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ARTICLE INFO ABSTRACT

Keywords: Here, we present a solid-supported membrane (SSM)-based electrophysiological approach to study sugar binding
Solid supported membrane (SSM)-based and Na'/glucose cotransport by SGLT1 in membrane vesicles. SSM-based electrophysiology delivers a cumu-
electrophysiology

lative real-time current readout from numerous SGLT1 proteins simultaneously using a gold-coated sensor chip.

In contrast to conventional techniques, which mainly operate with voltage steps, currents are triggered by
sugar or sodium addition. Sugar concentration jumps in the presence of sodium lead to transport currents be-
tween 5 and 10 nA. Remarkably, in the absence of sodium (i.e. no transport), we observed fast pre-steady-state
(PSS) currents with time constants between 3 and 10 ms. These PSS currents mainly originate from sugar
binding. Sodium binding does not induce PSS currents. Due to high time resolution, PSS currents were distin-
guished from transport and eventually correlated with conformational transitions within the sugar translocation
pathway.

In addition, we analyzed the impact of driving forces on transport and binding currents, showing that
membrane voltage and sodium concentration gradients lead to an increased transport rate without affecting
sugar binding kinetics. We also compared Na'/sugar efflux with physiologically relevant influx and found
similar transport rates, but lower affinity in efflux mode.

SSM-based electrophysiology is a powerful technique, which overcomes bottlenecks for transport measure-
ments observed in other techniques such as the requirement of labels or the lack of real-time data. Rapid solution
exchange enables the observation of substrate-induced electrogenic events like conformational transitions,
opening novel perspectives for in-depth functional studies of SGLT1 and other transporters.

Sodium/glucose cotransporter 1 (SGLT1)
Pre steady-state (PSS) current

Transport assay

SURFE’R

gradient which is maintained by the Na*/K"-ATPase. A commonly used
kinetic scheme for SGLT1-mediated transport is the 6-state alternating

1. Introduction

Diabetes is an expanding 21st century affliction of public health
worldwide. Pharmacological targets aimed at treating this disease are of
increasing interest among the scientific community. One target of major
importance for the treatment of diabetes is the sodium glucose trans-
porter SGLT1, which is responsible for the uptake of glucose from the
intestine (Rieg and Vallon, 2018).

SGLT1 functions as a Na'/glucose symporter. To pump glucose
across the apical plasma membrane of epithelial cells, it requires a Na*t
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access model postulated by Parent et al. (Parent et al., 1992b) and
further developed into an 8-state model by Loo et al., (2006). Both
models assume that the accessibility of the substrate binding sites
changes from inward facing to outward facing by a major conforma-
tional transition within the transporter, known as alternating access
(Jardetzky, 1966). While the transition of the fully loaded carrier is
supposedly evoked by sugar binding, membrane voltage is thought to
control the transition of the empty carrier (Hazama et al., 1997; Loo
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et al., 1998; Meinild et al., 2002; Parent et al., 1992a). One transport
cycle begins with the outward facing empty carrier (Coyt), which opens a
cavity for sugar binding upon accepting two sodium ions (CoyNay)
(Fig. 1A). Sugar binding (CoytNayS) then generates an occluded trans-
porter intermediate (C,..NayS), followed by the conformational transi-
tion to the inward facing, fully loaded carrier (Ci,NayS). Both substrates
are transported simultaneously. The sugar is released (Ci,Naz) followed
by the two sodium ions. The empty carrier (Cy,) may now relax to its
outward facing conformation (Coy). Assuming saturating substrate
concentrations and a negative membrane potential, the whole cycle
completes in about 36 ms, resulting in a turnover rate of 28 sugar
molecules per second (Loo et al., 2005).

Besides the major conformational transitions leading to alternating
access, inner and outer gates control the accessibility of the sugar
binding site within the inward facing and outward facing conformations
(Wright et al., 2017). According to this model external sodium binds to
the outward open conformation to open an external gate which then
allows external glucose to bind, resulting in an ordered substrate bind-
ing. This model is supported by a vast amount of functional and struc-
tural data (reviewed in Ghezzi et al., 2018; Wright et al., 2011; Wright
et al., 2017).

Translocation of sodium makes SGLT1 accessible for electrophysio-
logical techniques. Those are neither in need of a synthetic fluorescent
label, nor entail the downside of radioactive hazards. SGLT1 has been
studied intensively using Two-Electrode voltage-clamp (TEVC) on oo-
cytes (Eskandari et al., 2005; Hazama et al., 1997; Loo et al., 2005;
Parent et al., 1992a). Most studies on SGLT1 rely on activation by
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voltage steps in a voltage-clamp setting. The voltage dependence of
SGLT1 originates from the apparent charge of the protein (Gorraitz
et al., 2017; Loo et al., 2013): Voltage-induced steady-state currents
have been attributed to the relocation of the negatively charged sodium
binding sites via conformational transition within the empty carrier (Cj,
< Coyt) (Parent et al., 1992b). In addition, voltage-induced PSS currents
have been measured which helped to distinguish multiple transporter
intermediates within the sugar-free carrier (Loo et al., 2006).

Recently, we described a protocol for applying SSM-based electrophys-
iology to measure SGLT1 activity (Fig. 1B) (Bazzone and Barthmes, 2020).
The superioirity of SSM-based electrophysiology compared to other tech-
niques for assaying transporter activity was recently discussed in a review
(Dvorak et al., 2021). SSM-based electrophysiology is an innovative,
well-established approach for cell-free electrophysiological characterization
of electrogenic membrane transporters, e.g. transporters that catalyze net
charge translocation across the membrane. In comparison to patch clamp,
SSM-based electrophysiology achieves an enormous signal amplification
enabled by a large sensor surface and the simultaneous measurement of
transporters from several thousands of cells (Bazzone et al., 2017a). The high
time resolution of a specially designed sensor type allows the detection of
fast electrogenic PSS events. Instead of voltage steps, this technique relies on
chemical substrate gradients to activate the transporter. Due to this key
difference between SSM-based and conventional electrophysiology, we
were able to observe SGLT1 PSS currents triggered by sugar binding for the
first time (Fig. 1C). We observed electrogenic conformational transitions
within the loaded carrier (CoyNagS and CyyyS), which — to our knowledge —
have not been measured before.

