule which is actually predicted by
modeling, since this region is located in a random coil (6)
between two helices (see also Figure 8).

E621W exhibits strong quenching and increased acces-
sibility to acrylamide upon interaction withn-hexyl-â-D-
glucoside. This probably also reflects the movement of the
randomly coiled part of loop 13, although the specific
interactions cannot be delineated currently with the data at
hand. L630W exhibits the most prominent blue shift in the

FIGURE 4: MALDI mass spectrum of photoaffinity-labeled trun-
cated loop 13 after in-gel trypsin digestion. The truncated loop 13
was photolabeled with (2′-Azi-n-octyl)-â-D-glucoside; peptides were
separated by SDS-PAGE, and peptide bands of interest were
excised, destained, and digested in gel with trypsin. The peptides
were extracted as described previously (6), and MALDI mass
spectra were recorded: (A) Truncated loop 13 before photoaffinity
labeling and (B) truncated loop 13 after photoaffinity labeling with
(2′-Azi-n-octyl)-â-D-glucoside. The asterisk denotes the additional
peak as an adduct tom/z 526.27 due to modification of the Gly-
Phe-Phe-Arg peptide (amino acid residues 598-601) with photo-
lyzed (2′-Azi-n-octyl)-â-D-glucoside (m/z 318.78).
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fluorescence maximum and a strong quenching byn-hexyl-
â-D-glucoside. Thus, major changes occur in this region of
loop 13. A more condensed state of the molecule that
positions Trp 630 close to the helical (hydrophobic) part
between amino acids 599 and 607 could explain both effects.

Experiments, however, which are currently under way must
confirm this model by NMR and X-ray crystallography.

The proposed model can be compared to the schematic
two-dimensional model presented recently for the interaction
between phlorizin and loop 13 (6). There, phlorizin unfolds
the segment of loop 13 between amino acid residues 608
and 620;n-hexyl-â-D-glucoside on the other hand appears
to condense loop 13 and buries this segment between the
two putative small helices. This assumption is supported by

FIGURE 5: Effect of n-hexyl-â-D-glucoside on fluorescence emission spectra of single-Trp mutants of loop 13. The dotted lines show the
corrected spectra in the absence ofn-hexyl-â-D-glucoside, and the solid lines represent the effect of 100µM n-hexyl-â-D-glucoside on the
intrinsic fluorescence. The peptide samples include R601W (A), D611W (B), E621W (C), and L630W (D).

FIGURE 6: Titration of single-Trp mutants of loop 13 withn-hexyl-
â-D-glucoside. All experiments were conducted as described in
Experimental Procedures. Samples include R601W (9), D611W
(b), E621W (2), and L630W (1). The percentage of quenching at
a high n-hexyl-â-D-glucoside concentration was calculated from
the data, and the values were fitted to a single-site binding equation
using Prism (Graphpad, San Diego, CA) to calculate equilibrium
dissociation constants. TheKd values for all mutants are summarized
in Table 1.

Table 1: Acrylamide Accessibility and Apparent Affinity of
n-Hexyl-â-D-glucoside to the Single-Trp Mutants of Truncated Loop
13a

peptide n-hexyl-â-D-glucosideb KSV
c (M-1) Kd

d (µM)

R601W - 21 ( 3 12( 4
+ 8 ( 1

D611W - 11 ( 2 8 ( 3
+ 8 ( 2

E621W - 12 ( 3 14( 6
+ 16 ( 2

L630W - 11 ( 1 9 ( 2
+ 8 ( 1

a Parameters ofn-hexyl-â-D-glucoside binding and acrylamide ac-
cessibility are derived from the data shown in Figures 6 and 7,
respectively.b Quenching experiments were conducted in the presence
(+) or absence (-) of 30 µM n-hexyl-â-D-glucoside.c The Stern-
Volmer quenching constants were determined from the slopes of the
linear regression lines from plots ofF0/F ) 1 + KSV [Q] (14). Values
are means( the standard deviation of two or three independent
experiments.d The apparent equilibrium dissociation constants (Kd)
were determined as described in Experimental Procedures. Values are
means( the standard deviation of two or three independent experiments.
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the observation that in additional fluorescence quenching
studiesn-hexyl-â-D-glucoside (data not shown) prevents
phlorizin from interacting with loop 13.

