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ABSTRACT: In the apical membrane of epithelial cells from the small intestine and the kidney, the high-
affinity Na*/p-glucose cotransporter SGLT1 plays a crucial role in selective sugar absorption and
reabsorption. How sugars are selected at the molecular level is, however, poorly understood. Here atomic
force microscopy (AFM) was employed to investigate the substrate specificity of rbSGLT1 on the single-
molecule level, while competitive-uptake assays with isotope-labeled sugars were performed in the study
of the stereospecificity of the overall transpaoliSGLT ttransfected Chinese hamster ovary (CHO) cells
were used for both approaches. Evidence of bindingrgliucose to the extracellular surface of roSGLT1
could be obtained using AFM tips carrying 1-ttbeglucose coupled at the C1 position to a PEG linker

via a vinylsulfon group. Competition experiments with monosaccharides in solution revealed the following
selectivity ranking of binding: 2-deoxy-glucose> 6-deoxyp-glucose> b-glucose> p-galactose>
o-methyl glucoside; 3-deoxp-glucose p-xylose, and.-glucose did not measurably affect binding. These
results were different from those of competitivemethyl glucoside transport assays, where the ranking

of inhibition was as follows:p-glucose> p-galactose> 6-deoxyp-glucose; no uptake inhibition by
D-xylose, 3-deoxyp-glucose, 2-deoxy-glucose, orL-glucose was observed. Taken together, these results
suggest that the substrate specificity of SGLT1 is determined by different recognition sites: one possibly
located at the surface of the transporter and others located close to or within the translocation pathway.

Secondary active transport is a fundamental biological extracellular compartmentl(—12). With regard to the
principle (1, 2). Na‘/p-glucose cotransporter type 1 (SGLT1) structure-function relationship, the N-terminal half of
is one of the most intensively studied membrane transportersSGLT1 participates in Nabinding while the C-terminal

(3, 4). SGLT1 is a member of a very large solute carrier
family (SLC5) which transports various solutes into cells
using the N4 electrochemical potential gradient across the
plasma membran®). Intestinal glucose absorption and renal
glucose reabsorption in many species aré-Nependent and
crucially mediated by SGLT11j. Rabbit SGLT1 was first
cloned by Hediger and colleagues in 198ydnd since then

domain, particularly helices 1013 of the protein, participates

in sugar transportl3—16). Cotransport is supposed to be
initiated when two external Naions bind to the SGLT1
and induce structural alterations in the protein, which
allow sugar binding, followed by the simultaneous translo-
cation of sodium and sugar across the membr8ha-fom
transport studies in intact cells and brush border membrane

has been studied extensively. A defect in SGLT1 can causevesicles, it is known that SGLT1 strongly discriminates

glucose-galactose malabsorption (GGM) which is an auto-

somal recessive diseasB.(Recently, strong interest has been
focused on inhibitors of the novel target SGLT (SGLT1 and
SGLT2) for potential therapy of type 2 diabeté 9).

among monosaccharidessglucose and-galactose being
the natural substrate${—20). Although these former studies
outlined the important structural and conformational features
required for a sugar to be transported, the question of how

It has been proposed that SGLT1 contains 14 transmem-the transporter SGLT1 selects its substrates was not inves-

branea-helices with both the N- and C-termini facing the
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tigated.

In previous studies, we have demonstrated that atomic
force microscopy (AFM;see ref21) is a powerful approach
to studying the presence and dynamics of membrane
transporters in intact cells on the single-molecule le28).(
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used offer the potential to detect picoNewton forces of
transporter-ligand complexes, which provides a unique
opportunity to detect molecular recognition of binding events
under different environmental condition83-26).

Here we investigate the initial molecular recognition of
D-glucose with SGLT1 on the cell membrane surfaces of
living cells by usingp-glucose coupled at the C1 position
to AFM tips. The results obtained in this study reveal that
the stereospecificity of the initial binding af-glucose to
SGLT1 generated from AFM force spectroscopy differs from
that obtained under identical conditions in competitive
transport assays in which isotope-labetecthethyl glucoside
([**C]JAMG) was taken up by cells. These data support the
hypothesis that at least two sites of interaction of the
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(containing 1uCi/mL *“C-labeled AMG) was performed by
using a MicroBeta Trilux (Perkin-Elmer). Then luminescence
ATP detection was assessed to determine the amount of
protein, and the mean counts per minute (cpm) were
calculated. The results were expressed as cpm (mg/mL
protein) ! (30 s)* as mean values the standard error of
the meanr = 3). The statistical significance was tested using
a Student'd-test.

