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Abstract

In the apical membrane of epithelial cells from the small intestine and the kidney,
the high-affinity Na+/D-glucose cotransporter SGLT1 plays a crucial role in selective
sugar absorption and reabsorption, respectively. How sugars are selected at the
molecular level and the topology of SGLT1 in the membrane are, however, poorly
understood. Here atomic force microscopy (AFM) was employed to investigate the
stereospecificity of D-glucose binding to the surface of living rabbitSGLT-transfected
Chinese hamster ovary (CHO) cells on the single molecule level. In addition,
competitive-uptake assays by using isotope-labeled sugars were performed to study the
stereospecificity of the transport. Topology, arrangement, and function of the large
surface subdomains of SGLT1 were also examined. These investigations were performed
by using AFM tips carrying either 1-thio-D-glucose or specific-antibodies coupled to
biheterofunctional-PEG linkers. The results suggest that the stereospecificity of transport
1s determined by at least two different selectivity filters; one located at the surface of the
transporter, the other close to or within the translocation pathway. In addition, for the
topology of SGLT1 we could observe that the loop 6-7 and loop 13-14 are connected by
a disulfide bridge. This bridge brings also loop 8-9 into close vicinity of the former
subdomains to create a vestibule for sugar binding. Altogether, the use of biophysical,
molecular biological, physiological, and biochemical approaches could provide an
important step in understanding the chain of dynamic events comprising transmembrane

translocation of organic compounds in general.
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sugars and derivatives % reduction
6-deoxy-D-glucose 79.4+4.8
2-deoxy-D-glucose 75.3+9.6
D-glucose 71.7+8.0
D-galactose 60.6+7.9
Ol-methyglucoside 60.5+7.5
D-xylose 18.0
L-glucose 15.4
3-deoxy-D-glucose 13.9+1.6

“ The data were derived from two independent experiments except D-xylose (n =1)
and L-glucose (n =1) and 3-deoxy-D-glucse (n=3). Each experiment was analyzed

from 2000-4000 force-distance curves with 4 positions on cells.

1 Y o [ o 3' 9 ] o Ya = = Y= o

Ao Idhmsnaaediamsihwnhmadhdwad laeldisn G uadl Tagldanyimsiim
:} d’d = d‘d =S [ 3 o
aaluannznilsaenluaisazars luaneny lwasvuazaisdudansiim luaisazate
nazluanzi il Tm@euluaisazate (3U7 8) nazanmamsnaassawsaagllainllsau

~ AAa = o g’ I A a 1 A =\ o
SGLTI fuaaseannmigasimssiimniaadlullawaamnilusisumnd nanae 1insiimn

v Tt 2 2 2
aaniemanizmsi lndey wazmahmwiueunsodudeladreansduda phlorizin

> 2500

3 1

_"%‘ 2000 = KRH-Na*
‘g [ KRH-Na*/Phlz
£ 1500 B KRH-NMG
>

£

£ 1000

o

ko)

(0]

*

3 500

S Tk -

2

< 0 —

~ o g} Y o 1
q5)‘].]‘1/] 8 ﬂﬁ”I‘V\ILLﬁﬂ\?WafﬂiLlTW"IHWYIQLEUTQL%aacluﬁﬂ"I’JS@IN“‘]



1 Y o = = = ) oy Y 1 4 ~
Gl’f)iJ']llﬂTnﬂ']'i‘Vlﬂﬁ’éNﬂ%‘iclf’JlﬂiJIﬂﬂﬁﬂ‘]&l']Naﬂi%“ﬂ‘ﬂﬁluﬂ1§1!'lW1U"Iﬂ1ﬁHﬂQ’L“]5ﬁa Tuaniizn

= oy a 1 d' 1 9 Y [ d‘ Y o o
3J°LlWHﬁG]51MGING]ﬂﬂﬁTJiJ']ﬂﬂ\‘lﬂUi‘L!ﬁWiﬁ&ﬁ']fJ muﬁm“lugﬂ‘ﬂ 9 uaz'lﬂmmsmmmwami

A <
“I/lﬂ’dfJ\1LWE)LLﬁﬂ\‘lNﬁaluz‘iJ!L‘U‘U"UfNﬁ"lﬁN (®M519N 2)

1600+
1400+
1200+
1000+
800 1
600 A
4001
2001

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

A ° J Y 1 I A
qijlh/] 9 ﬂiTV\ILLﬁ'ﬂ\‘lWﬁﬂ15L!1W1u1ﬁ1mﬂﬂ@:!°ﬁaﬁiuﬁﬂ13$ﬂ3J

{ 2’ a 1 1 o :l 1 4
A15197 2 waﬂizwmmmma%umNf»']mmsmwmmm%’wqmaa
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10 mM
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L-glc
3do-D-glc
2do-D-glc
D-xyl
6do-D-glc
D-gal
D-glc

sugars and derivatives

. a
% reduction

D-glucose
D-galactose
6-deoxy-D-glucose
D-xylose
3-deoxy-D-glucose
2-deoxy-D-glucose

L-glucose

90.2
77.3
67.2
15.1
13.3
10.5
-2.8

“ The data were calculated by using the value of AMG uptake at

0.1 mM concentration as a reference value.
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Single molecule recognition Block with free antibodies
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Z 100 =
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@ 50 ]
E o
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g o g%
-50f 0
200 0 200 400 600 800 200 0 200 400 600 800
Distance (nm) Distance (nm)
C 16 T ihoomanti D 16 Tirdoman s E 16 1 subdomam o
14 ] aa243-aa272 141 aa339-aa356 14 aab606-aa630
g 12 _ Free antibodies cf, 1 25 Free antibodies é 12 Free antibodies
E 105 1 Washout E 10 3 Washout E 10 Washout
8 | il | ;: |
2 ° 7 I 8 ° o °
g 6 7 e 6 '[ S 6
o @ 3 2
._g 4 A Kkk 5 4 7 * 5 4
c 3 £ 3 £
g 2 E ’—'—‘ @ 2E ’_r_‘ o 2
0 - 0" 0

~ Y @ I3 v v o a S =
JU7 12 @unsmndanuuazn]osiFuamsTuAuuIUS Uz I UATBAD 115AY SGLTI

A 1 A J 3 J v v a = as/l 1 = 1 ~
5NN 3 LEAInIRfsveuloSIFUANSIUN UYL UAYBANIENAD 115AY SGLTI uazaA1nay

o andsnun 1l umsuenmIsunuveeuAUeAAe 11/5A1 SGLT1 (unbinding force)

. Maximum unbinding
Antibodies  Binding probability

force f, (pN)"
subdomain I

9.5+0.7 61.9+22
(aa243-aa272)
subdomain II

8.0+1.9 60.7+6.2
(aa339-aa356)
subdomain III

10.6 0.7 952+99

(aa606-2a630)

‘binding probability and maximum unbinding force from several independent experiments with four

locations on fours cells for each experiment. Values are mean = SEM. (n = 3 except for subdomain III,

n=9)
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4
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(mutant)]

Mutant Apparent K % AMG uptake rate
AMG (mmol/L)" of wild typeb
Wwild type 1.0+ 02 100.0
C345A 33%15 274148
C351A >20.0 39117
C355A 510X 1.6 275145
C361S >20.0 373157

*Kinetics constants (Km) were obtained from measurements repeated in triplicate. Values are mean +
SD (n=13).
"Maximum AMG uptake rate of wild type was 2.8 + 0.3 nmoles (mg protein)-1 (15 min)-1 at 0.02 mM

[14C]AMG. Values are mean + SD (n = 6).
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12 = A 1 Ao a Ay ¥ A
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spectroscopy
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A combination of biophysical and biochemical approaches
was employed to probe the topology, arrangement, and function
of the large surface subdomains of SGLT1 in living cells. Using
atomic force microscopy on the single molecule level, Chinese
hamster ovary cells overexpressing SGLT1 were probed with
atomic force microscopy tips carrying antibodies against
epitopes of different subdomains. Specific single molecule rec-
ognition events were observed with antibodies againstloop 6 -7,
loop 8-9, and loop 13-14, demonstrating the extracellular ori-
entation of these subdomains. The addition of p-glucose in Na™ -
containing medium decreased the binding probability of the
loop 8-9 antibody, suggesting a transport-related conforma-
tional change in the region between amino acids 339 and 356.
Transport studies with mutants C345A, C351A, C355A, or C361S
supported arole for these amino acids in determining the affinity of
SGLT1 for p-glucose. MTSET, [2-(Trimethylammonium)ethyl]
methanethiosulfonate and dithiothreitol inhibition patterns on
a-methyl-glucoside uptake by COS-7 cells expressing C255A,
C560A, or C608A suggested the presence of a disulfide bridge
between Cys>>® and Cys®’®. This assumption was corroborated by
matrix-assisted laser desorption ionization time-of-flight mass
spectrometry showing mass differences in peptides derived from
transporters biotinylated in the absence and presence of dithio-
threitol. These results indicate that loop 6 -7 and loop 13-14 are
connected by a disulfide bridge. This bridge brings also loop 8 -9
into close vicinity with the former subdomains to create a vestibule
for sugar binding.

