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Background: SGLT1 functions in intestinal glucose absorption and renal reabsorption.
Results: With increasing temperature, width of energy barrier and average life time increased for glucose binding to SGLT1 but
decreased for phlorizin binding.
Conclusion: Sugar translocation and inhibitor binding involves several steps with different temperature sensitivity.
Significance: Force spectroscopy can be used to study dynamics and structure of membrane transporter.

Single molecule force spectroscopy was employed to investi-
gate the dynamics of the sodium glucose co-transporter
(SGLT1) upon substrate and inhibitor binding on the single
molecule level. CHO cells stably expressing rbSGLT1 were
probed by using atomic force microscopy tips carrying either
thioglucose, 2�-aminoethyl �-D-glucopyranoside, or amino-
phlorizin. Poly(ethylene glycol) (PEG) chains of different length
and varying end groups were used as tether. Experiments were
performed at 10, 25 and 37 °C to address different conforma-
tional states of SGLT1. Unbinding forces between ligands and
SGLT1 were recorded at different loading rates by changing the
retraction velocity, yielding binding probability, width of energy
barrier of the binding pocket, and the kinetic off rate constant of
the binding reaction. With increasing temperature, width of
energy barrier and average life time increased for the interaction
of SGLT1 with thioglucose (coupled via acrylamide to a long
PEG) but decreased for aminophlorizin binding. The former
indicates that in the membrane-bound SGLT1 the pathway to
sugar translocation involves several steps with different temper-
ature sensitivity. The latter suggests that also the aglucon bind-
ing sites for transport inhibitors have specific, temperature-sen-
sitive conformations.

Glucose uptake into cells is essential for supply of energy in
almost every organism from invertebrate to mammalian. The
sugar can enter cells either by passive diffusion via facilitating
transporters of the GLUT family or by secondary active trans-

port via sodium-glucose co-transporters (SGLTs)3 using the
electrochemical Na� gradient across the cell membrane gener-
ated by Na�/K-ATPase as the driving force (1–3). SGLT1 is a
member of the large solute carrier family (SCL5) present in the
apical membrane of the epithelial cells of the small intestine and
the kidney and participating in intestinal glucose absorption
and renal glucose reabsorption in many species (1). Mutations
of SGLT1 can cause severe malfunctions such as glucose-galac-
tose-malabsorption, a serious disease in newborn children in
which they may die due to diarrhea and dehydration (4). More-
over, sodium-glucose co-transporters are therapeutic targets to
treat hyperglycemia in type 2 diabetes (5, 6). Hence, a detailed
elucidation of the structure and function of SGLT1 is required.

To this end various methods have been used such as kinetic
studies (7), electrophysiology methods (8), tryptophan scan-
ning studies (9, 10), mutagenesis studies (11, 12), x-ray crystal-
lography (13), and plasmon resonance spectroscopy (14) to
name a few. Crystallographic data are available for Vibrio para-
hemeolyticus sodium/galactose symporter (vSGLT) (13) in the
sodium- and galactose-bound state. Overall, a group of seven
central helices contributes side-chain interactions for ligand
selectivity. These are stabilized by seven supporting helices.
The model proposed recently by Sala-Rabanal et al. (15) inte-
grates the kinetic and structural data available to date into a
six-step alternating access model.

Our group has successfully used atomic force microscopy
(AFM) and single molecule recognition force spectroscopy
(16 –18) to probe the transporter in its natural environment
embedded in the plasma membrane of living cells under near-
physiological conditions (19). The extracellular location and
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accessibility of three extramembraneous loops (loop 6 –7, loop
8 –9, and loop 13–14) was identified. They form a vestibule for
the entry of the sugar into the translocation pathway and con-
tain the first of several sugar recognition sites. This vestibule is
accessible to the sugar only in the presence of sodium (20, 21).
Phlorizin acts as a competitive inhibitor of SGLT1 with an
apparent Ki of 1 �M (22). The phlorizin carrier complex repre-
sents a dead end conformation of the transporter in which it is
locked into a condensed, rigid conformation unable to mediate
translocation (23, 24). Phlorizin consists of a pyranose ring
(sugar residue) and two aromatic rings joined by an alkyl spacer
(the aglucon moiety, phloretin) (22). It is supposed that phlo-
rizin binds via a two-step mechanism to the sugar translocation
site and an aglucon binding site of the transporter (8, 25). One
of the extracellular loops, loop 13–14, was found to provide an
additional aglucon binding site. Alkyl-glucosides, such as
hexyl-glucoside, also inhibit glucose transport competitively
with a Ki of �10 �M (26, 27). The sites of interaction between
the aglucon of the inhibitors and loop 13–14 differ and overlap
only partly (10).

In the present work AFM was employed to further charac-
terize the molecular interaction between SGLT1 and D-glucose
and inhibitors with regard to their dynamics and forces. Molec-
ular interaction between receptors and ligands is controlled by
a complex array of intermolecular forces that can be character-
ized by their free energy landscape. AFM can be used to directly
quantify the range and magnitude of the interaction forces
between proteins and other molecules (28, 29). Dynamic
aspects of bond rupture, e.g. dissociation rate constants, com-
monly used to describe the affinity between a ligand and a pro-
tein, and width of energy barrier, interpreted as the distance of
the energy barrier from the energy minimum along the direc-
tion of the applied force, can be obtained by varying the loading
rate of the force appliance. This provides insights into the
molecular dynamics and the energy landscape for substrate/
inhibitor-transporter complexes. Location of energy barriers
and nature of interaction forces have been studied extensively
for proteins by investigating their properties at different tem-
peratures (30). We used a similar approach as it has been shown
that sodium-dependent glucose transport is strongly tempera-
ture-dependent (11), ceasing below the transition temperature
of the membrane lipids in vitro (31). In contrast, sodium-de-
pendent, glucose-inhibitable binding of phlorizin is still
demonstrable at temperatures close to 0 °C.4 Therefore, studies
were performed at 10, 25, and 37 °C to investigate further the
properties of the glucose translocation pathway and the inhib-
itor binding sites.