Fig. 1. SGLT1 investigated using SSM-based elec-
trophysiology on the SURFE?R N1.

|\

n A) Transport model for Na®/sugar cotransport in
SGLT1. The initial state of the carrier C is the outward
facing, sodium-bound conformation (CyyNa). In SSM-
based electrophysiology, the transport cycle is trig-
gered by sugar binding upon sugar concentration
jump (Reaction 1). Proposed electrogenic steps are
indicated with red arrows. The major electrogenic
step during transport is the alternating access of the
empty carrier (Ciy, = Coce = Cour) and sodium binding
(Loo et al., 2013). Using SSM-based electrophysi-
ology, a fast PSS current is detected upon sugar
binding (CoyNag — CoueNasS — CoccNasS), even when
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no sodium is available (Figs. 1C and 2). B) Schematic
representation of the sensor surface consisting of the
SSM and the vesicular membrane sample containing

SGLT1 forming a capacitively coupled membrane
\ system on top of the gold electrode. C) Representative
current traces using different sugar and sodium con-
centrations recorded from SGLT1 containing vesicles
on SURFE?R N1 sensors with 1 mm diameter. A full
trace is recorded during three perfusion phases: First,
the sensor is rinsed with non-activating solution,
generating a current baseline; second, a substrate
concentration jump activates the transporter leading
to a transient current which represents either a full or
a partial transport cycle, depending on the experi-
mental conditions; third the sensor is rinsed again
with the non-activating solution to restore initial
conditions. Usually, only the current recorded during
the substrate concentration jump is analyzed. D) The
SURFE?R N1 instrument consists of a measurement
chamber holding the sensor and an open fluidic sys-
tem allowing for the automated injection of up to 53
different measurement buffers. Measurements take
place under continuous flow of solutions. E) SURFE’R
N1 sensor with 3 mm diameter of the central circular
active area. (For interpretation of the references to
colour in this figure legend, the reader is referred to

ey
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For our study we used purified membrane vesicles derived from CHO
cells overexpressing SGLT1. Throughout assay development, we inves-
tigated the effect of different driving forces on the transport current and
found that a sugar gradient is sufficient to measure SGLT1 using SSM-
based electrophysiology. This allows for an easy and quick assay,
which merely involves a single solution exchange to activate SGLT1. An
additional sodium gradient or applied membrane potentials are not
mandatory but further enhance the transport rate of SGLT1. In our
standard assay the sugar concentration gradient is applied by a fast so-
lution exchange, using symmetrical Na' concentrations inside and
outside of the vesicles in absence of a membrane potential. For our as-
says, we have used the commercially available SURFE?R N1 measure-
ment platform (Fig. 1D and E).

We also identified and characterized PSS charge translocations,
which must have a different origin than the previously measured
voltage-induced PSS currents (Gagnon et al., 2007; Loo et al., 2005).
Sugar binding, but not sodium binding triggers a PSS current in SGLT1.
From the sugar induced PSS current, we deduct that sugar binds to
SGLT1 at over-saturating concentrations even in the absence of sodium.
Based on our results we conclude that SSM-based electrophysiology al-
lows for new insights into SGLT1 electrophysiology and sugar binding in
general.

2. Methods

A detailed description of the methods is provided in Supplementary
Information (SI-M). It also contains the protocols for the radioligand
transport assay and the orientation assay. SSM-based electrophysiology
was performed using the SURFE2R N1 as described in detail previously
(Bazzone et al., 2017a; Bazzone and Barthmes, 2020).

2.1. Sample preparation
1 g of CHO cells overexpressing SGLT1 was harvested and disrupted
by nitrogen decompression using a Parr cell disruption bomb at 70 bar.

After removing cell debris by centrifugation (6,000 g, 4°C, 10 min), the

Table 1
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plasma membrane was collected by ultracentrifugation (100,000 g, 4°C,
30 min). Plasma membrane vesicles were purified by ultracentrifugation
(100,000 g, 4°C, 3 h) with a sucrose gradient (9 ml 45%, 9 ml 31%, 6 ml
9%). The upper band was collected and concentrated by centrifugation
(100,000 g, 4°C, 30 min) to ~ 1-4 mg/ml total protein concentration.
10 pl aliquots were frozen in liquid nitrogen and stored at —80°C.

2.2. Sensor preparation

In brief, 1 mm or 3 mm sensors were thiolized with 1-octadecane-
thiol (0.5 mM in 2-propanol, 30 min), before drying and coating by
addition of 1.5 pl 1,2-diphytanoyl-sn-glycero-3-phosphocholine
(DPhPC, 7.5 mg/ml in n-decane) and 50 pl of resting solution (compo-
sition varies for different assays according to Table 1).

2.3. Adding the sample to the sensors

One aliquot of membrane vesicles was diluted 1:10 in resting solu-
tion, and briefly sonicated using a tip sonicator (UP 50 H, Dr. Hielscher,
equipped with MS 1 tip; 10 bursts, 20% amplitude, 0.5 s cycle time).
Then 10 pl of the vesicles were added to the SSM by carefully sub-
merging the pipette tip into the liquid. Sensors were centrifuged (2,000
g, room temperature, 30 min) before use.

2.4. Electrophysiological measurements

Technical details have been published recently (Bazzone et al.,
2017a). In brief, the sensor wells with a capacity of 200 pl were inserted
into the measurement chamber of the SURFE?R N1. The integrated
perfusion system automatically exchanged solutions above the sensor
using a fast switching 3-way valve connected to a syringe pump. Two
different solutions are injected to the sensor well from two different
tubes that merge at a distance of about 10 cm above the sensor surface
into one capillary of 0.8 mm in diameter. A continuous flow at a flow
rate of 200 pl/s is enabled by adding solutions via that capillary at a
distance of 0.5 mm from the sensor bottom and removing solutions from

Summary of measurement solution compositions for all assays described in the main manuscript. The main buffer composition is given is 30 mM Tris/HCl (pH 7.5), 3
mM EDTA, 1 mM EGTA and 120 mM NMDG/SO4. Main buffer was split for each assay into two (NA + A) or three (NA + A + R) parts and components were added as

given in the table.