SGLT1 proteins, highly conserved in many species (1), con-
tain 662 residues with a molecular mass of ~75 kDa (2). It has
been well documented that this protein is responsible for the
“secondary active” transport of glucose across the brush border
membrane of the small intestine and the kidney (3). However,
knowledge of the three-dimensional structure of this protein
and of the dynamics at the molecular level is rather limited.
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Several molecular biological approaches have been employed to
determine the membrane topology of SGLT1, indicating that it
contains 14 transmembrane a-helices and 13 surface domains
or loops connecting the transmembrane segments (4-6).
There is still controversy, especially regarding the orientation
of the large C-terminal loop connecting transmembrane helices
13 and 14 and the C-terminal end of SGLT1. Recently, single-
molecule force spectroscopy using AFM? has been utilized as
an alternative method for probing the surface topology of loop
13-14 of the rabbit SGLT1 on living cells (7). This study con-
firmed an extracellular orientation of the disputed loop 13-14
of SGLT1, which is also supported by previous studies by Gag-
non et al. (8) using the substituted cysteine accessibility method
(SCAM) and fluorescent labeling methods. Both groups have
proposed that this loop possibly acts as a reentrant loop during
substrate translocation.

The N-terminal half of SGLT1 contains the Na™-binding
sites, whereas the sugar pathway is located in the C-terminal
domain, particularly in helices 10 —13 of the protein (9-11). Itis
known that SGLT1 strongly discriminates among its natural
substrates, D-glucose, D-galactose, and other hexoses (12).
Many researchers have attempted to localize a substrate trans-
location pathway in SGLT1. Studies on chimera proteins of
SGLT1/SGLT?2 and a truncated protein (residues 407-648)
showed that residues from 381-662 of SGLT1 are important
for sugar transport, however, with less sugar specificity and
lower sensitivity to the competitive inhibitor phlorizin (10, 13).
Also residues 457, 468, and 499 have been shown to play an
important role in controlling the sugar binding of SGLT1 (14,
15). Additional studies have demonstrated that loop 13-14 is
involved in phlorizin binding and possibly contains a glucose-
binding site (7, 16 —18). Nevertheless, the precise substrate-
binding domains have not yet been defined. In this study, we
have speculated that a region before residue 380 might play an
important role in high affinity glucose binding, because the
mutations at residues 292 and 355 in human SGLT1 lead to the
hereditary disease glucose-galactose malabsorption (19, 20).

SGLT1 possesses 14 conserved cysteine residues, and there is
evidence indicating that the existence of (at least) two disulfide
bonds is important for functioning of this transporter (21, 22).

2 The abbreviations used are: AFM, atomic force microscopy; aa, amino acid(s);
DTT, dithiothreitol; MTSET, ——; MALDI-TOF, matrix-assisted laser desorption
jonization time-of-flight; AMG, a-["*Clmethyl glucoside; KRH, Krebs-Ringer-
HEPES; PEG, polyethylene glycol; MTSET, [2-(Trimethylammonium)ethyl]
methanethiosulfonate.
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Disulfide groups play a key role in stabilizing the three-dimen-
sional structure of a protein by forming intra- and interchain
disulfide bonds. In addition, free sulthydryl groups often have
important catalytic or regulatory roles. So far, there is evidence
showing one disulfide bridge between residues Cys**® and
Cys®"" in human SGLT1 (23). In rabbit SGLT1 there are three
large extramembranous loops or surface subdomains (loop
6-7, loop 8-9, and loop 13-14) that contain cysteine residues
and therefore are potential sites for bringing the transmem-
brane helices 4 and 5 close to the transmembrane helices
10-13. Thereby, a vestibule containing a glucose recognition site
might be formed similar to the results from the y-aminobutyric
acid transporters, showing that three surface loops form a pocket
in which the substrate initially binds to the transporters (24).

To prove this assumption, the investigations using single-
molecule AFM were further expanded to study the binding of
epitope-specific antibodies to surface domains of SGLT1 dur-
ing D-glucose translocation. In addition, site-directed mutagen-
esis, uptake assays, and MALDI-TOF mass spectrometry were
employed to strengthen this study.

The results clearly show that the region between aa 339 and
361 in loop 8-9, especially residues Cys®**' and Cys®**, are
involved in glucose binding. There is also evidence for a disul-
fide bridge between Cys**® and Cys®®® in rabbit SGLT1. Taken
together, these studies demonstrate the potential of AFM tech-
niques in combination with biochemical and genetic
approaches to investigate the structure and function of subdo-
mains of SGLT1. Thereby, considerable insight is provided into
the arrangement of transmembrane helices and the substrate-
binding pocket of the rabbit SGLT1. This is important information
for understanding the mechanism of action of this carrier protein.

EXPERIMENTAL PROCEDURES

Materials—All of the chemicals were of the highest purity
available and were purchased from Sigma unless other sources
are indicated. Immunopurified polyclonal antibodies QIS30
(subdomain I), PAN2-2 (subdomain II), and PAN3-2 (subdo-
main III) were raised against oligopeptides from the amino acid
sequences aa 243-272 (loop 6-7, ie. the loop between the
transmembrane helices 6 and 7), aa 339 -356 (loop 8 -9), and aa
606 —630 (loop 13—14) of rbSGLT1 (rabbit isoform), respec-
tively, as described before (6, 25, 26). The specificity of the
interaction of the antibodies with the supposed epitopes has
been shown in independent previous immunohistochemistry
studies where surface labeling of the cells could be prevented in
the presence of the peptides used for their generation.

Mutagenesis of SGLT1 cDNA and Plasmid Construction—All
of the mutants were prepared by site-directed mutagenesis
using a Chameleon™" double-stranded site-directed mutagen-
esis kit (Stratagene, La Jolla, CA). The following primers with
mutated nucleotides (underlined) were used for mutagenesis:
C225A, 5'-CCTCCATCCCACAGAAGGCCTACACCCCAA-
GGGAAGACGCC-3'; C345A, 5'-CCTGTACACAGACAAAG-
TTGCCGCCGTCGTGCCCTCGG-3'; C351A, 5'-GCCTGCG-
TCGTGCCCTCGGAAGCTGAGAGATACTGTGGCACC-3';
C355A, 5'-GCCCTCGGAATGTGAGAGATACGCTGGCAC-
CAGGGTTGGC-3'; C361S, 5'-GGCACCAGGGTTGGCTCC-
ACCAACATTGCCTTCCC-3"; C560A, 5'-GCATCTCTATCG-
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TCTGGCCTGGAGCCTACGTAATAGC-3"; and C608A,
5'-GGCGGGCCTATGACCTGTTTGCTGGGCTGGACCAG-
GATAAGGG-3'.

For preparation of mutants, plasmid pSGLT1 (2207 bp of
rabbit DNA) was used as a template. After site-directed
mutagenesis all of the mutants were confirmed by DNA
sequencing and cloned from plasmid pSGLT1 into expression
plasmid pHook™-2 (Invitrogen) with appropriate enzymes.
Final plasmids were purified with a Qiagen endotoxin-free plas-
mid maxi kit.

Cell Cultures and Transient Transfection—G6D3 cells or cell
line stably transfected with the rabbit SGLT1 (25) and COS-7
cells were grown in 25-cm? flasks (Falcon, Heidelberg, Ger-
many) under 5% CO, at 37 °C. The G6D3 cells were cultured in
Dulbecco’s modified Eagle’s medium, containing high glucose
(25 mm) supplemented with 5% fetal calf serum, 1 mm sodium
pyruvate, 2 mM L-glutamine, 1X minimal essential medium, 25
uM B-mercaptoethanol, and 400 pg/ml paneticin G420 (PAN
Biotech GmbH, Aidenbach, Germany). The COS-7 cells were
cultured in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal calf serum and 1% L-glutamine. The culture
media were renewed three times a week, and the cells were
subcultured at 80% confluence. Cell passages below 15 were
used for all experiments. For AFM investigation, the G6D3 cells
were seeded on 22-mm? poly-L-lysine-coated glass coverslips,
and the experiments were performed within 1-4 days of seed-
ing the cells.

COS-7 cells were grown in 6-well culture plates to 70 —80%
confluence before transfection. Transient transfection was per-
formed by using the activated dendrimer transfection reagent
SuperFect™ (Qiagen) as described earlier (16). The efficiency
of transfection was tested in COS-7 cells that were simulta-
neously transfected with the pHook™-2lacZ control plasmid
expressing 3-galactosidase under identical conditions (Invitro-
gen). The post-transfection period for an optimal expression of
B-galactosidase was 48 h. The transfection was performed as
described in the manufacturer’s manual, and ~35-40% effi-
ciency was found for the wild type and all mutants.