EXPERIMENTAL PROCEDURES

AFM Tip Functionalization—1-Thio-�-D-glucose (thio-glc)
(Sigma), 2�-aminoethyl �-D-glucopyranoside, and 3-amino-
phlorizin were coupled to the AFM tip using a well established
three-step protocol. Therefore, 2�-aminoethyl �-D-glucopyran-
oside was synthesized as described (32) and N-acylated with
N-succinimidyl 6-(acetylthio)hexanoate as previously de-
scribed for “tris-nitrilotriacetic acid” (33) yielding the product

AcS-hex-glc. Immediately before coupling to the AFM tip, the
acetyl group was removed with hydroxylamine (34) to obtain a
free thiol, abbreviated as hex-glc (Fig. 1A). 3-Aminophlorizin
was synthesized as described (35) except that sodium dithionite
was used for reduction of 3-nitrophlorizin instead of catalytic
hydrogenation (36). 3-Aminophlorizin was also extended with
6-(acetylthio)hexanoic acid, yielding a conjugate termed AcS-
hex-phl. Immediately before coupling to the AFM tip, the acetyl
group was removed with hydroxylamine (34) to obtain a free
thiol. The molecule was abbreviated as hex-phl (Fig. 1A). Two
different polyethylene glycol (PEG) spacers were used to couple
the glucose derivatives to the tip. Maleimide-PEG1300-NHS
was purchased from Polypure (Oslo, Norway). Acrylamide-
PEG5000-NHS was synthesized by reacting NH2-PEG5000-
COOH hydrochloride (Nektar Therapeutics, Huntsville, Ala-
bama) with acrylic acid chloride and activating the terminal
COOH group as N-hydroxysuccinimide (NHS) ester (37).
Covalent coupling of the glucose derivatives was performed as
follows: (i) amino functionalization with aminopropyltriethoxy-
silane in the gas phase (as described in detail in mal-linker test-
ing and by Riener et al. (39) and Ebner et al. (38), (ii) reaction of
the amino function with the NHS ester function of the cross-
linker (39), and (iii) attachment of the ligands to the thiol-reac-
tive groups on the free end of the cross-linker (Fig. 1C) (40). In
particular, thio-glc (Fig. 1A) was coupled to tip-PEG5000-acryl-
amide (Fig. 1B) by incubating these tips in 100 �l of buffer A*
(150 mM NaH2PO4�H2O, 1 mM EDTA�Na2, pH 7.5, adjusted
with NaOH) containing 100 mM thio-glc at room temperature
for 4 h (19). 20 �l of 100 mM Tris(2-carboxyethyl)phosphine
hydrochloride were added into the incubation solution to acti-
vate the thiol group of thio-glc. Tips were washed 3 times in
buffer A (100 mM NaCl, 50 mM NaH2PO4�H2O, 1 mM

EDTA.Na2, pH 7.5, adjusted with NaOH) and stored in buffer A
at 4 °C for at least 3 weeks. For coupling of 2�-aminoethyl �-D-
glucopyranoside (hex-glc; Fig. 1A) to tip-PEG1300-mal (Fig. 1B),
50 �l of AcS-hex-glc (4 mM) in buffer A were mixed with 5 �l of
hydroxylamine reagent (500 mM hydroxylamine hydrochloride,
25 mM EDTA, titrated to pH 7.5 with Na2CO3) to remove the
acetyl group. The AFM tip with the thiol-reactive end group
was incubated in this solution for 4 h at room temperature. Tips
were washed in buffer A and stored in buffer A at 4 °C for at
least 3 weeks. For coupling of hex-phl (Fig. 1A) to tip-PEG1300-
mal (Fig. 1B), the same procedure was used as described for
hex-glc.

Cell Culture—RbSGLT1-expressing G6D3 cells, a CHO cell
line stably transfected with rabbit SGLT1 generated by Lin et al.
(41) were grown in 25-cm2 flasks (BD FalconTM tissue culture
flask, VWR, Vienna, Austria) under 5% CO2 at 37 °C. This cell
line was cultured in Dulbecco’s modified Eagle’s medium con-
taining high glucose (25 mM) (PAN-Biotech, Aidenberg, Ger-
many) supplemented with 5% fetal calf serum (PAA, Linz, Aus-
tria), 1 mM sodium pyruvate (Invitrogen), 2 mM L-glutamine
(Invitrogen), minimal essential medium (Invitrogen), and 25
�M �-mercaptoethanol (Invitrogen). Culture medium con-
tained 400 �g/ml sulfate G418 Geneticin (MedPro, Vienna,
Austria) to maintain selection of transfected cells. Culture
medium was renewed 3 times per week, and the cells were sub-
cultured at 80% confluence. Cell passages below 20 were used4 W. Frasch and K. R. H. Kinne, unpublished data.
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for all experiments. For AFM investigations, the cells were
seeded on 22-mm2 plastic coverslips from subconfluence to
monolayers, and the experiments were performed within 1–5
days after seeding the coverslips.