No.  Assay Reference NA (external non- A (external activating R (internal Comments and variations
figures activating solution)  solution) solution)
1 Influx Figs. 1-5 300 mM NaCl x 300 mM NaCl x mM sugar = NA e In some experiments, sodium and potassium
(standard mM Mannitol concentrations have been reduced to 60 mM (Fig. 3).
assay) e Sugar concentrations were 20 mM, 50 mM and 250 mM
for different experiments.
e For competitive inhibition, identical concentrations of a
second substrate (MDG or D-glucose) were added to both,
NA and A solutions (Fig. 2F).
2 Sugar Binding Figs. 1-3 300 mM KCl xmM 300 mM KCI x mM sugar =NA e KCl was replaced with CholineCl or RbCl in some
Mannitol experiments (Fig. 2C).
3 Efflux Fig. 5 300 mM NaCl x 300 mM NaCl x mM =NA
mM sugar Mannitol
4 Sugar Release Fig. 5 300 mM KCI x mM 300 mM KCI x mM =NA
sugar Mannitol
5 Influx (Na* Fig. 4A-D 300 mM NacCl 300 mM NaCl 300 mM KCl e During incubation in resting solution, the vesicles interior
gradient) 250 mM Mannitol 250 mM sugar 250 mM is kept sodium free.
Mannitol
6 Influx (membrane Fig. 4E-K 300 mM NacCl 300 mM NaCl (x mM 300 mM KCl e During incubation in resting solution, the vesicles interior
voltage) 250 mM Mannitol sugar + y mM Mannitol = 250 mM is kept sodium free.
250 mM) Mannitol e The sensors were rinsed with 100 nM valinomycin, before
performing this assay.
7 Influx (activation Fig. 3 250 mM sugar 250 mM sugar =NA
by Na™) 300 mM KCl 60 mM NacCl
240 mM KCl
8 Na* binding Fig. 3 250 mM Mannitol 250 mM Mannitol =NA
(activation by 300 mM KCl 60 mM NaCl
Na®) 240 mM KCl
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a second capillary at a distance of 5 mm from the sensor bottom. The
order of solution flow is 1 s of non-activating (NA) solution, 1 s of
activating (A) solution, 1 s of non-activating solution and 5 s of resting
(R) solution. The currents were recorded in real-time using the SURFEZR
N1 Control Software v. 1.6.0.1. All experiments have been carried out at
room temperature.

2.5. Solutions for electrophysiological measurements

Composition of NA, A and R solutions differ for each assay. Detailed
buffer conditions for all assays are described in Table 1. In general,
buffers consisted of 30 mM Tris/HCl (pH 7.5), 3 mM EDTA, 1 mM EGTA
and 120 mM NMDG/SO,. During the typical Na'/sugar transport
measurements, 300 mM NaCl was present in all solutions, and transport
was initiated by exchanging 250 mM mannitol with 250 mM D-glucose.
In sugar binding measurements, 300 mM NaCl was replaced with 300
mM KCL A detailed explanation of buffer compositions for all assays is
given in Table 1 and in Supplementary Information (SI-M).

2.6. Statistical analysis of electrophysiological data

Data presented here was recorded on SGLT1(+) and SGLT(—) vesi-
cles purified from three different batches of cells across a time period of
18 months. This contributes to peak current variations across different
datasets. All currents shown in one figure have been recorded from the
same batch of vesicles. Standard deviations are obtained by averaging
currents recorded from n different sensors with 4 < n < 10. More details
about reproducibility and signal stability are given in Supplementary

glucose induced Na*/glucose transport

(1) Nat  (2) Na*

A

1000+

B

SGLTA(+) cells
SGLT1(-) cells

C 6
=

L

glucose binding

m

500+

[pmol mg™" k]

N W

K*

radioactive sugar uptake
peak current [nA]

-

o

Biosensors and Bioelectronics 197 (2022) 113763

Information (SI-1, Figure SI-1). Recorded currents were exported as
ASCII files for subsequent analysis using Microsoft Excel and Origin
2019.

3. Results
3.1. D-glucose triggers electrogenic binding and transport

To have a reliable and robust sample available on demand, SGLT1-
expressing cells were used for preparation of membrane vesicles.
These vesicles were utilized in all SURFE?R experiments. As validation,
radioactive uptake assays confirmed SGLT1 activity on a cellular level
(Fig. 2A). As a strictly coupled Na*/sugar symporter, SGLT1 requires
both sodium and sugar to enable transport. When sodium was replaced
by potassium the specific activity decreased to about 1% and was similar
to the negative control (Fig. 2A). Using SSM-based electrophysiology,
we performed 50 mM D-glucose concentration jumps in presence and
absence of sodium (Fig. 2B). Each experiment consists of influx and
efflux phases (Fig. 1C): At the end of each experiment, initial conditions
are restored. However, only the current recorded upon the first solution
exchange at t = 1 s is used for analysis. For a detailed explanation see
Supplementary Information (SI-4).

We confirmed that sugar-induced currents are specific for SGLT1(+)
vesicles and not observed in vesicles purified from a parental cell line
not expressing SGLT1 (Fig. 2C, red). We use 3 mm sensors for higher
signal-to-noise ratios (Fig. 2D), and 1 mm sensors for higher time reso-
lution (Fig. 2E). The solution takes longer to spread across a 3 mm sensor
than across a 1 mm sensor, and the decay time of the PSS current is

Fig. 2. Sugar-induced currents in the presence
and absence of sodium.

A) Comparison of *C D-glucose uptake in radioactive
uptake assay for SGLT1(+) cells (blue bars) and SGLT
() control cells (red bars) when NaCl or KCl is used.
No uptake is measured with KCl, indicating that the
current measured in the absence of NaCl (figures
A-D) is the result of a PSS reaction. B) Visualization
of the experimental conditions used during the ex-
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periments shown in graphs C to D. The schemes show
the different states of SGLT1(+) vesicles during each
experiment in chronological sequence including the
composition of the internal and external solutions. In
the last state, SGLT1 is activated by a glucose con-
centration jump (labeled in orange) in the absence or
presence of co-substrate. C) Comparison between
peak current amplitudes upon 50 mM D-glucose
concentration jumps obtained for SGLT1(+) vesicles
(blue bars) and SGLT1(—) control vesicles (red bars)
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on 3 mm sensors when 300 mM of different chloride
salts are used in all measurement buffers. D) transient
currents triggered by 50 mM D-glucose concentration
jumps in presence of 300 mM NacCl (dark blue trace)
or 300 mM KCl (light blue trace) using 3 mm sensors.
The inset shows both currents normalized to their
peak current values. E) Same conditions as for B, but
using 1 mm sensors allowing for higher time resolu-
tion. Average rise and decay times of the triphasic
current in presence of sodium and time points to read-
out PSS and transport amplitudes are indicated. F)
Competitive inhibition of 250 mM aMDG-induced
peak currents by 250 mM D-glucose in presence (dark
blue bars) and absence (light blue bars) of 300 mM
sodium. Both transport and PSS currents are inhibi-
ted. The red bar shows currents induced by 250 mM
fructose in presence of 300 mM Na*, which does not
bind to SGLT1 and represents a negative control. The
" as a positive control. On the right a visualization of the experimental conditions