Transport Studies—Na™ /b-glucose cotransport activity of
transiently transfected COS-7 cells (wild type and mutants) was
assessed by examining a-[**C]methyl glucoside (AMG) uptake
at 37°C in Na™-containing Krebs-Ringer-HEPES (KRH)
medium as described previously for Chinese hamster ovary
cells (25). Prior to the transport assay, COS-7 cells cultured in
6-well plates were incubated in a b-glucose-free medium for 1 h
at 37 °C to reduce the intracellular glucose concentration to a
nonsignificant level. Uptakes of AMG were carried out at a
concentration of 0.02 mmM AMG (containing 2 nCi of **C-la-
beled AMG). The maximum uptake rate of wild type was 2.8 =
0.3 nmol (mg protein)™' (15 min)~'. The results were
expressed as percentages of AMG uptake of the wild type (mean
values * S.D., n = 6). In kinetic measurements for the determi-
nation of the apparent K,, AMG (mmol/liter), two concentra-
tions of substrate, i.e. 0.1 mum (S;) and 3 mm (S,) were used. The
results were expressed as mean values = S.D. (n = 3). The
calculations were performed as described earlier (16).

For determination of the free thiol groups on the surface of
SGLT1, MTSET (a thiol-reactive compound) was used. The
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transiently transfected wild type COS-7 cells and mutants were
incubated with 1 mm MTSET for 12 min before performing
AMG uptake assays in Na*-KRH medium containing 1 mm
MTSET. The results are presented as a percentage of inhibition
compared with the uptake in the control buffer (without
MTSET) with respective cells and were obtained from meas-
urement repeated in triplicate (mean values = S.D., n = 4).
To demolish possible intramolecular disulfide bonds of
SGLT1, 20 mm dithiothreitol (DTT) were added in the AMG
uptake assays of the transiently transfected COS-7 cells (wild
type and mutants). The results were expressed as percentages
of inhibition compared with the uptake of the respective cells in
the buffer without DTT and were obtained from measurement
performed in duplicate (mean values * S.D., n = 3).
Conjugation of Antibodies to AFM Tips—Conjugation of
immunopurified subdomain antibodies (i.e. QIS30, PAN2-2,
and PAN3-2) to AFM tips via a flexible PEG-cross-linker, gen-
erating subdomain I tip, subdomain II tip, and subdomain III
tip, respectively, were done similarly as described previously
(27). In brief, AFM tips were first functionalized with ethanol-
amine by an overnight incubation with ethanolamine hydro-
chloride solubilized in Me,SO. Then the heterobifunctional
PEG linker (aldehyde-PEG-N-hydroxysuccinimide) was
covalently bound to the amino groups on the tip surface via the
N-hydroxysuccinimide ester function. Next, the specific anti-
bodies were coupled via the aldehyde function to the PEG-con-
jugated AFM tips (28). The tips were finally washed in the AFM
working buffer and stored in the cold room. This method pro-
vides tips to which only a few antibodies, functionally separated
from each other, are attached. These tips have been used suc-
cessfully in single-molecule recognition studies (7, 27).
Atomic Force Microscopy—All AFM experiments were per-
formed using a magnetically driven dynamic force microscope
(Agilent 5500 AFM; Agilent Technologies, Tempe, AZ) in the
Na™-containing KRH medium except where Na™ -free medium
was stated. For the detection of antibody-SGLT1 recognition,
force distance cycles were performed at room temperature
using ligand-coated cantilevers (rectangular cantilever; Veeco
Instruments, Mannheim, Germany) with 0.02 N/m nominal
spring constants in the conventional contact force spectros-
copy mode as described previously (7). Spring constants were
determined according to the thermal noise method (29). Force
distance cycles were recorded at the cell surfaces with the
assistance of a CCD camera for positioning the AFM cantilever.
An AFM tip carrying antibody was first approached (trace) and
then retracted (retrace) from a cell surface, and the deflection
angle of the cantilever was measured as a function of the z
position. The deflection is proportional to the interaction force
according to f = kAz (Hook’s law, k is the spring constant of the
cantilever, Az is the deflection up (+) or down (—) of the can-
tilever). The sweep-amplitude of the force-distance cycles was
1000 nm at 1 Hz sweep rate. Up to 500-1000 force-distance
cycles were performed for each area on the surface of cells, in
the average four different cells for each condition, i.e. initial
condition, ligand addition, and washout condition. For ligand
addition, 0.3 uM free antibodies (QIS30, PAN2-2, and PAN3-2)
and 10 mm D-glucose were separately applied in different con-
ditions. The binding probability for each condition was derived
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and expressed as the mean value * S.E. (n = 1500 —4000). The
statistical significance was tested using a Student’s ¢ test. Sev-
eral experiments were performed, and one typical experiment
for each condition is shown. Analysis of force distance cycles
was performed using Matlab version 6.5 (Math Works, Natick,
MA) as previously described (27, 30).

Sample Preparation for MALDI-TOF Mass Spectroscopy—
The rbSGLT1 was purified by immunoprecipitation from
G6D3 cells as previously described (25). The extracted protein
was then incubated with 10 milliunits of peptide-N-glycosidase
F (Roche Diagnostics) at 37 °C for 1 h and subsequently precip-
itated with CHCl,;/MeOH (31). The protein pellets were solu-
bilized in 10 mm Tris-HCI, pH 6.8, containing 0.5% SDS at 90 °C
for 5 min in two conditions, i.e. in the absence or presence of 5
mM DTT. Cysteine residues were then biotinylated using 10 mm
maleimide-PEO,-biotin (molecular weight, 525.6; Pierce) at
room temperature in the dark for 1 h. The reaction was stopped
by adding excess L-cysteine HCl and followed by SDS-PAGE.
The SGLT1 protein was digested with modified trypsin (20
pg/ml) in 25 mM ammonium bicarbonate overnight at 37 °C.
The tryptic peptides were extracted twice with acetonitrile/
water/trifluoroacetic acid (66:33:0.1, v/v/v) solution and
subsequently dried and resuspended in phosphate-buffered
saline buffer, pH 6.5. The detrimental effects of proteases
were avoided by treating the protein with 4-(2-aminoethyl)-
benzenesulfonyl fluoride (Roche Diagnostics). The peptides
were then purified with avidine coupled agarose, and the
biotinylated peptides were then eluted with acetonitrile/wa-
ter (60:45, v/v) containing 5% formic acid.

MALDI-TOF Mass Spectrometry—The sample was spotted
onto the MALDI plate and air-dried at room temperature.
MALDI-TOF mass spectra were acquired on a Voyager MALDI
system (PE-Biosystems). MALDI peptide spectra were col-
lected by using the linear delayed mode (100 ns) with 94% grid
voltage (guide wire voltage) and 0.05% low mass gate, 500. The
spectra were externally calibrated with insulin, thioredoxin,
and apomyoglobin (PE-Biosystems).

RESULTS

Orientation of Three Subdomains Determined by Antibodies
Coupled to AFM Cantilevers—AFM force spectroscopy was
employed to verify the surface topology of subdomain I (loop
6-7), subdomain II (loop 8 -9), and subdomain III (loop 13-14)
(Fig. 1). rbSGLTI-transfected G6D3 cells, which overexpress
SGLT1 on the cell surface (25), were used as a cell model for this
investigation. Using three different AFM tips primed with
epitope-specific antibodies, i.e. subdomain I tip, subdomain II
tip, and subdomain III tip (see “Experimental Procedures”),
force-distance cycles were performed at a fixed lateral position
above the cells in Na™ -containing KRH medium. The principle
of single-molecule recognition force detection of the ligand-
receptor complex on living G6D3 cells by using AFM has been
described previously (7). Specific recognition events were
observed with a unique characteristic from the force signal, as
illustrated by a typical force curve using the subdomain I tip
(Fig. 2A). The recognitions diminished in the presence of spe-
cific subdomain I antibodies in solution (Fig. 2B), suggesting
that the antibody coupled to the cantilever only reacts with
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FIGURE 1. Hypothetical topology models of rabbit SGLT1. A and B are the
models in which the intracellular and extracellular orientation, respectively,
of the disputable C-terminal end areillustrated. rbSGLT1 contains 14 a-helical
transmembrane segments that are identified by Roman numerals. The amino
acid positions of endogenous cysteine residues located in subdomains |, II,
and Il are depicted in white circles. The dotted lines represent epitope
sequences against subdomain |, Il, and Ill antibodies.

Functional Subdomains of SGLT1

SGLT1 and no other proteins. Specific unbinding events that
can be prevented by free antibodies were also observed when
epitope-specific antibodies against subdomain II and subdo-
main IIT were coupled to the AFM tips. The binding probabili-
ties (probability to find an unbinding event in force distance
cycles) from several experiments were derived. From typical
experiments (n = 3 for subdomain I andII, n = 9 for subdomain
I1I), a binding probability of subdomain I, II, and III antibodies
on G6D3 cells of 9.5 + 0.7, 8.0 £ 1.9, and 10.6 * 0.7%, respec-
tively, were observed, (Fig. 2, C, D, and E, first bars). For confir-
mation of the specific recognition of SGLT1 by the antibodies,
blocking experiments by injecting free antibodies were per-
formed. Binding probability decreased to 2.1 * 0.2% when free
subdomain I antibodies were present in the medium and sub-
sequently recovered to 6.9 = 0.7% after wash-out of the anti-
bodies (Fig. 2C). Likewise, the binding probabilities decreased
to 1.7 £ 0.5 or 3.6 = 0.9% when free subdomain II and III
antibodies were injected. After subdomain II and III antibodies
were subsequently removed the binding probabilities increased
againto 4.9 = 1.5 and 6.6 * 2.3%, respectively (Fig. 2, D and E).
From these results it can be concluded that the epitopic regions
of the subdomain [, II, and III of SGLT1 are localized extracel-
lularly in living cells.