Cell Viability—At all temperatures, G6D3 cells stably
expressing rbSGLT1 (rabbit isoform of SGLT1) appeared to be
vital during AFM investigations. Topographical and deflection
images of the cells (data not shown), acquired in contact mode
using a magnetically driven dynamic force microscope (Pico-
SPM II, Agilent Technologies, Chandler, AZ) and non-func-
tionalized cantilevers of 0.01– 0.03 N/m nominal spring con-
stant, showed a firm attachment on glass slides as the area
surrounding the nucleus region revealed to be flat. Typical cells
were �30 –70 �m in diameter with a prominent bright zone
representing the nucleus with a height of 2– 4 �m. The pro-
nounced flatness of the cells and the presence of characteristic
morphological features such as the cytoskeleton implied that
the cells were alive and vital; this allowed for stable measure-
ments over several hours. Moreover, the cells were very suitable
for force spectroscopy measurements due to their elongated
spatial dimensions and their low height.

In pilot transport and binding experiments it was found that,
as expected, sodium-dependent �-methyl D-glucose uptake at
10 °C was only 5% that of the uptake observed at 37 °C, whereas
a slightly increased phlorizin binding was observed.5

AFM Force Microscopy/Spectroscopy—All AFM measure-
ments were carried out in Krebs-Ringer-HEPES buffer (120 mM

NaCl, 4.7 mM KCl, 2.2 mM CaCl2, 1.2 mM MgCl2, and 10 mM

HEPES; the pH was adjusted to 7.4 with Tris-base) using a mag-
netically driven dynamic force microscope (PicoSPM II, Agi-
lent Technologies, Tempe, AZ). Topographical and deflection
images of the cells were acquired in contact mode AFM using
non-functionalized cantilevers (Veeco Instruments, Mann-
heim, Germany) of 0.01– 0.03 N/m nominal spring constant in
order to record the viability of the cells. For detection of glu-
cose/phlorizin-SGLT1 recognition, force-distance cycles were
performed at controlled temperature conditions, i.e. 10 °C,
25 °C, and 37 °C, using ligand-functionalized cantilevers (Veeco
Instruments) with 0.01– 0.03 N/m nominal spring constant in
the conventionally contact force spectroscopy mode. In partic-
ular, the cells grown on a plastic slide were mounted on an
Agilent Peltier-100 sample compartment spanning a tempera-
ture range from 0 to 40 °C. A DC power supply device (Mc
Voice) was connected with the Peltier-100 to sustain a constant
temperature by applying a current. The temperature was con-
trolled by permanently monitoring the resistance of the Peltier
element using a digital multimeter (Sky Tronics). A gravity-fed
water cooling system was installed to decrease the minimum
sample temperature, reduce the power requirement, and pre-
vent overheating of the device when the sample is cooled. The
flow rate of the water through the Peltier element was adjusted
to 25 ml/min. In addition, the scanner housing was floated with
argon gas when the temperature was set to 10 °C to prevent
moisture on the glass of the “AFM nose.”

Force-distance cycles were recorded with the assistance of a
CCD camera for positioning the cantilever above a single cell.

At a fixed lateral position an AFM tip carrying a glucose or
phlorizin molecule approached (trace) the cell surface and was
subsequently retracted (retrace) (see Fig. 2B). During this cycle
the cantilever deflection (�z), which can directly be converted
into a force (f) according to Hook’s law (f � k�z, k being the
cantilever spring constant), was continuously monitored and
plotted versus tip-surface separation (i.e. distance). Upon
approach no bending of the cantilever occurred. As the canti-
lever touched the surface it deflected upward due to a repulsive
tip-sample interaction. Subsequent tip-surface retraction led to
relaxation of the cantilever bending until the repulsive force
dropped to zero. If a ligand on the tip had bound to a surface
protein, an attractive force developed upon retraction, causing
the cantilever to bend downward. At a particular unbinding
force (fu) the ligand was detached from the surface-molecule,
and the cantilever jumped back to zero deflection.

The interaction efficiency of thio-glc on AA-PEG5000, hex-
glc, and hex-phl on maleimide-PEG1300-NHS (mal-PEG1300)
was probed at 10 °C, 25 °C, and 37 °C by recording up to 1000
force-distance cycles with a z-range of 1000 N/m/s and a sweep
frequency of 1 Hz (amounting to a sweep rate of 2000 nm s�1)
on a single cell. Within these 1000 force-distance cycles the
position of the cantilever where it touched the cell surface was
varied several times. Binding probabilities (the chance for
observing an unbinding event within one force-distance cycle)
were derived for each linker-molecule-compound at a certain
temperature and expressed as the mean value � S.E. The spec-
ificity of the recognition events between SGLT1 and glucose
derivatives at each temperature was proven by adding 0.5 mM

phlorizin to the buffer solution and thus blocking the substrate
interaction sites of SGLT1. The binding probability was
acquired for initial conditions (cells in Krebs-Ringer-HEPES
buffer without phlorizin), phlorizin-containing conditions, and
washout conditions. Binding probabilities are given as the mean
values � S.E.

A close geometrical and chemical fit within the binding
pocket has to be accomplished as a prerequisite for molecular
recognition; the underlying specific interactions are a distinct
class of highly complementary non-covalent bonds composed
of several weak interactions such as electrostatic, polar, van der
Waals, hydrophobic, and hydrogen bonds. The binding energy
EB, given by the free energy difference between the bound and
the free state, is the common parameter to describe the strength
of a bond. Ligand-receptor binding is generally a reversible
reaction. Thus, the average lifetime of a ligand-receptor bond,
�(0), is given by the inverse of the kinetic off rate koff. Therefore,
ligands will dissociate from receptors without any force applied
to the bond at times larger than �(0). In contrast, if molecules
are pulled faster than �(0) the bond will resist and require a
force for detachment. The activation energy for the dissocia-
tions is the difference in energy between the initial state and the
transition state of the highest energy to which the system must
be raised before dissociation can occur. In force spectroscopy
experiments, the dynamics of pulling on specific receptor-li-
gand bonds is varied, which leads to detailed structural and
kinetic information of the bond breakage. Moreover, energy
landscapes of receptor-ligand bonds can be detectable for cer-
tain time scales in force-induced unbinding; especially, force5 H. Kipp and K. R. H. Kinne, unpublished data.
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spectroscopy appears to be a proper tool to discover hidden
activation barriers and explore the energy landscape in greater
detail.