12

used during the competitive inhibition experiments is shown. Abbreviations: glu = D-glucose, MDG = a-methyl-D-glucose. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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limited by this solution exchange process (Bazzone et al., 2017a),
requiring 1 mm sensors for more acurate kinetic measurements.
Sugar-induced currents in the presence of sodium appear tri-phasic,
when 1 mm sensors are used: (1) a fast current rise with t; = 2 ms (2)
a fast current decay with t; = 3-10 ms and (3) a slow current decay with
T3 = 150 ms (Fig. 2E, dark blue).

In SSM-based electrophysiology all currents are transient. Substrate
translocation charges the membrane on the sensor. The transport signal
approaches zero when an electrochemical equilibrium is reached:
membrane voltage acts as a counter force to the chemical substrate
gradient leading to the current decay. Fast decaying currents typically
represent PSS reactions within the transport cycle, whereas the current
component with the highest decay time usually reflects transport and
correlates to the steady-state current which is detected with other non-
capacitive techniques (Seifert et al., 1993). We will therefore refer to the
slow decaying current component as transport current.

When sodium is absent, no Na*/sugar cotransport occurs. Hence, the
transport current is not detected, leaving a mono-exponential instead of
a bi-exponential current decay (Fig. 2E, light blue). The remaining PSS
current components must represent a sugar binding induced reaction
within the transport cycle which is observed in presence and in absence
of sodium. We confirmed this hypothesis by further control experiments.

When using KCI, RbCl or CholineCl instead of NaCl, the PSS currents
are not altered (Fig. 2C), thus these ions do not elicit any further elec-
trogenic interactions with SGLT1. This is consistent with the observation
that cation-coupled sugar transport is only observed with Na™, Li* and
H™, but not with larger cations like K™ (Panayotova-Heiermann et al.,
1995).

Additionally, a competitive assay showed that a-MDG-induced cur-
rents recorded from SGLT1(+) vesicles — both in presence and absence of
sodium - are inhibited when D-glucose was added beforehand (Fig. 2F).
Also, fructose was proven not to be transported by SGLT1 (Tazawa et al.,

SGLT1(+) vesicles SGLT1(-) vesicles

[SGLT1(+)] - [SGLT(-)]
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2005). Accordingly, fructose-induced currents recorded from SGLT1(+)
vesicles are almost absent and similar to glucose-inhibited a-MDG-in-
duced currents (Fig. 2F). These control experiments confirm that both
PSS and transport currents originate from SGLT1.

The current signals resulting from SGLT1(+) vesicles in the absence
of sodium, together with the control experiments described above, ul-
timately show that D-glucose interacts with SGLT1 in the absence of
sodium, meaning D-glucose can bind to SGLT1 before Na™ is bound. The
higher current amplitude of the PSS current in the presence of sodium is
due to a lower apparent sugar affinity in the absence of sodium (data not
shown). But the binding process is fast, regardless of whether Na™ was
bound before the sugar or not, showing a rate constant of 1/t3 ~ 200
s~1, which is within the range of the time resolution limit for the 1 mm
sensors of the SURFE?R N1. We conclude that sugar binding in SGLT1 is
an electrogenic process allowing its detection using a label-free elec-
trophysiological technique.

3.2. Sodium binding is not electrogenic

To investigate the molecular origin of the electrogenic PSS reaction,
we performed sodium concentration jumps in the presence and absence
of D-glucose to drive Na®/sugar cotransport in SGLT1 (Fig. 3, red).
There are three main differences in the experimental design compared to
sugar concentration jumps: (1) the main driving force for transport now
is the sodium gradient, (2) any PSS currents are triggered by sodium
addition (sugar was made available beforehand), and (3) sodium jumps
might trigger SGLT1-independent currents resulting from sodium-
membrane interactions (Garcia-Celma et al., 2007) (false positive sig-
nals). We therefore subtracted the currents observed with SGLT1(-)
vesicles (Fig. 3B/E) from those observed with SGLT1(+) vesicles
(Fig. 3A/D) to calculate SGLT1-specific net currents (Fig. 3C/F).

We compared sugar concentration jumps in the presence and absence

Fig. 3. Comparison between D-glucose- and
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of sodium (Fig. 3, blue) with sodium concentration jumps in the pres-
ence and absence of sugar (Fig. 3, red). Final respective concentrations
of sugar (0 mM or 250 mM) and sodium (0 mM or 60 mM) were kept the
same across all experiments. The results clearly show that sodium does
not generate any SGLT1-related PSS current in the absence of sugar
(Fig. 3C/F, light red), while sugar does in the absence of sodium
(Fig. 3C/F, light blue). Since sodium binding occurs in the absence of
sugar (Chen et al., 1997), this renders sodium binding non-electrogenic.
This also means we do not observe any sodium leak current through
SGLT1 at 0 mV when the only driving force is the sodium concentration
gradient (Fig. 3C/F, light red). Sodium leak currents have been observed
previously upon voltage steps (Loo et al., 1999; Umbach et al., 1990)
and lead to coupling coefficients of less than 2 under non-saturating
conditions (Mackenzie et al., 1998).