By determining f,, the maximum of the probability density
function of the unbinding forces, the most probable unbinding
force for the interaction strength of the different antibodies
with SGLT1 was quantified. The results are shown in Table 1.
The interaction force between subdomain III and SGLT1 was

95.2 = 9.9 pN, which is in agree-

Block with free antibodies

ment with previous investigations
(7). However, the unbinding forces
between the subdomain I antibody
and SGLT1 and between the subdo-
main II antibody and SGLT1 were
slightly lower (61.9 * 2.2 and 60.7 =
6.2 pN, respectively) (n = 3).

Effect of p-Glucose and Na™ on
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Distance (nm)

the Subdomain Antibody Recogni-
tion Observed by AFM—To deter-
mine whether the three subdomains
are involved in glucose-sodium
cotransport, the effect of p-glucose
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FIGURE 2. Recognition of SGLT1 on the surface of intact cells by AFM tips carrying epitope-specific
antibodies (subdomain I, Il, and Ill). A, force curve showing specific interaction between the subdomain |
antibody and SGLT1 upon tip surface retraction. The specific interaction is blocked by adding free subdo-
main | antibodies in the solution (B). C-E, quantitative comparison of binding probabilities of subdomain
1(C), subdomain Il (D), and subdomain Il (E) coupled to AFM tips to G6D3 cells in the absence or presence
of free specific antibodies in the medium. The values are the means = S.E., n = 1500-4000. *, p < 0.05 and
*** p < 0.005 compared with levels in the relevant controls (absence of free antibodies in solution, value

from the first bar).
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subdomain Il tip

b o and sodium on the recognition of

N———— the three subdomains by the anti-
bodies was investigated. As illus-

b trated in Fig. 3, before the addition

l of D-glucose, SGLT1 could be rec-
ognized by the three antibodies on
the AFM tips in both Na™-contain-
ing (KRH-NaCl) and Na™-free
(KRH-NMG) buffers with 8.7 *
0.4% binding probability for both
conditions (# = 15). Upon the addi-
tion of 10 mm D-glucose, the binding
probability was significantly re-
duced only with the subdomain II
antibody tip and only in the pres-
enceof Na™ (from9.6 + 1.1to 4.3 =
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Functional Subdomains of SGLT1

TABLE 1
Binding probabilities and unbinding forces of SGLT1 antibodies

TABLE 2

Kinetic properties of AMG uptake into COS-7 cells transiently
transfected with SGLT1 wild type and mutants

Antibodies Binding Maximum unbinding
probability” force f.* Mutant Apparent K, of AMG”  AMG uptake rate of wild type®
PN mmol/liter %

Subdomain I (aa 243-272) 9.5+ 0.7 61.9 2.2 Wild type 1.0+0.2 100.0
Subdomain II (aa 339-356) 8.0*19 60.7 = 6.2 C345A 33*15 274 *48
Subdomain III (aa 606—630) 10.6 = 0.7 952 *+9.9 C351A >20.0 39*17
“ Binding probability and maximum unbinding force from several independent C355A 51*16 27.5 £ 4.5
C361S >20.0 373 £57

experiments with four locations on fours cells for each experiment. The values are
the means * S.E. (n = 3 except for subdomain III, where n = 9).
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FIGURE 3. Effect of p-glucose and Na* on the recognition of SGLT1 by
antibodies. Binding probabilities of subdomain | (A and B), subdomain Il
(C and D), and subdomain Il (E and F) tips to the surface of G6D3 cells
under various conditions in the presence of Na™ (KRH-NaCl buffer) and in
the absence of Na™ (KRH-NMG buffer), respectively. The values are the
means * S.E. (n = 1500-4000; **, p < 0.01 and ***, p < 0.005) compared
with levels in the relevant controls (absence of b-glucose or antibodies,
value from the first bar).

0.7%, p = 0.0013) (Fig. 3C, second bar). Again, injection of the
respective antibody resulted in a drastic significant reduction of
binding (Fig. 3, A—F, third bars). After the free antibodies were
removed from the medium, the binding probabilities recovered
(Fig. 3, A=F, fourth bars). These results show that in the pres-
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“ Kinetics constants (K,,,) were obtained from measurements repeated in triplicate.
The values are the means = S.D. (n = 3).

? Maximum AMG uptake rate of wild type was 2.8 = 0.3 nmol (mg protein)~
(15 min) ! at 0.02 mm [**CJAMG. The values are the means + S.D. (n = 6).

1

ence of D-glucose and Na™, the region of aa 339 -356 on sub-
domain II, where the antigenic sites are located, becomes either
less accessible to the antibody or that its conformation changes
dramatically. Interestingly, the antigenic sites on subdomain I
and III were still reachable from the outside by the antibodies
under the same conditions.

Effect of Mutation of Cys***, Cys®**!, Cys®>°, or Cys**! in Sub-
domain II on Transport Properties of SGLT1—In the previous
section, single-molecule recognition investigations have dem-
onstrated a sodium-dependent effect of D-glucose on the region
between aa 339 and 356 on subdomain II of SGLT1. Hence, it
was interesting to investigate whether this region is indeed
involved in sugar translocation. Therefore, transport studies
were performed with wild type and mutants of the subdomain IT
region. Four mutants were generated by site-directed mutagen-
esis to replace cysteine by alanine or serine, i.e. C345A, C351A,
C355A, and C361S. Subsequently, the wild type and mutant
SGLTI gene were transiently transfected into COS-7 cells for
functional characterization. The uptake rate of wild type was
2.8 + 0.3 nmol (mg protein) "' (15 min) ' at a concentration of
0.02 mm AMG. All of the replacements showed clearly a reduc-
tion of the transport activity. The most prominent effect was
observed for C351A, i.e. ~4% of the maximum wild type activ-
ity, whereas the other mutants were ~27-37% of the wild type
one (Table 2). The kinetic properties of wild type and mutants
were also investigated. As depicted in Table 2, the replacements
of cysteine residues in the subdomain II strongly affected the
affinity of the transporter for AMG. The most striking effects
were observed for C351A and C361S with the apparent K,
values for AMG at least 20-fold higher than the apparent K,
of the wild type. These results are in agreement with the
observed effect of D-glucose on the recognition of the
epitopic region of aa 339 -356 in loop 8 -9 by the subdomain
II antibody, suggesting a possible glucose-binding pocket in
this region (see “Discussion”).

Proximity of the Three Subdomains—Several studies have
shown that segments in subdomain III of rabbit SGLT1 are
involved in phlorizin binding (7, 16 —18). It also has been dem-
onstrated that phlorizin obstructs the initial glucose-binding
site of rbSGLT1 (12). Hence, we hypothesized that subdomain
III of rbSGLT1 is in close vicinity to subdomain II, which we
found above to be involved in glucose binding. Such proximity
can be created by an intramolecular disulfide bridge. To deter-
mine whether this assumption is true, the cysteine residues in
subdomain III were investigated as possible candidate accep-
tors of forming a disulfide bond. To this end, two mutants, i.e.
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FIGURE 4. Inhibitory effect of MTSET on the AMG uptake by COS-7 cells
transiently transfected with SGLT1 wild type and the indicated mutants.
The cells were incubated with 1 mm MTSET for 12 min before performing the
AMG uptake assays. The results are presented as percentages of inhibition
compared with the uptake of the respective cells in the control buffer (with-
out MTSET), mean values = S.D. (n = 4).*** p < 0.005. The maximum uptakes
of wild type, C560A, and C608A were 2.8 == 0.3,0.6 = 0.2, and 1.6 = 0.1 nmol
(mg protein) ' (15 min) ', respectively.

C560A and C608A were generated, and the inhibitory effect of
MTSET (which blocks free SH groups on the membrane sur-
face) on AMG uptake by COS-7 cells transiently transfected
with SGLT1 wild type and the mutants was measured. As illus-
trated in Fig. 4, MTSET inhibited uptake both in cells express-
ing wild type SGLT1 and in cells expressing C608A, where the
cysteine at position 608 is replaced by alanine. The percentages
of inhibition of wild type and C608A were not significantly dif-
ferent. However, almost no inhibition by MTSET was observed
when uptake in cells expressing C560A was determined. These
results imply that a free SH group exists at position 560 on the
subdomain III; binding of MTSET to this cysteine inhibits sugar
transport by SGLT1. They also suggest that the cysteine at posi-
tion 608 might be forming a disulfide bond with another part of
SGLTL.