To study ligand/SGLT1 unbinding forces and kinetic and
structural parameters of the binding pocket, the tip approach-
and-retract velocities were varied in the range from 1 �m/0.2 s
to 1 �m/2 s. Thus, the loading rate, which was determined from
the product of the effective spring constant (cantilever spring
and bound molecule) times retraction velocity, was varied in
the range from �1.5 	 101 to �2 	 104 pN/s. The measure-
ments were carried out at 10 °C, 25 °C, and 37 °C. Several indi-
vidual measurements were performed for each linker-molecule
compound (thio-glc on AA-PEG5000, hex-glc on to mal-
PEG1300, and hex-phl on mal-PEG1300) using cantilevers of 0.01
and 0.02 N/m nominal spring constant. For each tip-ligand sys-
tem, 1000 –2000 force-distance cycles were recorded at each
loading rate. Single unbinding events were collected, and the
most probable unbinding force (fu) was plotted against the log-
arithm of the loading rate (r) to gain the width (x�) of prominent
energy barriers along the dissociation pathway and the dissoci-
ation rate constant (koff). In particular, a maximum likelihood
approach was employed as a statistical estimation technique to
fit a statistical model to the obtained data, thus providing esti-
mations for model’s parameters. Here, the consequent unbind-
ing force was plotted against the particular loading rate for
every single detected unbinding event. The data points of each
recognition event were merged in one dynamic force spectra
plot to obtain dynamic aspects of a bond. As an analytical model
to estimate for the maximum likelihood of x� and koff, the Evans
model was employed. The Bayesian information criterion (BIC)
was intended to choose the best model from among several
competing/equal models. The BIC was designed to select the
best model that describes the data adequately without using too
many parameters. The formulation for the BIC is given by,

BIC � �2
l
�;y� � l
�*;y�� 	 2plog
�n� (Eq. 1)

where l(�;y) is the log-likelihood of the model under consider-
ation, l(�*;y) is the log-likelihood of the most likely model in the
subset of models considered, p is the number of parameters fit
in the model, and n is the number of observations. Thus, the
model with the smallest BIC value is chosen as the best model
(41). Student’s t test was performed to compare the gained koff
and x� values and account for significant differences.

The spring constant of the cantilevers was determined by
using the thermal noise method (42, 43). The deflection sensi-
tivity of the photodetector was determined from the slope of
the force-distance plot, taken on the hard bare surface of a glass
coverslip. Force-distance cycles were analyzed using Matlab
Version 7.1 (MathWorks Inc., Natick, NA) where empirical
force distributions of the rupture forces of the unbinding event
(probability density function (pdf)) were calculated as de-
scribed previously (44).

RESULTS

Design of Various Substrate and Inhibitor Derivatives for
Tethering to AFM Tips—To investigate SGLT1 interactions at
the single-molecule level by AFM, three different compounds

were coupled to AFM tips, thio-glc, as an example for the sub-
strate glucose, hex-glc, as representative of alkyl-glucosides,
and 3-aminophlorizin (amino-phl) (Fig. 1A; see “Experimental
Procedures”). The molecules were tethered via heterobifunc-
tional PEG linkers varying in length (N) and end-group (TRG)
having the general structure TRG-PEGN-NHS (see Fig. 1, B and
C), “TRG” denoting a thiol-reactive group (maleimide or acryl-
amide) and “NHS” indicating a reactive NHS ester. In detail,
thioglucose was linked to the tip via a long (�30 – 40 nm) acryl-
amide-PEG-linker (AA-PEG5000) using a well established
three-step protocol (see Fig. 1C). The latter has one of the thin-
nest and least bulky functional PEG-chain end groups. Amino
ethyl �-D-glucopyranoside as well as 3-aminophlorizin was
coupled to the tip using a short (�8 nm) mal-PEG1300.

Single Molecule Recognition of SGLT1—A scheme of single-
molecule recognition force detection of a glucose derivative-
SGLT1 complex on living G6D3 cells by using AFM is illus-
trated in Fig. 2A. 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 typical force curve
(retraction) for a single molecule glucose-SGLT1 binding event
on the surface of a G6D3 cell with a ligand-conjugated tip is
shown in Fig. 2B. The specificity of the interaction between all
tip-tethered glucose derivatives and SGLT1 on the cell mem-
brane could be confirmed by masking the substrate binding site
of SGLT1 with free phlorizin (see the inset in Fig. 2B and Fig. 3).
The number of recognition events dropped significantly, to
�20% of the unblocked conditions. The same low binding
probability was observed when parental CHO cells not express-
ing SGLT1 were investigated (data not shown).

Binding Behavior of Thioglucose, Alkyl-glucose, and Amino-
phlorizin Tethered AFM Cantilevers at Different Temp-
eratures—It was found that SGLT1 could specifically be
detected at 10 °C, 25 °C, and 37 °C when living cells were
probed using cantilevers carrying the substrate or inhibitors.
The observed binding probabilities (probability of finding an
unbinding event in force-distance cycles) of all tips to SGLT1
from several experiments ranged from 9 to 27% but were not
statistically different.