Competition AssaysThe competitive measurements of
AMG uptake were performed in the presence of several
competitive sugars, i.ep-glucose,L-glucose,p-galactose,
D-Xylose, 2-deoxyp-glucose, 3-deoxp-glucsoe, and 6-deoxy-
D-glucose at concentrations of 0.5, 5, and 10 mM. Transport
buffer containing a KRH-Nasolution, 50uM cytochalasin

transporter with the sugars where selection occurs exist, oneB, and 0.1 mM AMG (containing Ci/mL 1“C-labeled

feasibly involved in the initial binding step and the other in
the translocation reaction.

EXPERIMENTAL PROCEDURES

Materials. 1-thio5-p-glucose, 3-b-glucose, L-glucose,
D-galactosep-xylose, 2-deoxye-glucose, 3-deoxp-glucose,
6-deoxyp-glucose a-methyl glucoside, phlorizin, and poly-
L-lysine were purchased from Sigma (Schnelldorf, Germany).
All other reagents were of the highest available purity.

Cell Cultures. rbSGLT-Expressing G6D3 cells, a CHO
cell line stably transfected with rabbit SGLT1 generated in
our laboratory 27), were grown in 25 crhflasks (Falcon,
Heidelberg, Germany) under 5% g@t 37 °C. This cell
line was cultured in Dulbecco’s modified Eagle’s medium
(DMEM), containing high glucose (25 mM) supplemented
with 5% fetal calf serum, 1 mM sodium pyruvate, 2 mM
L-glutamine, X minimal essential medium, and 28V
B-mercaptoethanol. Culture medium contained 4@0mL
paneticin G420 (PAN Biotech GmbH, Aidenbach, Germany)
to maintain selection of transfected cells. Culture medium

AMG) was used throughout these inhibition studies. The
results were expressed as cpm (mg/mL protéif30 s)*
as mean values the standard error of the mean € 3).
The value of AMG uptake in the absence of the competitive
sugars was employed for calculation of a percent reduction
for each inhibition.

Conjugation of 1-Thioglucose to AFM TipSonjugation
of 1-thio#-b-glucose to AFM tips via a flexible PEG [poly-
(ethylene glycol)] cross-linker was carried out as described
previously @2). In brief, silicon tips were first functionalized
with ethanolamine by an overnight incubation with ethano-
lamine hydrochloride solubilized in DMSO. In the second
step, the NHSN-hydroxysuccinimide) ester function of the
PEG linker (VS-PEG-NHS) was covalently bound to amino
groups on the tip surface. In the third step, the free SH group
of 1-thio8-p-glucose was reacted with VS (vinylsulfon)-
PEG-conjugated AFM tips. Tips were finally washed in the
AFM working buffer and stored in the cold room. This
method provides tips which are suitable for single-molecule
recognition studies.

Atomic Force Microscopy and Spectroscopyl AFM

was renewed three times per week, and the cells wereinvestigations were performed using a magnetically driven
subcultured at 80% confluence. Cell passages below 15 weredynamic force microscope (PicoSPM II, Molecular Imaging,
used for all experiments. For AFM studies, the cells were Tempe, AZ) in the Na-containing KRH medium except
seeded on 22 mfpoly-L-lysine-coated glass cover slips and where Nd-free medium was stated. For the detection of
the experiments were performed withirr4 days of seeding.  glucose-SGLT1 recognition, forcedistance cycles were
For uptake studies, confluent monolayers of G6D3 cells were performed at room temperature using glucose-coated canti-

grown on 96-well plates (Falcon) for 3 days.

Transport StudiedNa*/p-glucose cotransport activity and
phlorizin inhibition were assessed by examinia§“C]JAMG
(specific radioactivity of 300 mCi/mmol) uptake as described
previously @8). A 96-well automated method was employed

levers (rectangular cantilever, Veeco Instruments, Mannheim,
Germany) with a nominal spring constant of 0.02 N/m in
the conventional contact force spectroscopy mode as de-
scribed previously4d?). Force-distance cycles were recorded
on cell surfaces with the assistance of a CCD camera for

so that small amounts of the radioactive compound and positioning the AFM cantilever on isolated cells or cell

inhibitory substances could be used. Briefly, the cells were
incubated in a-glucose-free medium fdl h at 37°C prior

monolayers (living cells). The sweep amplitude of the ferce
distance cycles was 1000 nm at a sweep rate of 1 Hz. Up to

the transport assays. For the purpose of this study, Krebs-500—1000 force-distance cycles were performed for each