To identify the donor and acceptor residues for such a disul-
fide bridge, we determined the effect of DTT on AMG uptake
by COS-7 cells transiently transfected with SGLT1 wild type
and mutants in subdomain I (C255A), subdomain II (C345A,
C351A, C355A, and C361S), and subdomain III (C608A). As
depicted in Fig. 5, cells expressing the wild type SGLT1 showed
~40% inhibition of sugar uptake by DTT. All of the mutants in
subdomain II showed high DTT inhibition (i.e. ~50-70%),
whereas the mutants in subdomain I (C255A) and III (C608A)
showed no or low inhibition by DTT (—6 * 12.7% and 20 =
9.3%, respectively). These results suggest that the residues
Cys**® and Cys®*® possibly form an intramolecular disulfide
bond in rbSGLT1 (see “Discussion”).

Finally, surface biotinylation and MALDI-TOF mass spec-
trometry was used to locate the regions containing the candi-

AUGUST 31, 2007 - VOLUME 282 +NUMBER 35

Functional Subdomains of SGLT1

—_
o
o

% inhibition by 20 mM DTT
5 5 8 8

o

FIGURE 5. Inhibitory effect of DTT on the AMG uptake by COS-7 cells tran-
siently transfected with SGLT1 wild type and the indicated mutants. 20
mm DTT were added in the AMG uptake assays of the transiently transfected
COS-7 cells. The results are presented as percentages of inhibition compared
with the uptake of the respective cells in the buffer without DTT, mean val-
ues £ S.D. (n = 3). *** p < 0.005.

date disulfide acceptor and donor groups. Cysteine residues
were labeled in the immunopurified rbSGLT1 with PEO-male-
imide-activated biotin (PMAB) in the absence or presence of 5
mMm DTT. Then the protein was digested with trypsin as
described under “Experimental Procedures.” MALDI-TOF
mass spectra of the biotinylated tryptic peptides from purified
SGLT1 without and with reduction are shown in Fig. 6. Upon
treatment with DTT, two new biotinylated peaks with molecu-
lar mass (mass/charge, m/z ratios) of 1165.2 and 1914.7 were
observed. In Table 3, the theoretical and measured masses of
biotinylated tryptic peptides of SGLT1 are compared. This
comparison shows that two new peptides were generated under
reducing conditions with the amino acid sequences CYTRP
(residues 255-259) and AYDLFCGLDQDK (residues 603—
614) conjugated with PMAB. Thus, in the presence of DTT, but
not in its absence, PMAB could react with the cysteine residues
Csy*>® and Cys®%, respectively. These results confirm our
assumption that residues Cys*** and Cys®*® form a disulfide
bridge in rbSGLT1.

DISCUSSION

Surface Topology of the Three Subdomains—The structural
topology of SGLT1 has been investigated in several studies
(4-38, 32). However, contradictory results have been obtained
that might be due to various factors, such as the methods
employed and/or the expression systems used. The orientation
of loop 13-14 of SGLT1 is the most ambiguous. The current
study used a recently developed technique as an alternative way
to verify the surface topology of subdomains I, II, and III of the
rabbit SGLT1 in the nearly native structure in the living cells.
We demonstrated that antibodies against these regions coupled
separately to AFM tips could interact specifically with the anti-
genic-binding epitopes of SGLT1. These results confirm the
extracellular orientations of the regions of the subdomain I (aa
243-272), 11 (aa 339 —356), and III (aa 606 — 630), which support
the assumptions derived from previous studies (5-8, 33) and
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domain III. Moreover, antigenicity
plots (JaMBW) for each antigenic
peptide showed that the peptide
from subdomain III exhibits the high-
est antigenic index, i.e. the number of
probable interactive sites between the
antigen and the antibody is the
highest.

Conformational Changes Induced
by Na* and p-Glucose—From AFM
force spectroscopy using three-spe-
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FIGURE 6. MALDI-TOF mass spectra of the biotinylated tryptic peptides from purified SGLT1. The purified
protein was labeled with maleimide-PEO,-biotin in the absence or presence of 5 mm DTT for 1 h in the dark at
room temperature and digested with trypsin. The tryptic peptides were purified and prepared for MALDI-TOF.
A, peptides obtained after labeling without DTT. B, peptides obtained after labeling in the presence of DTT.

TABLE 3

Theoretical and measured masses of biotinylated tryptic peptides
of SGLT1

Expected Measured

Tryptic peptide mass mass
Without reduction
YCGRT-PMAB (residues 354—358) 1125.3 1125.7
LCWSLR-PMAB (residues 559-564) 1303.6 1303.2
With reduction
YCGRT-PMAB (residues 354—358) 1125.3 1125.3
LCWSLR-PMAB (residues 559-564) 1303.6 1303.1
CYTRP-PMARB (residues 255-259) 1165.4 1165.2
AYDLFCGLDQDK-PMAB (residues 603-614) 1914.1 1914.7

also from our immunohistochemistry labeling the surface of
SGLT1-expressing cells (26). Furthermore, the binding proba-
bilities of the three antibodies to SGLT1 are quite similar. This
evidence strongly supports the view that the tips recognize the
same transporter.

From these studies, two different models concerning the C
terminus of SGLT1 can be developed, as shown in Fig. 1. In Fig.
1A the end of the transmembrane helix 14 faces intracellularly,
quite in contrast to most of the models proposed thus far. There
is, however, some experimental evidence to support also this
orientation (6, 34). If one assumes that during substrate transloca-
tion by SGLT1 conformational changes occur, transmembrane
helix 14 as a dynamic helical structure could alternate between
inside-facing and outward-facing states, as previously reported for
the Escherichia coli B-glucoside transporter BglF (35).

The receptor-ligand forces found in this work are in the
range of the ones observed for other biological systems, i.e. in
the range of 50-250 pN (27, 36, 37). The unbinding force
required to disrupt the association of either subdomain I or
subdomain II antibodies from SGLT1 was, however,
detected to be lower than the interaction of subdomain III
antibody to SGLT1. The difference in forces might be due to
differences in accessibility and/or interaction strength of the
different antibodies and their specific epitopes. According to
topology models the epitopic region in subdomain III is
located in the late part of loop 13-14, which is also the long-
est loop in the SGLT1, whereas the subdomain II epitope in
loop 8-9 lies close to the membrane plane, and this loop is
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cific antibodies, we observed that
D-glucose significantly reduced the
binding probability of the subdo-
main II antibody, but only in the
presence of Na™. This implied that
the change could be due to the fact
that p-glucose itself temporarily obstructs the antibody-bind-
ing site or due to a transient structural alteration of the trans-
porter during substrate translocation. In previous studies, our
group has reported direct evidence showing that sodium
induces a conformational change of SGLT1, which exposes a
sugar-binding site on the transporter surface (7). Therefore, we
hypothesized that this region in subdomain Il either lies close to
the sugar-binding site, which appears only in the presence of
Na™, or represents part of the initial binding pocket (vestibule),
which subsequently transfers glucose to the translocation path-
way. Several groups have proposed that the glucose transloca-
tionregion lies between helices 10—13 of SGLT1, however, with
low affinity to D-glucose and lost sensitivity to phlorizin (10, 13).
In this study, we suggest that the residues between aa 339 and
356 located between helix 8 and 9 also contribute to efficient
high affinity p-glucose transport.

Critical Residues for p-Glucose Binding—We further con-
firmed our statement by using site-directed mutagenesis to
generate the mutants in subdomain II of SGLT1, which were
transiently transfected into COS-7 cells. These cells have been
shown in previous studies to lack endogenous Na™-dependent
glucose transport (6, 16). All of the mutant clones showed lower
AMG uptake rates, which might be due to insufficient sorting
into the plasma membrane, inappropriate conformational
structure of the expressed SGLT1 in the plasma membrane
and/or a global reorganization of the disulfide bonds. Such
reorientation has also been assumed recently for the rat isoform
of SGLT1 expressed in HEK-293 cells (38).

The change in the kinetic properties indicates an important
role for the subdomain II in glucose binding. All of the mutants
in this loop clearly showed a significantly lower affinity for
AMG, especially those with mutations at residues 351 and 361.
Moreover, mutation in this region, especially residues 351 and
361, also showed very low inhibition affinity (high K) to phlo-
rizin.® These results suggest that the two cysteines either inter-
act directly with the glucose molecule or help to stabilize this
region of the SGLT1. Replacement of these residues possibly

3 M. Kasch and R. Kinne, unpublished data.
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causes a structural collapse of the glucose-binding pocket,
which in turn affects the affinity for substrate translocation.