While a biexponential decay was triggered by D-glucose addition in
the presence of sodium (Fig. 3F, dark blue, t; = 4.7 ms, T2 = 126 ms),

A Na’ on both sides of the membrane

(1) Na* (2) Na*
@ O

(M

o
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sodium-initiated currents are likewise biphasic and show similar time
constants (Fig. 3F, dark red, T, = 7.2 ms, 75 = 288 ms). However, PSS
peaks upon sodium addition are significantly lower and only resolved by
1 mm sensors. Thus, sodium triggers part of the PSS reaction, when
glucose has already bound to SGLT1. By integration of the PSS currents
as indicated in the inset of Fig. 3F, we estimate that ~50% of the PSS
charge translocation is triggered by sugar binding alone, while bound
sodium allows to fully undergo the electrogenic conformational transi-
tion. This quantification only represents a rough estimation: Integration
of sugar and sodium induced PSS currents in presence of co-substrate is
error-prone, because transport currents overlap with PSS currents.

3.3. Impact of different driving forces on transport and binding

We investigated the impact of inward-directed sodium gradients and
a negative membrane potential as additional driving forces when Na™*/

Fig. 4. Impact of sodium gradients and voltage on
Na'/sugar cotransport and PSS currents.

The impact of sodium gradients is shown in A-D; The
impact of voltage is shown in E-K. schemes (A,E)
show the different states of the SGLT1(+) vesicles
during each experiment in chronological sequence

B 3 mm sensor C 1 mmsensor extemal Na': 300 mM including the composition of the internal and external
pss 4 4, PSS tansport =::IZ::: :: g;&vnm solutions. In the last state, SGLT1 is activated by a

8 of ! e i 3| Y 4 MDG concentration jump. B-D) Impact of an inward-
z6 0 T 3 \ 2 g’ directed sodium gradient on SGLT1 using 3 mm sen-
-é' o % 2 \‘\ 1 §3 sors (B) and 1 mm sensors (C,D), respectively. Com-
g 4 = e o vl |5 parison between transient currents recorded from
3 5 \\ 31 \\\\ 52 samples containing SGLT1 when the vesicles have
Rl _ S~ % 1 been loaded with 270 mM NaCl (30 mM KCI) (dark

0 S 0 I e blue trace) or 0 mM NaCl (300 mM KCl) (light blue
12 13 14 15 11 12 13 14 15 0 trace). External sodium concentration is 300 mM and

time [s] time [s] FeScureIltmnsporlcument O identical for both conditions. Activation was per-

formed by 250 mM oMDG concentration jumps in

0 mV (standard condltlon) dy applied by valinomycin presence of the given sodium gradient, 300 mM —
('I) K- (2) Na* Na* M (2) 270 mM and 300 mM — 0 mM respectively. The first
concentration gradient is close to symmetrical con-

o ° SGLT1 @ G @KLH ditions on both sites of the membrane. The internal
sodium concentration is a result of diluting the Na™-

F onsl 300 mM Na* - 300 mM Na* 300 mMNa®  free SGLT(+) vesicles 1:10 in a buffer containing 300
i W, 0.4 mM MDG ’ f‘\@(mﬂ)% 2mMMDG 06 y[‘\ 1+6=1%  10mMMDG mM Na' during sensor preparation. For each condi-

g 0.10] | \'&,"411042)% g 034 | h, E [ tion, the average currents from 6 sensors are dis-
t ‘W) g 02 Y g played. Only the very first measurement from each
% 0.05 MNWW W M e % 01 “‘%MM‘ % ?en.sor has.been .used for averaging to ensure that the
oofy ikl 0 g ionic gradients in subsequgnt runﬁ are not depleted
ST after the sensor has been rinsed with Na* (see SI-3).

o112 13 14 15 112 13 14 15 11 12 13 14 15  The inset shows a zoom along the time axis and

time [s] time [s] time [s] highlights the time points for read-out of transporter

| os 0 mM Na* J 15 —— K . S— and PSS current ar-nplitudes used for the bar plot (C).
| T e MMDG T+ (1321)% S 045 [ \& (652155 10 MM MDG D) Bar plot showing the enhancement of transport

7 06 ‘ 7z 10! z currents, PSS currents and translocated charge (peak
;g o l g ‘ §0.10 .,‘h\ ir?tegrals) I?y application of an inward-directed so-
§ ‘ § % sl %m dium gradient .(300 ml\./[. — 0 mM) compared to
02 | % almost symmetrical conditions (300 mM — 270 mM).

00 \\*x.,-:‘;l. . » 0.00 The results were obtained from 6 different 1 mm

9 32 i3 14 is T 12 13 14 = 11 12 13 1a 15 sensors. F-K) Impact of an inside negative membrane

time [s] time [s] time [s] potential on SGLT1 at different sodium and sugar

concentrations. The vesicles were loaded with 300
mM KCl (0 mM NaCl). All transient currents were
recorded upon MDG concentration jumps in presence
of x mM NacCl (300 — x mM Choline-Cl) in the external
solution. Membrane potential was generated by
addition of valinomycin leading to electrogenic efflux
of potassium and an inside negative membrane po-

tential (see Figure SI-2). Transient currents were recorded using identical double solution exchange workflows before (no membrane voltage, dark blue trace) and
after addition of valinomycin (membrane voltage, light blue trace). Graphs F-H show measurements at different sugar concentrations, and saturating sodium
concentration. Graph I shows a measurement in the absence of sodium. Only PSS currents are recorded, which are not affected by the membrane voltage. Graphs J
and K show measurements at different sugar concentrations with sodium concentrations in the range of the apparent Ky for sodium. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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glucose cotransport is triggered by a sugar concentration jump. Addi-
tional driving forces may increase the transport rate, either by acceler-
ating the rate limiting reaction within the transport cycle (increasing
Vmax) or by increasing apparent affinity for sugar or sodium in the
outward facing conformation (decreasing Kyy).

3.3.1. Vpay is increased in absence of internal Na*

To further enhance the signal-to-noise ratio for the transport current,
we performed a double solution exchange workflow with sodium-free
SGLT1(+) vesicles (Na' was replaced by K"), applying an inward-
directed 300 mM Na* gradient 1 s before activating SGLT1 via a 250
mM MDG concentration jump (Fig. 4A). We compared the current traces
under these conditions with our standard influx experiment, where
SGLT1 was activated via a sugar concentration jump in the presence of
~300 mM Na * inside and outside the vesicles. Technical comments on
the experimental design and the stability of sodium gradients are given
in Supplementary Information (SI-3, Figure SI-4).

When using 3 mm sensors, in the presence of a sodium gradient, the
peak current increases by a factor of 2 (Fig. 4B), and the transport
component dominates the peak, leaving the PSS current invisible.
Interestingly, in the absence of a sodium gradient, the PSS current was
clearly visible within the biphasic current rise.