Ringer-HEPES (KRH) solution containing 120 mM NacCl,
4.7 mM KCI, 2.2 mM Cad}, 1.2 mM MgCh, and 10 mM

location on the surface of cells and up to four locations
(different cells) for each condition, i.e., initial condition,

HEPES (pH 7.4 with Tris base) was used to asses sodium-ligand addition, and washout condition. For ligand addition,

dependenb-glucose transport. Cytochalasin B (&b1) was

D-glucose, L-glucose, p-galactose,p-xylose, 2-deoxyp-

added as a supplement to KRH solution to suppress glucoseglucose, 3-deoxy-glucsoe, 6-deoxy-glucose, AMG (10

uptake by GLUT protein (glucose transporter). A KRH
solution containing 120 mMN-methylglucamine (NMG)

mM each) or 0.5 mM phlorizin was separately applied for
competitive investigations. Foreglistance cycles were

instead of NaCl was used to assess sodium-independentecorded after incubation with the ligand for 10 min. The
D-glucose transport. The uptake activity assay with the three washing periods were-30 min to 1 h toensure complete

transport buffers containing KRH-Naor KRH-Na* with
phlorizin (0.5 mM) or KRH-NMG with 0.1 mM AMG

removal of ligand. The binding probability for each condition
was derived and expressed as the mean valtle standard
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error of the meann= 2000-4000). The statistical signifi-
cance was tested using a Studetitisst. Several experiments
were performed, and one typical experiment for each
condition is shown.

For the quantification of the forces, spring constants of
cantilevers were determined in air using the thermal noise
method 29, 30). The deflection sensitivity of the photode-
tector was determined from the slope of the fordéstance
curves taken on the bare surface of glass cover slips.
Analysis of interaction forces was performed using Matlab
version 6.5 (Math Works, Natick, MA) as previously
described 23, 31).

RESULTS

Interaction of Sugars with rboSGLT1 As Obsed by AFM
Force SpectroscopyAFM force spectroscopy was employed
in investigating sugarSGLTL1 interactions at the single-
molecule level. An AFM tip sensor was designed in which
the OH groups known to be essential for translocation (i.e.,
at C2, C3, and C4) were not modifietlg, 32—39), and the
ligand was tightly attached to the tip. The AFM tips were
covalently conjugated with 1-thig-p-glucose via a distens-
able linker (VS-PEG-NHS; see Experimental Procedures) at
a very dilute surface density. The construction of the ligand
AFM tip creating the 1-thim-glucose tip is depicted in
Figure 1A. The NHS ester function of the PEG linker was
covalently attached to amino groups on the modified tip
surface. Then the free thiol group at the C1 position of 1-thio-
f-D-glucose was coupled to the VS end forming a thio
glycosidic bond.

The principle of single-molecule recognition force detec-
tion of the ligand-receptor complex on living G6D3 cells
by using AFM is illustrated in Figure 1B. In this so-called
force—distance mode, the deflection angle of the cantilever
is measured as a function of the vertical position of the
cantilever.

A single-molecule recognition event ofglucose with
SGLT1 on the surface of a G6D3 cell with the thioglucose-
conjugated tip is shown as a typical force curve (retraction)
in Figure 2. Considering the size of the bulgyvinylsulfo-
nylbenzyl group 40), this interaction very probably repre-
sents an initial binding of the glucose to SGLT1 which is
not followed by translocation. Distinct recognition events
were only observed in the presence of sodium (Figure 2),
and no binding events were observed in sodium-free buffer
when sodium was replaced witkmethyl-p-glucamine (inset
of Figure 2). The observed probabilities of binding (prob-
ability of finding an unbinding event in foreedistance
cycles) of b-glucose to SGLT1 ranged from 8 to 12%,
binding events being detected only in CHO cells overex-
pressing rbSGLT1 (data not shown). Furthermore, the
interactions were inhibited by phlorizin (see below), a
competitive specific inhibitor of SGLT. These data establish
that the binding events occur at the surface of SGLT1
molecules. By constructing an empirical probability density
function of the unbinding force, we found the maximum of
the distribution function to be-40—50 pN [for more detail,
see previous studie®?)].