Proximity of the Three Subdomains and the Proposed Topol-
ogy of SGLTI—In SGLT1 there are three distinct subdomains
that we have speculated may be involved in sugar translocation.
By using single-molecule AFM, we have proposed that in the
presence of Na™ subdomain I1I of rbSGLT1 acts as a reentrant
loop containing a substrate- and/or phlorizin-binding site,
which subsequently transfers a substrate close to the transloca-
tion pathway (7). In the current study, the region in subdomain
II was found to be involved with either glucose or phlorizin
binding, so we hypothesized that subdomains II and III (and
possibly with subdomain I) may lie close together. There is evi-
dence from other transporters showing that exposed surface
loops can act as a substrate binding region (24) or can be a
reentrant pore-loop-like structure with the accessibility
depending on the conformation of the transporter (39 —41). For
this reason we investigated the proximity of these three
exposed loops of SGLT1 by specifically delineating intramolec-
ular disulfide bonds. Site-directed mutagenesis in subdomain
III (C560A and C608A) and chemical modification of free cys-
teines by methane-thiosulfonate derivatives indicated the pos-
sibility that MTSET binds to the residue Cys®*® because we
could observe the inhibitory effect in wild type and the Cys®®®
mutant and not for the Cys>**® mutant. These results also imply
that residue Cys®"® is not available for a reaction and thus might
actasan acceptor for a disulfide bond. The presence of a free SH
group at the D-glucose-binding site is in accordance with pre-
vious studies on the protection of this site by p-glucose in
N-ethylmaleimide labeling experiments (42). In other investi-
gations it was reported that SGLT1 is not sensitive to alkylation
by N-ethylmaleimide or methanethiosulfonate. The reason for
this discrepancy is unclear. It might be related to species differ-
ences and/or the incubation conditions used. Furthermore,
depending on the conformation of the carrier (see for example
Ref. 43), different disulfide linkages may be formed.

Our results from the effect of DTT on AMG transport and
labeling of peptides were in agreement and support the exist-
ence of an intramolecular disulfide bond between Cys*** and
Cys®*® in rabbit SGLT1. These results differ from the recent
work by Gagnon et al. (23) proposing a bond between Cys**°
and Cys®'! in human SGLTT1. It is noteworthy in this context
that different isoforms of SGLT1 exhibit individual properties
in term of kinetics, substrate specificity, and inhibitor affinity
(44). Therefore, minor differences in the functional structure of
different SGLT1 isoforms, particularly in the surface loops,
might be expected. Such diversity is also evident in recent stud-
ies concerning the evolution of SGLT (1). Irrespective what the
exact partners are, such an intramolecular disulfide bridge
would bring loop 6-7, loop 8-9, and loop 13-14 closer
together and create the critical conditions for phlorizin and
D-glucose binding. We thus suggest that the three subdomains
of SGLT1 form a vestibule that acts as a D-glucose-binding
pocket.

Finally, this study nicely demonstrates the advantage of
using different techniques, i.e. AFM with the potential for
nearly native environmental investigation and molecular
biochemical approaches, in cooperation to investigate the
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structure and dynamics of the cotransporter SGLT1 which
currently has become an important target in oral rehydra-
tion therapy (45).
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Substrate Specificity of Sugar Transport by Rabbit SGLT1: Single-Molecule
Atomic Force Microscopy versus Transport Studies®
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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 tbSGLT1 on the single-
molecule level, while competitive-uptake assays with isotope-labeled sugars were performed in the study
of the stereospecificity of the overall transport. rbSGLTI-transfected Chinese hamster ovary (CHO) cells
were used for both approaches. Evidence of binding of D-glucose to the extracellular surface of rtbSGLT1
could be obtained using AFM tips carrying 1-thio-D-glucose 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-D-glucose > 6-deoxy-D-glucose > D-glucose > D-galactose >
o-methyl glucoside; 3-deoxy-D-glucose, D-xylose, and L-glucose did not measurably affect binding. These
results were different from those of competitive o-methyl glucoside transport assays, where the ranking
of inhibition was as follows: D-glucose > D-galactose > 6-deoxy-D-glucose; no uptake inhibition by
D-xylose, 3-deoxy-D-glucose, 2-deoxy-D-glucose, or L-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
principle (/, 2). Na*/p-glucose cotransporter type 1 (SGLT1)
is one of the most intensively studied membrane transporters
(3, 4). SGLTI is a member of a very large solute carrier
family (SLC5) which transports various solutes into cells
using the Na™ electrochemical potential gradient across the
plasma membrane (5). Intestinal glucose absorption and renal
glucose reabsorption in many species are Nat-dependent and
crucially mediated by SGLT1 (/). Rabbit SGLT1 was first
cloned by Hediger and colleagues in 1987 (6) and since then
has been studied extensively. A defect in SGLT1 can cause
glucose-galactose malabsorption (GGM) which is an auto-
somal recessive disease (7). Recently, strong interest has been
focused on inhibitors of the novel target SGLT (SGLT1 and
SGLT2) for potential therapy of type 2 diabetes (8, 9).

It has been proposed that SGLT1 contains 14 transmem-
brane a-helices with both the N- and C-termini facing the
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extracellular compartment (/0—12). With regard to the
structure—function relationship, the N-terminal half of
SGLTI1 participates in Na' binding while the C-terminal
domain, particularly helices 10—13 of the protein, participates
in sugar transport (/3—16). Cotransport is supposed to be
initiated when two external Na' ions bind to the SGLTI
and induce structural alterations in the protein, which
allow sugar binding, followed by the simultaneous translo-
cation of sodium and sugar across the membrane (3). From
transport studies in intact cells and brush border membrane
vesicles, it is known that SGLT1 strongly discriminates
among monosaccharides, D-glucose and D-galactose being
the natural substrates (/7—20). Although these former studies
outlined the important structural and conformational features
required for a sugar to be transported, the question of how
the transporter SGLT1 selects its substrates was not inves-
tigated.

In previous studies, we have demonstrated that atomic
force microscopy (AFM;! see ref 21) is a powerful approach
to studying the presence and dynamics of membrane
transporters in intact cells on the single-molecule level (22).
The high sensitivity of AFM and the soft cantilever that is

! Abbreviations: tbSGLT1, sodium/p-glucose cotransporter 1 (rabbit
isoform); AFM, atomic force microscopy; CHO, Chinese hamster ovary;
AMG, o-methyl glucoside; PEG, poly(ethylene glycol); VS, vinylsul-
fonylbenzyl group; SH, sulthydryl; NHS, N-hydroxysuccinimide.

10.1021/bi061917z CCC: $37.00 © 2007 American Chemical Society
Published on Web 02/16/2007
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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 conditions (23—26).

Here we investigate the initial molecular recognition of
D-glucose with SGLT1 on the cell membrane surfaces of
living cells by using D-glucose coupled at the C1 position
to AFM tips. The results obtained in this study reveal that
the stereospecificity of the initial binding of D-glucose to
SGLT1 generated from AFM force spectroscopy differs from
that obtained under identical conditions in competitive
transport assays in which isotope-labeled a-methyl glucoside
([*C]AMG) was taken up by cells. These data support the
hypothesis that at least two sites of interaction of the
transporter with the sugars where selection occurs exist, one
feasibly involved in the initial binding step and the other in
the translocation reaction.

EXPERIMENTAL PROCEDURES

Materials. 1-thio-f3-D-glucose, [-D-glucose, L-glucose,
D-galactose, D-xylose, 2-deoxy-D-glucose, 3-deoxy-D-glucose,
6-deoxy-D-glucose, o-methyl glucoside, phlorizin, and poly-
L-lysine were purchased from Sigma (Schnelldorf, Germany).
All other reagents were of the highest available purity.

Cell Cultures. rbSGLTI-expressing G6D3 cells, a CHO
cell line stably transfected with rabbit SGLT1 generated in
our laboratory (27), were grown in 25 cm? flasks (Falcon,
Heidelberg, Germany) under 5% CO, at 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, 1x minimal essential medium, and 25 uM
p-mercaptoethanol. Culture medium contained 400 yxg/mL
paneticin G420 (PAN Biotech GmbH, Aidenbach, Germany)
to maintain selection of transfected cells. Culture medium
was renewed three times per week, and the cells were
subcultured at 80% confluence. Cell passages below 15 were
used for all experiments. For AFM studies, the cells were
seeded on 22 mm? poly-L-lysine-coated glass cover slips and
the experiments were performed within 1—4 days of seeding.
For uptake studies, confluent monolayers of G6D3 cells were
grown on 96-well plates (Falcon) for 3 days.

Transport Studies. Nat/D-glucose cotransport activity and
phlorizin inhibition were assessed by examining o-[*C]JAMG
(specific radioactivity of 300 mCi/mmol) uptake as described
previously (28). A 96-well automated method was employed
so that small amounts of the radioactive compound and
inhibitory substances could be used. Briefly, the cells were
incubated in a D-glucose-free medium for 1 h at 37 °C prior
the transport assays. For the purpose of this study, Krebs-
Ringer-HEPES (KRH) solution containing 120 mM NaCl,
4.7 mM KCl, 2.2 mM CaCl,, 1.2 mM MgCl,, and 10 mM
HEPES (pH 7.4 with Tris base) was used to asses sodium-
dependent D-glucose transport. Cytochalasin B (50 uM) was
added as a supplement to KRH solution to suppress glucose
uptake by GLUT protein (glucose transporter). A KRH
solution containing 120 mM N-methylglucamine (NMG)
instead of NaCl was used to assess sodium-independent
D-glucose transport. The uptake activity assay with the three
transport buffers containing KRH-Nat or KRH-Na* with
phlorizin (0.5 mM) or KRH-NMG with 0.1 mM AMG
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(containing 1 uCi/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 mean (n = 3). The statistical significance was tested using
a Student’s -test.