Thus, irrespective of the model that is assumed, it is clear
that n-hexyl-â-D-glucoside interacts with loop 13. Interest-
ingly, this interaction is quite strong, and the apparent
affinities are close to those observed for the inhibition of
D-glucose transport by the intact SGLT1 in natural mem-
branes (18). In addition, the relative potencies of theR- and
â-glucosides andcis and trans derivatives of hexenyl
glucosides on the transporter and in the isolated loop are
comparable (8). These results support the view that loop 13

contains structural elements that mimic the conditions
prevailing in the intact SGLT1.

However, a word of caution is also necessary. There is a
discrepancy between the results obtained with the intact
membrane-bound SGLT1 and this study with regard to the
effect of chain length on binding. In this study, strong binding
was observed for a chain length of six to eight carbons,
whereas inhibition ofD-glucose transport was maximal with

FIGURE 7: Stern-Volmer plots of Trp fluorescence quenching by acrylamide. Quenching experiments were conducted as described in
Experimental Procedures. In each panel, the samples were investigated with (b) or without (9) 30 µM n-hexyl-â-D-glucoside. The peptide
samples include R601W (A), D611W (B), E621W (C), and L630W (D). The slopes of the best fit linear regression lines for each data set
(KSV values) are shown in Table 1.

Table 2: Binding of Alkyl Glucoside Analogues to Mutant R601Wa

glucoside quenchingb (%) KSV
c (M-1)

n-octyl-â-D-glucoside 35 - 21 ( 3
+ 13 ( 3

n-octyl-R-D-glucoside 3 - 21 ( 3
+ 20 ( 2

trans-n-3-hexenyl-â-D-glucoside 20 - 21 ( 3
+ 14 ( 2

cis-n-3-hexenyl-â-D-glucoside 28 - 21 ( 3
+ 9 ( 2

n-hexyl-â-D-glucoside 26 - 21 ( 3
+ 8 ( 1

n-decyl-â-D-glucoside 16 - 21 ( 3
+ 18 ( 2

a The parameters are derived from the fluorescence quenching data
and acrylamide accessibility (not shown).b Values represent fluores-
cence quenching in the presence of a concentration of each glucoside
of 100 µM. c Quenching experiments were conducted in the presence
(+) or absence (-) of each glucoside at a concentration of 30µM.

FIGURE 8: Schematic two-dimensional model ofn-hexyl-â-D-
glucoside binding to the part of truncated loop 13 of rabbit SGLT1.
Red residues represent the assumed hydrophobic sites of interaction
between the truncated loop 13 andn-hexyl-â-D-glucoside. Black
stars represent single Trp mutations. C2 of the alkyl side chain is
supposed to bind to the region between amino acids 598 and 601,
C4 to amino acid residues 615 and 616, and C6 to the region
between residues 621 and 630. For further information, see previous
studies (6).
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a chain length of 10 carbons in the alkyl side chain (8). This
observation might suggest that in the intact SGLT1 other
parts of the transporter also interact with alkyl glucosides.
However, it is also possible that the conformation of the
peptides used here and that of loop 13 in the intact carrier is
different. The truncation of loop 13 removes the cysteine at
position 560 which can form a disulfide bridge and thus alter
the conformationin ViVo. One additional site of interaction,
most probably for the glucose part of alkyl glucoside, is the
sugar binding site of the transporter, which is similar to the
observation with phlorizin (19). This interaction predominates
in the inhibition kinetics of the transport which is evident
from the competition ofD-glucose andn-hexyl-â-D-glucoside
in the uptake studies.
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