Stereospecificity of the Initial-Glucose-Binding Sitél he
effect of various sugars, including some controvertible sugars,
on the probability of binding of the 1-thio-glucose tip to

Biochemistry, Vol. 46, No. 10, 2002799

A
cantilever
. 4
A
' NH.
NH, %[NH;
NH, ’
Nﬁ
o - NHS-end
PEG O
HN
Vinylsulfon-end
0=5=0
N
i
QP
B
&
2 19
3 —
[}
| oD
(&}
—
Distance

Ficure 1: Single-molecule recognition using AFM force spectros-
copy. (A) Linkage of glucose to AFM tips. 1-thio-glucose was
covalently coupled to AFM tips via a heterobifunctional PEG
derivative (VS-PEG-NHS) 8 nm in length. The NHS end of the
PEG linker was covalently bound to amines on the functionalized
tip surface (1), and glucose was attached to the VS end via a free
thiol (2). (B) Schematic representation of a foralistance cycle
carried out to measure specific molecular force. The tip was moved
toward the cell surface (dotted line;-2) and then retracted (solid
line) at a constant lateral position. During tip approach, the ligand
specifically binds with a receptor that leads to a force signal with
a distinct shape (3) during tip retraction. The force increases until
bond rupture occurs (4) at an unbinding forég. (
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FiGURE 2: Force curve showing specific interaction between the
glucose and SGLT1 upon tigsurface retraction. The retraction
curve on the cell surface with a glucose-coated AFM tip shows a
specific interaction in the presence of NgKRH-Na"). The specific
recognition disappears in the absence of KRH-NMG, inset).

the transporter with the block-washout experiments is shown
in Figure 3. In the absence of sugar, the probabilities of
binding of the tip to SGLT1 in KRH-Nabuffer were similar
(Figure 3A—H, first bar). These values were in agreement
with the ones from the previous studi€?). Upon injection

of 10 mM free sugars into the medium, the binding
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Table 1: Effect of Various Sugars on the Probability of Binding of
D-Glucose to SGLT1 (AFM studies)

sugars and derivatives

% reduction

2-deoxyp-glucose 84.9
6-deoxyp-glucose 83.5
p-glucose 64.5
p-galactose 53.0
o-methyl glucoside 52.9
D-xylose 18.0
3-deoxyp-glucose 16.9
L-glucose 154
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Ficure 3: Inhibition of initial p-glucose binding. Binding prob-
abilities of thep-glucose tip and effect of 2-deoxy~glucose (A,
black bar), 6-deoxy-glucose (B, black barp-glucose (C, black
bar),p-galactose (D, black bar), AMG (E, black bam}xylose (F,
black bar),L-glucose (G, black bar), and 3-deomyglucose (H,
black bar). Values are mearsthe standard error of the meam (
= 2000-4000). Abbreviations: 2do-Dglc, 2-deoxyglucose; 6do-
Dglc, 6-deoxyp-glucose; D-glc,b-glucose; D-gal,p-galactose;
AMG, a-methyl glucoside; D-xylp-xylose; L-glc,L-glucose; 3do-
Dglc, 3-deoxyp-glucose; Phlz, phlorizinp < 0.05 (one asterisk),
p < 0.01 (two asterisks), ara < 0.005 (three asterisks) compared
with levels in the relevant controls (absence of sugars or phlorizin
in solution, value from the first bar).

probabilities were significantly reduced by 2-deaxglucose
(from 12.6+ 0.5 to 1.9+ 0.3%,p = 0.000003), 6-deoxy-
D-glucose (from 9.1+ 0.8 to 1.5+ 0.4%, p = 0.0001),
p-glucose (from 9.3t 1.3 to 3.3+ 0.9%, p = 0.0086),
p-galactose (from 11.% 0.1 to 5.5+ 0.9%,p = 0.0109),
and AMG (from 8.5+ 1.1 to 4.0+ 0.4%, p = 0.0081).