Competition Assays. The competitive measurements of
AMG uptake were performed in the presence of several
competitive sugars, i.e., D-glucose, L-glucose, D-galactose,
D-xylose, 2-deoxy-D-glucose, 3-deoxy-D-glucsoe, and 6-deoxy-
D-glucose at concentrations of 0.5, 5, and 10 mM. Transport
buffer containing a KRH-Na™ solution, 50 M cytochalasin
B, and 0.1 mM AMG (containing 1 uCi/mL '“C-labeled
AMG) was used throughout these inhibition studies. The
results were expressed as cpm (mg/mL protein)~' (30 s)~!
as mean values & the standard error of the mean (n = 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 Tips. Conjugation
of 1-thio-f-D-glucose to AFM tips via a flexible PEG [poly-
(ethylene glycol)] cross-linker was carried out as described
previously (22). 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 NHS (N-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-thio-f-D-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 Spectroscopy. All AFM
investigations were performed using a magnetically driven
dynamic force microscope (PicoSPM II, Molecular Imaging,
Tempe, AZ) in the Na'-containing KRH medium except
where Na't-free medium was stated. For the detection of
glucose—SGLT1 recognition, force—distance cycles were
performed at room temperature using glucose-coated canti-
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 previously (22). Force—distance cycles were recorded
on cell surfaces with the assistance of a CCD camera for
positioning the AFM cantilever on isolated cells or cell
monolayers (living cells). The sweep amplitude of the force—
distance cycles was 1000 nm at a sweep rate of 1 Hz. Up to
500—1000 force—distance cycles were performed for each
location on the surface of cells and up to four locations
(different cells) for each condition, i.e., initial condition,
ligand addition, and washout condition. For ligand addition,
D-glucose, L-glucose, D-galactose, D-xylose, 2-deoxy-D-
glucose, 3-deoxy-D-glucsoe, 6-deoxy-D-glucose, AMG (10
mM each) or 0.5 mM phlorizin was separately applied for
competitive investigations. Force—distance cycles were
recorded after incubation with the ligand for 10 min. The
washing periods were ~30 min to 1 h to ensure complete
removal of ligand. The binding probability for each condition
was derived and expressed as the mean value + the standard



Substrate Specificity of Rabbit SGLT1

error of the mean (n = 2000—4000). The statistical signifi-
cance was tested using a Student’s #-test. 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 force—distance
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 rbSGLT1 As Observed by AFM
Force Spectroscopy. AFM force spectroscopy was employed
in investigating sugar—SGLT]1 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 modified (/8, 32—39), and the
ligand was tightly attached to the tip. The AFM tips were
covalently conjugated with 1-thio-3-D-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-thio-D-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-
pB-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 of D-glucose 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 bulky p-vinylsulfo-
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 with N-methyl-D-glucamine (inset
of Figure 2). The observed probabilities of binding (prob-
ability of finding an unbinding event in force—distance
cycles) of D-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 SGLTI1
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 studies (22)].

Stereospecificity of the Initial D-Glucose-Binding Site. The
effect of various sugars, including some controvertible sugars,
on the probability of binding of the 1-thio-D-glucose tip to
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FIGURE 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 force—distance cycle
carried out to measure specific molecular force. The tip was moved
toward the cell surface (dotted line, 1—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 force (f,).
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FIGURE 2: Force curve showing specific interaction between the
glucose and SGLT1 upon tip—surface retraction. The retraction
curve on the cell surface with a glucose-coated AFM tip shows a
specific interaction in the presence of Na™ (KRH-Na™). The specific
recognition disappears in the absence of Na™ (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-Na™ buffer were similar
(Figure 3A—H, first bar). These values were in agreement
with the ones from the previous studies (22). 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-deoxy-D-glucose 84.9
6-deoxy-D-glucose 83.5
D-glucose 64.5
D-galactose 53.0
a-methyl glucoside 52.9
D-xylose 18.0
3-deoxy-D-glucose 16.9
L-glucose 15.4
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FIGURE 3: Inhibition of initial D-glucose binding. Binding prob-
abilities of the D-glucose tip and effect of 2-deoxy-D-glucose (A,
black bar), 6-deoxy-D-glucose (B, black bar), D-glucose (C, black
bar), D-galactose (D, black bar), AMG (E, black bar), b-xylose (F,
black bar), L-glucose (G, black bar), and 3-deoxy-D-glucose (H,
black bar). Values are means =+ the standard error of the mean (»
=2000—4000). Abbreviations: 2do-Dglc, 2-deoxy-D-glucose; 6do-
Dglc, 6-deoxy-D-glucose; D-glc, D-glucose; D-gal, D-galactose;
AMG, a-methyl glucoside; D-xyl, b-xylose; L-glc, L-glucose; 3do-
Dglc, 3-deoxy-D-glucose; Phlz, phlorizin. p < 0.05 (one asterisk),
p < 0.01 (two asterisks), and p < 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-deoxy-D-glucose
(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),
D-glucose (from 9.3 £ 1.3 to 3.3 £ 0.9%, p = 0.0086),
D-galactose (from 11.7 &£ 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),
D-xylose (from 8.3 & 1.6 to 6.8 &+ 0.5%, p = 0.3657), and
L-glucose (from 7.8 £ 2.4 to 6.6 £ 1.2%, p = 0.6576) had
no significant effect. These values are compiled as the percent

4 The values were derived from the experiments depicted in
Figure 3. In each experiment, 2000—4000 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 of [“C]AMG
by SGLTI stably transfected G6D3 cells. Uptake was assessed
by incubation with 0.1 mM AMG (containing 1 ©Ci/mL *C-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
Nat with specific inhibitor phlorizin (KRH-Na*/Phlz, white
bar), and in the absence of Na™ (KRH-NMG, black bar). Values
are means =+ the standard error of the mean (» = 3); p < 0.005
(three asterisks) compared with levels in the presence of Na* (gray
bar).

inhibition of binding in Table 1. The ranking of the sugars
with regard to the potency to prevent binding is as follows:
2-deoxy-D-glucose = 6-deoxy-D-glucose > D-glucose >
D-galactose = AMG > D-xylose = 3-deoxy-D-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-deoxy-D-glucose and 2-deoxy-D-glucose, the inhibition was
comparable to that achieved with 0.5 mM phlorizin (Figure
3A,B).

Transport Studies in CHO Cells Overexpressing rbSGLT1
(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'-
dependent D-glucose cotransport assessed by [*C]JAMG
uptake was 2284.4 + 207.3 cpm (mg/mL protein)~! (30 s)~!
(n = 3) in the presence of Nat (KRH-Na™) and 20.9 +
3.2 ¢pm (mg/mL protein)™! (30 s)™! (n = 3) in the
absence of Na® (KRH-NMG). Phlorizin inhibition was
confirmed by measuring the level of ['*C]JAMG uptake in
the presence of Na®™ and phlorizin, yielding 69.2 + 14.7
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FIGURE 5: AMG uptake in the presence of competitive sugars.
Uptake was assessed by incubation with 0.1 mM AMG (containing
1 uCi/mL '“C-labeled AMG) together with each competitive sugar
for 30 min at 37 °C in KRH-Na™ medium. The levels of uptake at
competitive sugar concentrations of 0.5, 5, and 10 mM, i.e.,
L-glucose (black circles), D-glucose (red circles), D-galactose (green
triangles), D-xylose (yellow triangles), 2-deoxy-D-glucose (blue
rectangles), 3-deoxy-D-glucsoe (pink rectangles), and 6-deoxy-D-
glucose (white diamonds), were compared. Values are means =+
the standard error of the mean (n = 3).

Table 2: Effect of Various Sugars on the Uptake of AMG by
SGLT1 (transport studies)

sugars and derivatives % reduction”

D-glucose 90.2
D-galactose 71.3
6-deoxy-D-glucose 67.2
D-xylose 15.1
3-deoxy-D-glucose 133
2-deoxy-D-glucose 10.5
L-glucose —2.8

@ The data were calculated by using the value of AMG uptake at
0.1 mM as a reference value.

cpm (mg/mL protein)™! (30 s)™! (n = 3). These data
demonstrate that the expressed SGLT! in this study shows
the characteristic of Na™ dependence and phlorizin sensitivity
of transport.

Substrate Specificity of Transport. To investigate the
substrate specificity exhibited in the more complex transport
reaction of rbSGLTI, competitive uptake assays using
isotope-labeled AMG were performed by adding various
sugars to the uptake solutions. The levels of AMG uptake
at concentrations of 0.5, 5, and 10 mM for competitive
sugars, i.e., D-glucose, L-glucose, D-galactose, D-xylose,
2-deoxy-D-glucose, 3-deoxy-D-glucsoe, and 6-deoxy-D-
glucose, are shown in Figure 5. In the absence of competing
sugars, the level of AMG transport was 1380.4 = 211.9 cpm
(mg/mL protein)™! (30 s)”! (» = 3). Only D-glucose,
D-galactose, and 6-deoxy-D-glucose inhibited AMG uptake
in a dose-dependent manner, whereas the others sugars did
not.