To better distinguish transport from PSS currents, 1 mm sensors were
used (Fig. 4C). We found that the PSS peak current was not significantly
affected by the sodium gradient, while the transport current and the
overall charge translocation (peak integral) increased to 345 + 107%
and 322 + 135%, respectively, in presence of the sodium gradient
(Fig. 4D). This supports our theory that the slow decaying current
component reflects transport activity: High internal sodium concentra-
tions will reduce the influx rate, since sodium release from the internal
side of SGLT1 is known to be the rate limiting step in Na'/sugar
cotransport, when saturating substrate concentrations are used (Loo
etal., 2006). The PSS component reflecting sugar binding to the outward
facing conformation slightly decreases when sodium is available inside
the vesicles. This may be attributed to a shift in the initial state of SGLT1:
When sodium is available inside the vesicles, it may partially lock the
transporter in the inward facing sodium bound conformation, reducing
the population available for sugar binding at the external surface.

Comparison between the current signals in presence and absence of a
sodium gradient also reveals that the peak currents obtained with 3 mm
sensors are dominated by the transport current, while the peak currents
obtained with 1 mm sensors are dominated by the fast PSS fraction of the
signal. This is in agreement with the PSS currents decay times being
limited by the time resolution of the solution exchange and the higher
time resolution of the 1 mm sensors (Bazzone et al., 2017a).

3.3.2. Negative voltage increases apparent Ky for Na't/sugar cotransport

We tested how a negative membrane potential affects transport and
PSS currents. For the lack of direct voltage control, the potential is
altered by chemical means. Vesicles loaded with 300 mM K are incu-
bated with 100 nM valinomycin. An exchange with K*-free solution
(containing 300 mM Na' instead) drives the electrogenic efflux of K"
along its concentration gradient and generates a negative membrane
potential. We validated the valinomycin-dependent K' efflux by
comparing the current resulting from K*/Na* exchange in the presence
and absence of valinomycin (Figure SI-2).

A second solution exchange provides the sugar, which activates
SGLT1-mediated transport in the presence of a membrane potential
(Fig. 4E-K). For direct comparison, we carried out the same experiment
on the same sensor before addition of valinomycin to measure SGLT1-
mediated transport in the absence of a membrane potential. A nega-
tive membrane potential increases the transport current at non-
saturating sodium and sugar concentrations (Fig. 4F,G,J,K), but not at
saturating concentrations (Fig. 4H). This is in agreement with the pre-
viously described finding that Vpax is not affected by voltage, while a
negative potential increases apparent sugar and sodium affinity (Loo
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et al., 2006; Parent et al., 1992b). Interestingly, the fast PSS current
remains unaffected (Fig. 41). A detailed discussion and further evalua-
tion of voltage applications in SSM-based electrophysiology can be
found in Supplementary Information (SI-2): As additional validation for
this assay type, we analyzed the impact of membrane voltage on the
H*/sugar transporters XylE and LacY (Figure SI-3). For LacY only Vipay,
but not apparent Ky is increased upon application of voltage, which is in
agreement with observations described in the literature (Kaczorowski
et al., 1979).

3.4. Sugar efflux and release assays reveal asymmetric kinetic properties
in SGLT1

To investigate if PSS currents are also triggered by sugar release or
only by sugar binding, we performed negative glucose concentration
jumps in the absence (release assay) or presence (efflux assay) of sodium
to measure PSS glucose release or efflux, respectively.

3.4.1. Comparison of efflux and influx assays indicate transport symmetry

When sugar and sodium are present inside and outside the vesicles
(efflux assay), the current observed upon external glucose removal
shows no bi-exponential decay, but only the slow current component
(Fig. 5B, red). In contrast to the influx assay both substrates are already
bound to SGLT1 and efflux is triggered by sugar release upon solution
exchange (i.e. sugar removal). The fast-decaying PSS current is either
absent or smaller than during influx (Fig. 5B, blue).

When 250 mM glucose is used, the transport current observed in the
efflux assay has an amplitude of opposite sign, but similar magnitude
(—0.71 £+ 0.17 nA) compared to the amplitude of the transport current in
the influx assay (+0.81 + 0.19 nA). It can be concluded that Vi« values
in efflux and influx modes are similar. However, based on concentration-
dependent transport currents we identify a slightly higher apparent af-
finity in the influx mode compared to efflux mode (Fig. 5C). Ky values
were estimated to be below 10 mM in both cases. This is in agreement
with Ky values for Na'/glucose cotransport found in the literature,
which range from 0.3 to 2 mM for influx (Diez-Sampedro et al., 2000;
Hirayama et al., 1996; Hummel et al., 2011) and 7-60 mM for efflux
(Eskandari et al., 2005; Quick et al., 2003; Sauer et al., 2000). Overall,
the transport currents obtained in influx and efflux modes show similar
characteristics, demonstrating the symmetry of kinetic transport prop-
erties in SGLT1.

3.4.2. Sugar binding rates are higher than sugar release rates

If sodium is absent, only PSS sugar binding and release are measured.
As established, sugar binding triggers positive PSS currents (Fig. SE,
blue) with a decay time constant of T = 9 ms. In the release assay
however, sugar is removed from its outward facing binding site, and we
observe a fast-decaying PSS current (t = 26 ms) with negative sign
(Fig. 5E, red). The apparent Kp values for sugar release and sugar
binding in the absence of sodium (Fig. 5F) are similar and above 10 mM:
The peak current increases by a factor of ~2.5 and 3.3, respectively,
when D-glucose concentration is increased from 10 mM to 250 mM.
Hence, the apparent affinity in the absence of sodium is lower than the
apparent affinity for transport. This implies that cotransport is driven by
optimized kinetics, rather than high sugar affinity. A similar conclusion
is drawn from the currents recorded in the presence of sodium (Fig. 5B,
blue): At lower sugar concentrations (10 mM instead of 250 mM), the
peak current is reduced and shifts to the right. Hence, the PSS current
fraction decreases while the transport component is unaffected when
sugar concentration is reduced, indicating that the apparent Kp, is higher
compared to the apparent Ky, also in presence of sodium.