Under the same experimental conditions, however, 3-deoxy-

D-glucose (from 7.7+ 1.1 to 6.4+ 0.5%, p = 0.3289),
p-xylose (from 8.3+ 1.6 to 6.8+ 0.5%,p = 0.3657), and
L-glucose (from 7.8t 2.4 to 6.6+ 1.2%,p = 0.6576) had

2The values were derived from the experiments depicted in
Figure 3. In each experiment, 2008000 force-distance curves which
were obtained at four different positions on the cell surface were
analyzed.
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FIGURE 4. Representative experiment of uptake #CJAMG

by SGLT1 stably transfected G6D3 cells. Uptake was assessed
by incubation with 0.1 mM AMG (containing 2Ci/mL 4C-labeled
AMG) for 30 min at 37°C under three conditions, i.e., in the
presence of Na (KRH-Na", gray bar), in the presence of
Na* with specific inhibitor phlorizin (KRH-N&/Phlz, white
bar), and in the absence of N6KRH-NMG, black bar). Values

are meanst the standard error of the mean € 3); p < 0.005
(three asterisks) compared with levels in the presence of(tiay

bar).

inhibition of binding in Table 1. The ranking of the sugars
with regard to the potency to prevent binding is as follows:
2-deoxyp-glucose > 6-deoxyp-glucose > bp-glucose >
pD-galactose> AMG > p-xylose > 3-deoxyp-glucose>
L-glucose.

After free sugar was removed, phlorizin, a specific high-
affinity competitive inhibitor which binds on the external
membrane surface of SGLT1, was added to the solution. For
6-deoxyp-glucose and 2-deoxy-glucose, the inhibition was
comparable to that achieved with 0.5 mM phlorizin (Figure
3A,B).

Transport Studies in CHO Cellsi#@rexpressing rboSGLT1
(G6D3 Cells).AMG uptake was performed to verify the
functional activity of SGLT1 in the G6D3 cells. AMG is a
substrate specific for SGLT1 and not transported by other
sugar (sodium-independent) transport systems present in
these cells. The results of transport studies using the 96-
well automated method are shown in Figure 4."Na
dependento-glucose cotransport assessed BICIAMG
uptake was 2284.4 207.3 cpm (mg/mL protein} (30 s)*

(n = 3) in the presence of Na(KRH-Na") and 20.9+
3.2 cpm (mg/mL protein)t (30 s)?! (n 3) in the
absence of Na (KRH-NMG). Phlorizin inhibition was
confirmed by measuring the level of*C]JAMG uptake in

no significant effect. These values are compiled as the percenthe presence of Naand phlorizin, yielding 69.2 14.7
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DISCUSSION
1600

1400- AFM Force Spectroscopy of the InteractioneGlucose

with SGLT1At present, atomic force microscopy is widely

1200 : ;;f":fn_g[c accepted as a tool in nano-bioscience and nano-biotech-
10001 B 2do-Deglc nology. The AFM approach is very useful in obtaining direct
800 Y Dyl information either on isolated molecules or on the surface
600 1 < 6do-D-gle of living cells (for reviews, see ref22 and 41). It is

4001 4 g:::: noteworthy that our study was performed with unfixed cells

under near-physiological conditions in terms of ion composi-
tion of the intra- and extracellular medium, membrane
005 mM 5 M 70 M potential, and membrane fluidity.

For the detection of SGLT1 witlm-glucose, we used
interaction force spectroscopy. SGLT1-expressing G6D3
FiGURE 5: AMG uptake in the presence of competitive sugars. cells were firmly attached to polydysine-coated glass cover
&thglf \II_V?AS& alssbes|sgdA?\>|/(i3r;(:tUbaE[if?n WiFtth-l rEM AMGt_(tg:ontaining slips. This method of preparation is suitable for maintaining

Im -lapele ogetner with each competitive sugar H i i
f0¢ 30 min at 37°C in KRH-Nagmedium. The levels Fc))f uptake gt geltl aE[tac.hmIeE]t ard plrolonglntg experlmlenti’:ll tlrlﬁé)t(. To that
competitive sugar concentrations of 0.5, 5, and 10 mM, i.e., e ec_ single-molecule events, sm'ge mo ,ecue Ips a
L-glucose (black circlesp-glucose (red circlesh-galactose (green ~ contain a very low surface density of ligands-400
triangles), b-xylose (yellow triangles), 2-deoxy-glucose (blue moleculesim?) were employedZ3). At a given time, only
rectangles), 3-deoxy-glucsoe (pink rectangles), and 6-deaxy-  one ligand has access to the transporters present at the cell
glucose (white diamonds), were compared. Values are méans g, rface. Here the AFM tips were covalently conjugated with
the standard error of the meam € 3). - o -
1-thio5-p-glucose via distensable tethers which guarantees
a sufficiently stable attachment, because these covalent bonds
Table 2: Effect of Various Sugars on the Uptake of AMG by a_lrefle times stronger than typical Iige_lﬁdeceptor interac-
SGLT1 (transport studies) tions @1). The NHS-PEG-VS cross-linker was purposely
selected for this investigation since the bulkyinylsulfo-