The percent reductions in the level of AMG uptake in the
presence of each competitive sugar (10 mM) are compiled
in Table 2. pD-Glucose exhibited the strongest inhibition of
AMG uptake (90.2%). The ranking of percent reduction from
competitive assays (Table 2) was as follows: D-glucose >
D-galactose > 6-deoxy-D-glucose > D-xylose ~ 3-deoxy-
D-glucose ~ 2-deoxy-D-glucose > L-glucose.
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AFM Force Spectroscopy of the Interaction of D-Glucose
with SGLTI. At present, atomic force microscopy is widely
accepted as a tool in nano-bioscience and nano-biotech-
nology. The AFM approach is very useful in obtaining direct
information either on isolated molecules or on the surface
of living cells (for reviews, see refs 22 and 47). It is
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
potential, and membrane fluidity.

For the detection of SGLT1 with D-glucose, we used
interaction force spectroscopy. SGLT1-expressing G6D3
cells were firmly attached to poly-L-lysine-coated glass cover
slips. This method of preparation is suitable for maintaining
cell attachment and prolonging experimental time (22). To
detect single-molecule events, single-molecule tips that
contain a very low surface density of ligands (~400
molecules/um?) were employed (23). At a given time, only
one ligand has access to the transporters present at the cell
surface. Here the AFM tips were covalently conjugated with
1-thio-f3-D-glucose via distensable tethers which guarantees
a sufficiently stable attachment, because these covalent bonds
are ~10 times stronger than typical ligand—receptor interac-
tions (47). The NHS-PEG-VS cross-linker was purposely
selected for this investigation since the bulky p-vinylsulfo-
nylbenzoyl group present at the end of the linker most
probably prevents a translocation, and therefore, only an
initial binding of D-glucose to SGLT1 should be observed.
It is noteworthy that the p-vinylsulfonylbenzoyl group is
closely similar in size to the aglucone phloretin that is
attached to the glycoside phlorizin which is not translocated
by SGLTI. In this study, we observed distinct recognition
events between the D-glucose-coupled cantilever and the
living G6D3 cells. This interaction was Nat-dependent and
could be inhibited by phlorizin. Furthermore, as reported
previously (22), it was only observed in CHO cells overex-
pressing SGLTI, thereby verifying the specificity of the
interaction with SGLT1. Moreover, the observed unbinding
force (f;) required to disrupt this interaction and the binding
probabilities of ~8—12% were the same as in the previous
study (22).

Selectivity of SGLTI1-Mediated Sugar Transport. In gen-
eral, the data presented here provide further support to
previous studies which have shown the important roles of
the hydroxyl groups on C2, C3, C4, and C6 in sugar binding
and translocation by SGLT1 (78, 32—39).

Substrate transport by SGLT! has been proposed to
proceed in several steps along the translocation pathway,
including conformational alterations of the carrier and
substrate translocation (3, 42—45). Studies on the kinetics
and substrate specificity of several isoforms of SGLT]1, for
instance, rabbit SGLT1, human SGLT1, and rat SGLT1, have
demonstrated that each isoform exhibits individual properties
(18). In any case, at least two sites of interaction of the
transporter with the sugars are hypothesized to exist, one
initial binding site and another in the translocation pathway.
However, the direct experimental proof and characterization
of these sites are lacking thus far.

In this study, an AFM force spectroscopy approach was
used as a method for probing the initial D-glucose binding
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FIGURE 6: Chemical structure of the studied sugars. The ring form
of 3-D-glucose (A), 6-deoxy-f-D-glucose (B), 5-D-galactose (C),
o-methyl D-glucoside (D), -L-glucose (E), 2-deoxy-{3-D-glucose
(F), 3-deoxy-f-D-glucose (G), and S-D-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 D-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-deoxy-D-glucose, 2-deoxy-D-glucose, D-glucose, D-
galactose, and a-methyl glucoside, whereas only a slight
effect was observed in the presence of 3-deoxy-D-glucose,
D-xylose, and L-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 SGLT1. D-galactose, a
4-epimer of D-glucose, has an axial configuration of the
hydroxyl group on C4 which may impede the interaction of
the C3 hydroxyl group with the carrier. These data are in
accordance with the lower inhibitory potency of phloretin
2’-galactoside on sugar transport compared to that of the
phloretin 2’-glucoside, phlorizin (37—39). Furthermore, it
seems that a steric effect of a substituent on C1 plays a role
in the accessibility of the sugar to SGLT1, which is evident
from a slightly weaker inhibition by a-methyl glucoside
(AMG).

It should be mentioned in this context that modification
of the C3 hydroxyl group with a methyl group as in 3-O-
methyl-D-glucose apparently still allows interaction with the
initial docking site. 3-O-Methyl-D-glucose slightly inhibits

Puntheeranurak et al.

phlorizin binding in rat kidney brush border membranes (35),
and this sugar has been used as a model substance in studies
of the cotransport of sodium and D-glucose. In those
investigations, it exhibited characteristics similar to those of
glucose but had a lower affinity (46).

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 expected, D-glucose and D-galactose exhib-
ited the strongest inhibitory potency, followed by 6-deoxy-
D-glucose. D-Xylose, 3-deoxy-D-glucose, and L-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-deoxy-D-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-Deoxy-D-glucose was shown to inhibit binding of phlorizin
to isolated brush border membrane vesicles, but no transepi-
thelial transport was observed in microperfusion studies (46).
This result raises the question of why 2-deoxy-D-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 Cl1 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, both D-glucose 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-deoxy-D-glucose 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-deoxy-D-
glucose does not inhibit binding or transport to a significant
extent.

When the results from the studies of the initial sugar
binding and the competitive transport assays are combined,
the following sequence of events in sugar recognition and
selection for transport can be hypothesized. The sugars first
reach a docking site which requires the presence of a
hydroxyl group (or O-methyl group) at C3. The sugars
fulfilling this requirement are then transferred to a second
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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Atomic force microscopy (AFM) was employed to probe topology,
conformational changes and initial substrate-carrier interactions of Na'-
glucose cotransporter (SGLT1) in living cells on a single-molecule level.
Scanning SGLT1-transfected chinese hamster ovary (CHO) cells with AFM
tips carrying an epitope- specific antibody directed against the
extramembraneous C-terminal loop 13 significant recognition events could be
detected. Specificity was confirmed by the absence of events in
nontransfected CHO cells and by the use of free antigen and free antibody
superfusion. Thus, contrary to computer predictions on SGLT1 topology, loop
13 seems to be part of the extracellular surface of the transporter. Binding
probability of the antibody decreased upon addition of phlorizin, a specific
inhibitor of SGLT1, suggesting a considerable conformational change of loop
13 when the inhibitor occludes the sugar translocation pathway. Using an
AFM tip carrying 1-thio-D-glucose, direct evidence could be obtained that in
the presence of Na* a sugar-binding site appears on the transporter surface.
The binding site accepts the sugar residue of the glucoside phlorizin, free D-
Glucose, and D-galactose, but not free L-glucose and represents probably the
first of several selectivity filters of the transporter. This work demonstrates the
potential of AFM to study the presence and dynamics of plasma membrane
transporters in intact cells on the single-molecule level. This useful approach
has paved the way as an alternative method for transmembrane-investigation.
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Atomic force microscopy (AFM) is a powerful technique that can resolve features as
small as an atomic lattice in the real space. AFM can be used on any kind of surfaces. The
number of AFM applications in life science, material science, physical science, and industries
has exploded since it was invented in 1986 [1]. The popularity of AFM is due to a number of
reasons, such as easily achievable high resolution, low cost, little sample preparation, three-
dimensional information, in-situ observations, fluid imaging, temperature controls,
environmental controls. The greatest advantage of AFM over other high-resolution methods
commonly used in biological sciences is that the experiments can be performed under near-
physiological conditions, i.e. in agueous solution and at room temperature with a non-
destructive manner. AFM studies on DNA, RNA, protein, lipid, live cells and subcellular
structures in different biological buffers can give detailed structural information in the native
environment [example see 2, 3]. Here several biological samples such as bacterial cells,
mammalian cells, lipid bilayers, and bones (Figure 1 and 2) have been characterized. The
results show great potential of AFM as an alternative tool for studying biological materials.
Thereby, it can provide considerable insight of the structure-function relationship, especially,
for the healthy and non-healthy bone samples which can lead the way for medical
applications in the future.
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Figure 1 AFM images of a frabecula isolated from héalthy rat bone. (a) Topographjc image,
(b) amplitude image, and (c) phase image of the surface of a trabecula with mineral plates.
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Figure 2 Topographic AFM images of a non-healthy trabecula. (a) A low resolution
topographic 15x15 pm AFM image showing the resorbed trabecula with several resorption

areas. (b), (c), and (d) are higher magnification detail of the surface seen in the lower right
part of (a). The same resorption area is indicated by an arrow.
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