Comparing the binding probability of thioglucose on AA-
PEG5000 at different temperatures, the binding probability was
low at 10 °C (8.7 � 2.28%) and increased significantly for 25 °C
(14.62 � 3.69%) and further at 37 °C (26.72 � 4.56%) (Fig. 4A).
It is noteworthy that at 37 °C thioglucose on AA-PEG5000 shows
the highest binding probabilities of all derivatives tested. The
interaction of hexyl-glucose on mal-PEG1300 with the cells was
not altered significantly by changing the temperature, as the
binding probability ranged from 11.3 � 1.16 to 15.6 � 2.03% for
all temperatures (Fig. 4B). Similarly, the recognition events for
aminophlorizin on mal-PEG1300 showed only small changes: a
slightly increased binding at 37 °C (19.38 � 3.2%) compared
with 10 °C (16.9 � 1.55%) and lesser binding probability at
25 °C (11.13 � 1.00%) (Fig. 4C).

Kinetic and Structural Parameters of the Binding Pockets—
Experiments were performed at various tip-retraction veloci-
ties, leading to a force spectrum in dependence on the loading
rate (pulling velocity times effective spring constant). Unbind-
ing forces for thioglucose on AA-PEG5000, hexyl-glucose on
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mal-PEG1300, and aminophlorizin on mal-PEG1300 were deter-
mined for retraction speeds in the range between 1.5 	 101 to
�2 	 104 pN/s. All collected force-distance cycles were evalu-
ated by selecting every single unbinding event and generating
the probability density function of the force, effective spring
constant, and length. The individual forces of each unbinding
event were plotted against the logarithm of the loading rate and
thus merged into one particular force spectrum (45). The

results obtained for thioglucose on AA-PEG5000 probed at dif-
ferent temperatures are shown in Fig. 5. As expected (46, 47),
the forces increased with increasing loading rates. Subse-
quently, data were analyzed using a maximum likelihood
approach yielding a comprehensible estimation for the width of
the energy barrier, x�, and the dissociation rate constant, koff.
Herein, a cloud of data points was gained to which a maximum
likelihood fit using the Evans model as the analytical model was

FIGURE 1. Linkage of substrates and inhibitors of SGLT1to the AFM tip via heterobifunctional PEG linker by a three-step protocol. Thio-glc, hex-glc, and
AcS-aminophlorizin (amino-phl) (A) were coupled to cross-linkers varying in lengths having a maleimide end group (�8 nm) or an acrylamide-end group
(�30 – 40 nm) (B). C, amino groups were generated on the silicon nitride AFM cantilever tip using aminopropyltriethoxysilane (step 1) to attach the flexible
distensible PEG-linker covalently via its NHS end to the tip (step 2). The ligand was linked to the free thio-reactive end of the PEG chain (step 3). Thioglucose was
coupled to the acrylamide-linker, hexyl-glucose, and aminophlorizin were bound to the maleimide-linker. Circles in B and C indicate the thio-reactive group
(TRG). In C the dotted line circles the ligand, which is coupled to the PEG linker.

FIGURE 2. Single molecule recognition of SGLT1 on the surface of living cells. A, schematic representation of a force-distance cycle, where the cantilever
approached the cell surface and subsequently retracted (solid line). The deflection angle of the cantilever remained zero (1) until the tip contacted the sample
surface from where the cantilever was bent upward (2). Upon retraction a force signal with a distinct shape occurred when an interaction between the ligand
and a receptor occurred (3). The cantilever was increasingly bent downward until the bond broke at a defined unbinding force fu required to break a single
ligand-receptor interaction (4). B, force curves show specific interactions between thioglucose coupled via an acrylamide-linker and SGLT1 upon tip-surface
retraction. The specific recognition disappeared in the presence of phlorizin (inset).
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applied to estimate x� and koff (Fig. 5; also see “Experimental
Procedures”). From these, x� and koff of the SGLT1�thioglucose
bond were calculated. As illustrated in Fig. 5, for instance, the
width of the energy barrier, x�, and dissociation rate constant,
koff, at 37 °C were 6.24 � 0.08 Å and 0.26 � 0.02 s�1, respec-
tively (Fig. 5C).

The obtained forces and the corresponding loading rates of
all investigated cantilevers at a distinct temperature, i.e. 10 °C,
25 °C, or 37 °C, were merged into one dynamic force spectra
plot (Fig. 6). Thus, hundreds of particular unbinding events
were taken into account individually making estimates for the
structural and kinetic parameter more precise. The values
obtained for dissociation rate and the width of the energy bar-
riers are listed in Table 1. Thioglucose on AA-PEG5000 revealed
the lowest dissociation rate constant, koff (0.26 � 0.02 s�1), at
37 °C indicating that the lifetime of the SGLT1�thioglucose
complex is longest at this temperature compared with 25 °C

(0.83 � 0.07 s�1) and 10 °C (0.6 � 0.05 s�1). These values were
significantly different, with p � 0.001. In contrast, hexyl-glu-
cose bound to mal-PEG1300 dissociated from the transporter in
a quite similar time scale at each temperature (koff � 0.41 �
0.03 s�1 at 10 °C, 0.50 � 0.07 s�1 at 25 °C and 0.4 � 0.07 s�1 at
37 °C). However, aminophlorizin on mal-PEG1300 showed an
inversed dissociation behavior compared with thioglucose, as
the lifetime of the aminophlorizin�SGLT1 complex is shortened
with increasing temperatures. Thus, aminophlorizin was the
molecule that dissociated significantly faster at 37 °C (koff �
1.00 � 0.06 s�1) than at 10 °C (koff � 0.34 � 0.03 s�1).