2001

AMG uptake [cpm (mg/mL protein)? (30 s)]

Inhibitor's concentrations

sugars and derivatives % reduction !
g | 0902 nylbenzoyl group present at the end of the linker most
B:g:l;gtsc?se 273 probably prevents a translocation, and therefore, only an
6-deoxyp-glucose 67.2 initial binding of p-glucose to SGLT1 should be observed.
p-xylose 15.1 It is noteworthy that thep-vinylsulfonylbenzoyl group is
3-deoxyp-glucose 13.3 closely similar in size to the aglucone phloretin that is
2-deoxyp-glucose 10.5 : . ik
L-glucose Py attached to the glycoside phlorizin which is not translocated

: by SGLT1. In this study, we observed distinct recognition
@ The data were calculated by using the value of AMG uptake at events between the-glucose-coupled cantilever and the
0.1 mMas a reference value. living G6D3 cells. This interaction was Nalependent and
could be inhibited by phlorizin. Furthermore, as reported
cpm (mg/mL proteim)* (30 sy*' (n = 3). These data previously @2), it was only observed in CHO cells overex-
demonstrate that the expressed SGLT1 in this study showspressing SGLT1, thereby verifying the specificity of the
the characteristic of Nadependence and phlorizin sensitivity  interaction with SGLT1. Moreover, the observed unbinding
of transport. force () required to disrupt this interaction and the binding
Substrate Specificity of TransporT.o investigate the  probabilities of~8—12% were the same as in the previous
substrate specificity exhibited in the more complex transport study @2).
reaction of rbSGLT1, competitive uptake assays using Selectiity of SGLT1-Mediated Sugar Transpoin. gen-
isotope-labeled AMG were performed by adding various eral, the data presented here provide further support to
sugars to the uptake solutions. The levels of AMG uptake previous studies which have shown the important roles of
at concentrations of 0.5, 5, and 10 mM for competitive the hydroxyl groups on C2, C3, C4, and C6 in sugar binding

sugars, i.e.,p-glucose, L-glucose, p-galactose,b-xylose, and translocation by SGLT18, 32—39).

2-deoxyp-glucose, 3-deoxy-glucsoe, and 6-deoxy- Substrate transport by SGLT1 has been proposed to
glucose, are shown in Figure 5. In the absence of competingproceed in several steps along the translocation pathway,
sugars, the level of AMG transport was 1388:211.9 cpom  including conformational alterations of the carrier and

(mg/mL proteiny* (30 sy* (n = 3). Only p-glucose,  substrate translocatior8,(42—45). Studies on the kinetics
D-galactose, and 6-deoxyglucose inhibited AMG uptake  and substrate specificity of several isoforms of SGLT1, for
in a dose-dependent manner, whereas the others sugars dighstance, rabbit SGLT1, human SGLT1, and rat SGLT1, have
not. demonstrated that each isoform exhibits individual properties
The percent reductions in the level of AMG uptake in the (18). In any case, at least two sites of interaction of the
presence of each competitive sugar (10 mM) are compiled transporter with the sugars are hypothesized to exist, one
in Table 2.0-Glucose exhibited the strongest inhibition of initial binding site and another in the translocation pathway.
AMG uptake (90.2%). The ranking of percent reduction from However, the direct experimental proof and characterization
competitive assays (Table 2) was as followsglucose> of these sites are lacking thus far.
D-galactose> 6-deoxyp-glucose> p-xylose ~ 3-deoxy- In this study, an AFM force spectroscopy approach was
D-glucose~ 2-deoxyp-glucose> L-glucose. used as a method for probing the init@lglucose binding
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Ficure 6: Chemical structure of the studied sugars. The ring form

of -p-glucose (A), 6-deoxy-p-glucose (B),3-p-galactose (C),

o-methyl p-glucoside (D),5-L-glucose (E), 2-deoxy-D-glucose

(F), 3-deoxyp-p-glucose (G), ang-b-xylose (H) was generated
with ISIS Draw 2.4.