The integrals of the PSS currents reflect the translocated charge
triggered by sugar binding and release. Sugar release (Q = -18 + 3 pC)
appears slightly less electrogenic than sugar binding (Q = 24 + 2 pC),
and at the same time about three times slower (rate constant kops of 1/75
~ 305! compared to 1/15 ~ 100 s~1). Taken together this explains the
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Fig. 5. Comparison between outward- and
inward-directed Na'/sugar cotransport currents
and PSS sugar binding and sugar release currents.
Transport currents are shown in A-C; PSS currents are
shown in D-F. All current traces and bars reflect the
average from six different sensors. (A, B) For the
efflux transport assay (red traces), the SGLT1(+)
vesicles were loaded with 300 mM NacCl and 250 mM
or 10 mM D-glucose. The currents were recorded
when switching to a solution completely free of D-
glucose and thus inducing Na™/D-glucose efflux out
of the vesicles, driven by the outward-directed D-
glucose gradient. For the influx transport assay (blue
traces), SGLT1(+) vesicles were loaded with 300 mM
NaCl. Influx currents driven by the inward-directed
sugar gradient were recorded after 250 mM or 10
mM D-glucose concentration jumps in presence of
300 mM NaCl. (C) Average transport currents recor-
ded from different sensors in influx and efflux modes
for glucose concentrations ranging from 0.4 mM to
250 mM. The sign of the efflux currents is inverted for
better visibility. (D, E) For the sugar release assay
(red traces), vesicles loaded with 300 mM KCl instead
of NaCl were subjected to the same negative glucose

[l transport current (influx mode)
[ transport current (efflux mode)

04mM 2mM 10mM 250 mM

D-glucose

[l sugar binding current (O mM Na’)
[ sugar release current (0 mM Na')

10 mM 250 mM
D-glucose

concentration jumps as in the efflux assay, but in absence of NaCl. Thus, only sugar release but not transport was enabled. For the sugar binding assay (blue traces),
vesicles loaded with 300 mM KCl instead of NaCl were subjected to the same glucose concentration jumps as for the influx assay, but in absence of NaCl. Thus, only
sugar binding was enabled. (F) Average PSS peak currents recorded from different sensors in binding and release modes (0 mM NacCl) for 10 mM and 250 mM
glucose. The sign of the sugar release currents is inverted for better visibility. (For interpretation of the references to colour in this figure legend, the reader is referred

to the Web version of this article.)

lower PSS amplitude observed upon sugar release compared to sugar
binding. This results in the transport current dominating over the PSS
current in efflux mode (Fig. 5B, red), as opposed to influx mode (Fig. 5B,
blue).

4. Discussion
4.1. SSM-based electrophysiology opens a new perspective on SGLT1

We applied SSM-based electrophysiology to thoroughly study sub-
strate binding and transport in SGLT1. The most frequently used method
for this is the Two-Electrode voltage-clamp (TEVC) using oocytes (Loo
et al., 2006; Parent et al., 1992a). Electrophysiology has the advantage
of being a label-free technique. But TEVC is rather cumbersome and
involves harvesting oocytes from frogs and injection of RNA. The size
and shape of the oocytes makes it impossible to apply a fast solution
exchange to activate transporters via substrate gradients. Patch-clamp is
the gold-standard in electrophysiology, but not applicable for most
transporters due to their low transport rates which result in poor
signal-to-noise ratios. Here, we applied an emergent electrophysiolog-
ical approach to achieve new insights into the biology of SGLT1.

The most important difference from conventional electrophysiology
is how SGLT1-mediated currents are evoked. Classically, voltage steps
are applied under various conditions to generate PSS and transport
currents; initial conditions include a defined holding potential. Only
voltage-induced PSS currents are measured. In SSM-based electrophys-
iology, SGLT1 is activated by sugar or Na* concentration jumps, and PSS
currents must be a direct consequence of Na™ and/or sugar binding.

Since experiments using SSM-based electrophysiology are performed
at a floating potential and transport currents are usually detected at 0
mV, kinetic parameters can only be compared to results obtained with
patch clamp or TEVC if the same voltage was used. It should also be
noted that the driving forces define the measured properties of SGLT1, e.
g. membrane potential, concentration of sodium and sugar at the inner
and outer surface of the membrane as well as the sugar species. When
kinetic parameters are compared across experiments, the driving forces
need to be identical.

Here, we observed sugar-induced PSS currents in the absence of

sodium (Fig. 2C-E), although it is well accepted that sodium binds
before sugar (Wright et al., 2017). However, to observe such currents,
we needed to apply over-saturating sugar concentrations, about 20 times
higher than the apparent Ky for Na'/D-glucose cotransport (Die-
z-Sampedro et al., 2000; Hirayama et al., 1996; Hummel et al., 2011).
Therefore, our findings comply with the literature and the general
assumption that sodium binds first under physiological conditions.

4.2. Sugar-induced PSS currents are not related to empty carrier
translocation

Kinetic models have been applied to explain voltage step-induced
transport and PSS currents observed with TEVC. Here, electrogenicity
is assumed to occur only within the sugar-free carrier, e.g. conforma-
tional transitions within the empty carrier and external sodium binding
(Loo et al. 2005, 2006). According to Loo et al. the empty carrier has an
apparent valence of z1 = 0.7, while each sodium ion contributes an
apparent charge of z2 = z3 = 0.15 (Loo et al., 2013). It is reasonable to
question whether the origin of sugar-induced PSS currents is related to
the same conformational transitions due to a sugar-induced shift in
equilibrium between the intermediate states within the sugar-free
carrier.

Interpretation of PSS currents involves assumptions about the pre-
dominant initial state of the transporter. Therefore, it is a requirement to
know the orientation of the transporter within the vesicles, which has
been determined using a site specific anti-SGLT1 antibody: We found
that 97 + 0.5% of SGLT1 molecules are in right-side-out orientation
(Figure SI-2C). Hence, SGLT1 was activated from the extracellular side,
in the outward-facing conformation (Coy), when performing substrate
concentration jumps within the external medium in a typical SSM-based
electrophysiology experiment.

Loo et al. assumed that in the presence of external sodium at 0 mV, the
predominant state is outward facing, sodium bound (>78%) and the
slowest step in the empty carrier translocation is 15 s~ (Loo etal., 2006).
The sugar-induced PSS currents we observed (kops = 200 s~ 1) would not
be consistent with this if they resulted from empty carrier translocation
(inward to outward), which needed to be rapid (~200 s .