Moreover, the single molecular binding energy width for glu-
cose/inhibitor/cotransporter interactions could be extracted
from the plot of unbinding force versus the loading rate (see
“Experimental Procedures”). The width of the energy barrier,
x�, can thereby be taken as a measure for the location of the
maximum energy barrier within the binding pocket. The
obtained values for the x� of thioglucose on AA-PEG5000
increased with increasing temperatures (x� � 3.96 � 0.08 Å at
10 °C, 4.99 � 0.1 Å at 25 °C, and 6.24 � 0.08 Å at 37 °C). x� for
thioglucose on AA-PEG5000 at 37 °C was largest among all
linker compounds investigated. The length scales of the bind-
ing pocket for hexyl-glucose on mal-PEG1300 probed at differ-
ent temperatures were also altered within a p value � 0.01,
showing the highest value at 10 °C (x� � 3.48 � 0.05 Å) and the
lowest at 37 °C (x� � 2.75 � 0.1 Å). Similar values for x� were
observed for aminophlorizin on mal-PEG1300 at 10 °C (x� �
3.23 � 0.06 Å) and 37 °C (x� � 2.93 � 0.04 Å).

DISCUSSION

In the present study SGLT1 was mapped on the membrane of
living G6D3 cells stably expressing the transporter by AFM
cantilevers being loaded with 1-thio-�-D-glucose, modified
amino-hexyl-glucose, and aminophlorizin. The binding behav-
ior, e.g. binding probability, interaction forces, etc. of particular
ligands was ascertained at different temperatures by perform-
ing single molecule recognition force spectroscopy experi-
ments. Moreover, new structural and kinetic parameters of the

FIGURE 3. Specific interaction of glucose and inhibitors at 37 °C. Data of
one typical experiment are presented for each cantilever, probed in different
conditions: initial condition (first column), block condition (second column),
and washout condition (third column). Values are the mean � S.E. for n �
2000 –3000, where 2–3 different cells were probed at each condition. The
specificity of the recognition events could be demonstrated by a significantly
reduced binding probability in the presence of phlorizin when compared
with control levels (initial condition) with p � 0.005. After a careful washout
procedure the interaction increased again. amino-phl, 3-aminophlorizin.

FIGURE 4. Binding probabilities of glucose, hexyl-glucose, and aminophlorizin at different temperatures. The interaction between thioglucose on
AA-PEG5000 (A), hexyl-glucose on mal-PEG1300 (B), and aminophlorizin (C) on mal-PEG1300 was studied at 10 °C, 25 °C, and 37 °C using the same cantilever and
the same cells. Values are the mean � S.E. of three to five different cantilevers and two different cells for one cantilever. On each cell up to 1000 force-distance
cycles were recorded.
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interactions of SGLT1 with glucose and transport inhibitors
could be gained.

New SGLT1 Sensors—In the current study new coupling
chemistry for tethering thioglucose, hexyl-glucose, and amino-
phlorizin to the AFM tip was developed. Previously, AFM stud-
ies on SGLT1 had been performed mainly with a vinylsulfone
linker between the PEG chain and thioglucose or a modified 3�
aminophlorizin (19, 20, 48). By using acrylamide as the thiore-
active group to attach thioglucose to PEG5000, the size (and
charge) of the thioester linkage is reduced compared with vinyl-
sulfone-PEG800. In addition, the PEG chain is extended, provid-
ing the least bulky and most flexible sugar probe used until now
(Fig. 1B).

In AcS-hexyl-glucose, terminally coupled to the thioreactive
group of the PEG chain, a long stretch of an alkyl chain is

exposed, allowing additional interactions of this entity with the
transporter similar to those occurring with free hexyl-glucose
(26). In addition, phlorizin was tethered to the AFM tip via a C6
chain to an amino group at the C3 atom of its aromatic ring B;
this provides more mobility to phlorizin on the cantilever tip
but leaves the major binding sites of its aglucon moiety, the
4�-OH and 6�-OH of the adjacent aromatic ring A, freely acces-
sible to SGLT1 (49). Replacement of vinylsulfone by maleimide
accelerates the coupling reaction.

With all three newly synthesized sensors a specific recogni-
tion of SGLT1 can occur, as the major binding sites of glucose
are freely accessible. Thus, a proper fitting of the sugar moieties
into the binding pocket of SGLT1, mainly formed by trans-
membrane helices 10 –13, can be achieved (20, 50 –53). The
specificity of interaction of the probes was demonstrated first of

FIGURE 5. Dynamic force spectroscopy spectra of thioglucose on AA-PEG5000 probed at different temperatures. Glucose/SGLT1 recognition was inves-
tigated at different tip-retraction velocities to gain dynamic aspects of bond rupture in various temperatures, i.e. 10 °C (A), 25 °C (B), and 37 °C (C). By applying
a maximum likelihood approach the most likely and accurate values for the length scale x� and the kinetic off rate koff were estimated. A, at 10 °C x� of
thioglucose on AA-PEG5000 was lowest, and the sugar dissociated fastest. B, at 25 °C x� as well as koff were increased. C, notably, at 37 °C x� was even further
increased, whereas the dissociation was slower than at 10 °C. Data were obtained from merging results from six different cantilevers.
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all by the fact that a significant number of unbinding events was
only observed in CHO cells transfected with the sglt1 gene. In
addition, for all probes the number of unbinding events was
almost identical, and low concentrations of phlorizin reversibly
reduced the binding.

Effect of Temperature on SGLT1 Properties—In the current
study SGLT1 was investigated in living cells incorporated into
the plasma membrane. Temperature changes can affect such a
system in various ways. With regard to the membrane, phos-
pholipids undergo phase transitions and change their fluidity.
Previous studies have shown that SGLT1 activity changes in
parallel to the changes in fluidity when it is incorporated into
liposomes composed of phospholipids with different transition
points (54). This strong dependence is probably due to the fact
that �40% of the Trps responsible for hSGLT1 fluorescence are
in close contact to the membrane phospholipids (23).