properties of SGLT1. The changes in the probability of
binding of the D-glucose-coupled AFM tip, reflecting the
initial binding of b-glucose to SGLT1, were monitored before
and after sugar injections. The probability of binding of the
D-glucose tip was significantly reduced after application of

free 6-deoxyp-glucose, 2-deoxy-glucose,b-glucose,b-

galactose, and-methyl glucoside, whereas only a slight

effect was observed in the presence of 3-demgiucose,

D-xylose, and.-glucose. The results indicate that the equato-
rial hydroxyl group on C3 (see the structure of sugars in
Figure 6) is the most crucial feature to allow the initial

interaction of sugars with rabbit SGLTh-galactose, a

4-epimer ofp-glucose, has an axial configuration of the
hydroxyl group on C4 which may impede the interaction of

Puntheeranurak et al.

phlorizin binding in rat kidney brush border membrares) (

and this sugar has been used as a model substance in studies
of the cotransport of sodium and-glucose. In those
investigations, it exhibited characteristics similar to those of
glucose but had a lower affinity46).

In the study presented here, we further investigated the
stereospecificity of sugar translocation by using competitive
AMG uptake studies with the same sugars. These studies
were necessary for obtaining a complete set of data for rabbit
SGLT1 under the same conditions that were used in the AFM
experiments. As expectepsglucose ana-galactose exhib-
ited the strongest inhibitory potency, followed by 6-deoxy-
D-glucose. b-Xylose, 3-deoxys-glucose, andr-glucose
exhibited a very weak or no inhibitory effect. This was
anticipated from the AFM studies since the latter sugars also
did not interact with the initial docking site. Most impor-
tantly, 2-deoxye-glucose exhibited an only slight inhibition
of the AMG uptake, while it strongly inhibited the initial
D-glucose binding in the AFM instrument (see above). These
results suggest that the hydroxyl group on C2 is important
for discriminating the sugars for translocation. A similar
discrepancy between initial binding and translocation has
been observed previously in rat kidney proximal tubule.
2-Deoxyb-glucose was shown to inhibit binding of phlorizin
to isolated brush border membrane vesicles, but no transepi-
thelial transport was observed in microperfusion studiés (
This result raises the question of why 2-dea<glucose
inhibits transport only slightly but strongly inhibits binding
in the AFM and phlorizin binding studies. In a model where
the two steps, binding and translocation, are assumed to be
sequential, equal inhibition of binding and transport should
be observed. Apparently in the presence of a large substituent
at C1 such as the vinylsulfon group in the AFM studies or
the two aromatic rings of phlorizin, the presence and
positioning of the OH group at C2 seem to become irrelevant
for the binding reaction; thus, botitglucose and 2-deoxy-
D-glucose act as inhibitors, based on the presence of the OH
groups at C3, C4, and C6. This might be due either to
conformational changes and steric hindrances at the glucose
molecule itself or to similar events at the transporter. In the
absence of a large substituent (and as a free sugar) like in
the AMG uptake studies, rejection of 2-deomyglucose as
a substrate probably occurs at the early binding site, and thus,
the subsequent transport is not inhibited. Similar consider-
ations seem not to apply to the OH group at C3 which is
farther removed from the C1 position because 3-demxy-
glucose does not inhibit binding or transport to a significant
extent.

When the results from the studies of the initial sugar

the C3 hydroxyl group with the carrier. These data are in binding and the competitive transport assays are combined,
accordance with the lower inhibitory potency of phloretin the following sequence of events in sugar recognition and
2'-galactoside on sugar transport compared to that of theselection for transport can be hypothesized. The sugars first

phloretin 2-glucoside, phlorizin 7—39). Furthermore, it

reach a docking site which requires the presence of a

seems that a steric effect of a substituent on C1 plays a rolehydroxyl group (orO-methyl group) at C3. The sugars
in the accessibility of the sugar to SGLT1, which is evident fulfilling this requirement are then transferred to a second

from a slightly weaker inhibition byo-methyl glucoside
(AMG).

It should be mentioned in this context that modification

of the C3 hydroxyl group with a methyl group as inCB-

methyl-D-glucose apparently still allows interaction with the

initial docking site. 3©-Methyl-p-glucose slightly inhibits

docking site which requires at C2 the presence of a hydroxyl
group in the equatorial position, whereby mannose is also
excluded which has a hydroxyl group in the axial position.
Thereafter, the sugars can be translocated across the mem-
brane. However, more detailed studies at the molecular level
are needed to validate this assumption.
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