In contrast to sugar concentration jumps, sodium concentration
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jumps do not trigger any PSS currents in the absence of sugar (Fig. 3),
despite shifting the equilibrium from inward to outward facing confor-
mation (Loo et al., 2006). This adds to the idea that empty carrier
translocation itself does not cause PSS currents. In TEVC experiments,
voltage steps seem to play the major role in these currents, rather than
substrate interactions of SGLT1.

There are other key differences between voltage step and sugar-
induced PSS currents, indicating that sugar-induced currents must
have a different origin.

First, voltage applied in SSM-based electrophysiology does not affect
amplitude or time constants of the PSS currents (Fig. 4I), whereas PSS
currents observed with TEVC are triggered solely by voltage jumps and
are therefore highly dependent on voltage (Loo et al. 2005, 2006).

Second, the PSS currents observed in voltage-clamp experiments are
completely gone in the absence of sodium (Parent et al., 1992a). In
SSM-based electrophysiology, in the absence of sodium a somewhat
smaller sugar-induced charge translocation is measured (Fig. 2E), which
has been mainly attributed to a lower sugar affinity in the absence of
sodium. Absolute charge translocation is similar in the absence and
presence of sodium at saturating sugar concentrations (data not shown).
Hence, neither the positive charges of the sodium ions nor the negative
charges of the empty sodium binding sites show a major contribution to
the sugar-induced PSS charge transfer observed with SSM-based
electrophysiology.

Third, sodium concentration affects the time constants of the PSS
current measured in voltage clamp (Loo et al., 2005), but not in
SSM-based electrophysiology (Fig. 2E).

Taken together, the origin of PSS currents in SGLT1 upon voltage step
experiments observed in literature must be different from those observed
upon sugar concentration jumps in SSM-based electrophysiology.

4.3. Sugar-induced PSS currents represent a conformational transition
within the fully loaded carrier

We postulate that the sugar-induced PSS reaction is a direct conse-
quence of sugar binding and release within the outward facing confor-
mation. We observe either electrogenic closing or opening of the cavity
triggered by positive or negative sugar concentration jumps. The elec-
trogenicity may be a result of the movement of charged amino acids
across the membranes axis. This can be viewed as an electrogenic
‘induced fit’ mechanism or electrogenic sugar occlusion and compared
with the gating current observed for ion channels. The exact molecular
origin of the sugar-induced electrogenicity remains unclear. Although a
smaller PSS current has been detected when performing sodium con-
centration jumps in the presence of sugar (Fig. 3F, red), a major part of
the PSS charge translocation is triggered by the sugar itself. Approxi-
mately 50% of the charge is only translocated if sodium is also available.
Therefore, sodium needs to be present to fully undergo this electrogenic
conformational transition - likely achieving a perfect ‘induced fit’ or
occlusion of the sugar - or the charges of the bound sodium ions
contribute to the electrogenicity of the same reaction.

Having investigated sugar binding and release (Fig. SD-F), we sus-
pect asymmetric kinetics for those two processes based on the observed
rate constants Kops (1/72 ~ 30 s land1 /719~ 100 s7h. Alternatively, the
observation might be attributed to a shift in the initial state of SGLT1: In
case SGLT1 accumulates in the inward facing conformation when
glucose is available on both sites of the membrane, a lower number of
SGLT1 molecules are able to directly release their sugar from the out-
ward facing binding site upon sugar removal in the external solution.
kops of sugar release would then be limited by the rates of preceding
conformational transitions.

Recently, we also investigated bacterial H' /sugar symporters and
showed that under certain conditions — either with H" depletion or H*
excess — transport is completely blocked, allowing us to study sugar
binding, detected as a PSS current (Bazzone et al., 2016; Garcia-Celma
et al., 2010). Surprisingly, these PSS currents show similar
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characteristics to those detected with SGLT1: They are triggered by
sugar binding and have rate constants in the range of 200-300 s~ 1. In
H'/sugar transporters these PSS currents are also present when the H'
binding sites have been neutralized by mutation. This undoubtedly
shows for these H'/sugar cotransporters that the electrogenicity of the
PSS current must have a different origin than the transport current,
which is assigned to the relocation of the negatively charged ion binding
sites during alternating access of the empty carrier. Interestingly, the
loosely coupled H'/sugar transporter GIcP also shows similar
sugar-induced PSS currents, even when sugar transport occurs in uniport
mode (Bazzone et al., 2017b); And the bacterial Na®/sugar cotrans-
porter MelB shows PSS currents triggered by both, sugar and sodium
binding (Ganea et al., 2011). The concept of electrogenic substrate
binding might be applicable to sugar transporters in general and
possibly to many other electrogenic transporters.

5. Conclusion

Conventional approaches to study SGLT1 such as TEVC apply voltage
steps and produce electrogenic signals, which have been assigned to the
empty carrier translocation and Na* binding/dissociation (Fig. 1A, steps
5-8) (Loo et al. 2005, 2006). Sugar-induced currents have not been
measured, likely due to low time resolution when solutions are
exchanged on the oocyte surface.

In contrast, SSM-based electrophysiology measures transporter ac-
tivity triggered by substrate concentration jumps. Due to the high time
resolution, we were able to identify a PSS reaction upon sugar binding
which reflects a fast conformational transition following sugar binding
and therefore contains kinetic information for the substrate bound car-
rier — the other half of the transport cycle, which has not been observed
using TEVC (Fig. 1A, steps 1-4). In vivo, Na'/sugar cotransport by
SGLT1 is caused by a sugar concentration jump, i.e. food intake, whereas
the membrane potential is kept constant. Hence, in SSM-based electro-
physiology a native trigger for transporter activation is used. However, a
clear limitation of SSM-based electrophysiology is the lack of direct
voltage and temperature control, rendering TEVC and SSM-based elec-
trophysiology complementary techniques.

Further studies are required to fully uncover the potential of this new
read-out for sugar binding in SGLT1. Rate and equilibrium constants for
the binding of different sugar substrates and inhibitors are now acces-
sible in a label-free assay. In addition, charged residues may be
neutralized by mutagenesis, which can alter the electrogenic PSS and
help to understand the origin of this reaction.
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