The SGLT1 protein is postulated to undergo a series of con-
formational changes while transporting glucose from the extra-
cellular side of the cell membrane into the cytoplasm in an
alternating accessibility model. Starting with an outward-facing
configuration, sodium binding opens up access to the sugar
translocation pathway. Thereafter, glucose is bound and
occluded in the translocation site. This is followed by a confor-
mational change from an outward-facing occluded state to an
inward-facing occluded state. Upon opening of the inward gate,
the Na� ions and sugar are released into the cell interior. The
transport cycle is completed by the transition from the inward-
facing ligand-free state to the outward-facing ligand-free state
(15). This transport cycle involves rearrangement of intramo-
lecular binding sites as well as changes in the orientation of
transmembrane helices. By changing the temperature, the con-
formational equilibrium to the various states might be altered.

FIGURE 6. Dynamic force spectra of the different SGLT1 ligand complexes at different loading rates. The most probable unbinding forces were plotted
against the logarithm of the loading rate. Comparisons of force spectra with thioglucose on AA-PEG5000, hexyl-glucose on mal-PEG1300, and aminophlorizin on
mal-PEG1300 at 10 °C (A), 25 °C (B) , and 37 °C (C) are shown.

TABLE 1
Kinetic property of glucose, hexyl-glucose, and aminophlorizin binding to rbSGLT1
The values were obtained from the experiments depicted in Fig. 6. koff of thioglucose on AA-PEG5000 at 37 °C compared with koff of thioglucose on AA-PEG5000 at 10 °C and
25 °C and koff of aminophlorizin on mal-PEG1300 at 37 °C when compared with koff of aminophlorizin on mal-PEG1300 at 10 °C and 25 °C were significantly different. xß of
thioglucose on AA-PEG5000 at 37 °C when compared with xß of the other ligands was significantly different.

SGLT1 sensors
Width of the energy barrier, xß Dissociation rate constant, koff

10 °C 25 °C 37 °C 10 °C 25 °C 37 °C

Å s�1

Thio-glc on AA-PEG5000 3.96 � 0.08 4.99 � 0.1 6.24 � 0.08a 0.60 � 0.05 0.83 � 0.07 0.26 � 0.02b

hex-glc on mal-PEG1300 3.48 � 0.05 3.18 � 0.1 2.75 � 0.1 0.41 � 0.03 0.50 � 0.07 0.40 � 0.07
Amino-phl on mal-PEG1300 3.23 � 0.06 4.28 � 0.1 2.93 � 0.04 0.34 � 0.03 0.54 � 0.07 1.00 � 0.06b

a p � 0.005.
b p � 0.001.
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Thermal fluctuations of proteins are in general important for
biological activity (55); thus the temperature changes in this
work may modulate the protein flexibility, and folding and ori-
entation of substructures within the membrane can be affected
or accessibility to the sugar binding residues. Finally the inter-
action forces between ligands and proteins (hydrogen bonding
and Coulomb and van der Waal forces) are temperature-de-
pendent (56).

At 10 °C, which is below the transition point of the mem-
brane lipids, SGLT1 is probably constrained in its structural
movements and trapped in non-transporting conformational
states. Interestingly, even at this temperature, SGLT1 was able
to interact specifically with all ligands, suggesting that sodium
and sugars can be bound by the transporter. Evidence for this
interaction can also be derived from phlorizin binding studies
where a sodium-dependent, glucose inhibitable binding was
found.4,5 This implies that the opening of the vestibule and the
initial hydrophilic sugar binding cavity is rather temperature-
independent as it occurs at the surface of the transporter. Sim-
ilar conclusions can be drawn from tryptophan fluorescence
studies with purified hSGLT1 (57). With an increase of the tem-
perature to 25 °C, all binding probabilities increase similar to
the transport activity and turnover rate; at a higher turnover
rate probably more SGLT1s in the outward open conformation
face the membrane surface per time unit; thus, more binding
events can occur. At 37 °C, another increase in binding proba-
bility is observed for thioglucose on AA-PEG5000 but not for
hexyl-glucose or aminophlorizin on mal-PEG1300. This result
might suggest that at this temperature the thioglucose probe
recognized SGLT1 in more than one conformation. Further
evidence for this assumption is presented below.

Dynamic force spectroscopy measurements track the
dynamic behavior of SGLT1 upon substrate and inhibitor bind-
ing. Here, structural and kinetic parameters of their SGLT1
bond were gained by varying the cantilever retraction speed
over several orders of magnitude. In particular, when probed at
10 °C, thioglucose was detached faster from SGTL1 than at
25 °C and 37 °C. Thermodynamically, the opposite would be
expected for simple binding reactions. The long-lasting average
lifetime of the SGLT1�thioglucose-AA-PEG5000 bond at 37 °C
might be explained by additional conformation of SGLT1 in
which thioglucose on the long AA-PEG5000-linker is able to
penetrate deeper into the translocation pathway of the trans-
porter, beyond the initial sugar binding site. The very slim reac-
tive end group of the PEG linker could facilitate this entry. This
assumption is supported by the previously reported increased
unbinding force when thioglucose is coupled to the AFM tip via
an acrylamide linker as compared with the bulkier vinylsulfone
linker (58). The highest value for the width of the binding
pocket observed for thioglucose on AA-PEG5000 at 37 °C (see
Table 1) provides further evidence. The latter can be directly
related to the number of protein residues contributing to bind-
ing sites (40). Hirayama et al. (60), 2007) reported that 3 resi-
dues between transmembrane helices 10 and 13 play a direct
role in sugar binding and translocation from the external envi-
ronment, 3 more face the binding site, and 8 further residues,
although not contributing to the binding of sugar directly,
affect sugar recognition. Thus, it might be assumed that at 37 °C

some of the primarily not accessible binding sites further down
in the translocation pathway are reached by thioglucose on AA-
PEG5000 (21). A sequential multistep mechanism for sugar rec-
ognition and translocation has also been proposed based on
prior AFM investigations (20).

Thioglucose on AA-PEG5000 and aminophlorizin on mal-
PEG1300 showed an inverse behavior in koff when compared at
10 °C and 37 °C, and thioglucose on AA-PEG5000 was bound
longest to the transporter at 37 °C among all probed derivatives
and temperatures, whereas aminophlorizin yielded the highest
dissociation rate constant (shortest time) at 37 °C. The findings
for phlorizin dissociation are in good agreement with previous
studies (3) as inhibitor association and dissociation were
reported to be enhanced at 37 °C (59 – 61). This observation
suggests that the glucose moiety of phlorizin is not capable of
penetrating as deep into the translocation pathway as thioglu-
cose on AA-PEG5000 due to steric hindrance by the aromatic
aglucon. This assumption is supported by the lower width of
the energy barrier. PEG is an ideal force transducer (62), and the
force spectrum measured with dynamic force spectroscopy is
largely independent on length of the handle (45, 63) through
which the ligands are attached to the AFM tips. It thus seems
improbable that the observed effects are due to the difference in
length of the linker PEG chains of the two probes, �170 Å for
phlorizin and �700 Å for thioglucose. Moreover, the hydro-
philic cavity of the transporter, which leads to the translocation,
is only 7 Å deep (57).

One has to postulate, in addition, that the aglucon binding
site of SGLT1 on the membrane surface is altered at this tem-
perature. Previous studies by our groups have shown that, in
rbSGLT1, loops 13–14 facing the extracellular space is critically
involved in the binding of the aglucon (64). In vitro studies
suggest that the loop has a substructure of two small helices and
interacts in several regions with membrane phospholipids (10,
65). These structural requirements for a tight interaction with
the aglucon might be partly lost due to the increased lipid flu-
idity, and thereby overall binding affinity is reduced.

Hexyl-glucose, as a model for the interaction between
SGLT1 and alkyl-glucosides, shows binding probabilities quite
similar to those obtained for the aminophlorizin-tagged probe;
with regard to koff and width of the energy barrier it lies in
between thioglucose on AA-PEG5000 and aminophlorizin.
Thus, as expected, the sugar moiety and the alkyl chain are
involved in the binding to SGLT1; however, the relative role of
the aglucon-receptor interactions seems to be less important
for the overall binding reaction. This is also reflected in the 10	
lower affinity to the carrier in transport studies (26).

In conclusion, a binding schematic for the substrate and
transport inhibitors at different temperatures might be hypoth-
esized; (i) glucose, phlorizin, and hexyl-glucose at all tempera-
tures interact with SGLT1, the latter two via both sugar and
aglucon binding sites located on the membrane surface, (ii)
with increasing temperature the sugar translocation pathway
opens, and additional binding sites for glucose become avail-
able and accessible, and (iii) the increase in temperature per-
turbs the conformation of the aglucon binding sites required for
optimum interaction with transport inhibitors. The distinct
temperature dependence observed in the current study sup-
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ports the existence of multiple steps in the outward-facing
translocation pathway of SGLT1, from the initial sugar binding
followed by stereo-selection to occlusion of the sugar. It also
corroborates the assumption of a two-site two-step mechanism
for the binding of transport inhibitors. To describe the dynam-
ical behavior of SGLT1 upon substrate and inhibitor binding
more precisely, e.g. determining distinct binding sites or
account for distinct conformations, single-molecule force spec-
troscopy experiments combined with mutagenesis studies
would be required in which specific residues involved in sugar
binding and translocation are exchanged. Furthermore, it has
to be determined whether the changes induced by the different
temperatures reflect conformations occurring in the normal
translocation cycle.

Finally, these studies demonstrate that AFM force spectros-
copy is a useful method for exploring the functional dynamics
of membrane transporters and paves the way for investigating
the influence of transport-inhibiting substances potentially
applicable as therapeutics on the single molecule level under
near-native conditions.
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12. Lin, J., Kormanec, J., Homerová, D., and Kinne, R. K. (1999) Probing trans-
membrane topology of the high-affinity sodium/glucose cotransporter
(SGLT1) with histidine-tagged mutants. J. Membr. Biol. 170, 243–252

13. Watanabe, A., Choe, S., Chaptal, V., Rosenberg, J. M., Wright, E. M.,
Grabe, M., and Abramson, J. (2010) The mechanism of sodium and sub-
strate release from the binding pocket of vSGLT. Nature 468, 988 –991

14. Wimmer, B., Raja, M., Hinterdorfer, P., Gruber, H. J., and Kinne, R. K.
(2009) C-terminal loop 13 of Na�/glucose cotransporter 1 contains both
stereospecific and non-stereospecific sugar interaction sites. J. Biol. Chem.
284, 983–991

15. Sala-Rabanal, M., Hirayama, B. A., Loo, D. D., Chaptal, V., Abramson, J.,
and Wright, E. M. (2012) Bridging the gap between structure and kinetics
of human SGLT1. Am. J. Physiol. Cell Physiol. 302, C1293–C1305

16. Hinterdorfer, P., Baumgartner, W., Gruber, H. J., Schilcher, K., and Schin-
dler, H. (1996) Detection and localization of individual antibody-antigen
recognition events by atomic force microscopy. Proc. Natl. Acad. Sci.
U.S.A. 93, 3477–3481
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