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The small intestine is void of aquaporins adept at facilitating
vectorial water transport, and yet it reabsorbs ~8 liters of fluid
daily. Implications of the sodium glucose cotransporter SGLT1
in either pumping water or passively channeling water contrast
with its reported water transporting capacity, which lags behind
that of aquaporin-1 by 3 orders of magnitude. Here we overex-
pressed SGLT1 in MDCK cell monolayers and reconstituted the
purified transporter into proteoliposomes. We observed the
rate of osmotic proteoliposome deflation by light scattering.
Fluorescence correlation spectroscopy served to assess (i)
SGLT1 abundance in both vesicles and plasma membranes and
(ii) flow-mediated dilution of an aqueous dye adjacent to the cell
monolayer. Calculation of the unitary water channel permeabil-
ity, pp yielded similar values for cell and proteoliposome exper-
iments. Neither the absence of glucose or Na*, nor the lack of
membrane voltage in vesicles, nor the directionality of water
flow grossly altered p;. Such weak dependence on protein con-
formation indicates that a water-impermeable occluded state
(glucose and Na™ in their binding pockets) lasts for only a minor
fraction of the transport cycle or, alternatively, that occlusion of
the substrate does not render the transporter water-imperme-
able as was suggested by computational studies of the bacterial
homologue vVSGLT. Although the similarity between the p; val-
ues of SGLT1 and aquaporin-1 makes a transcellular pathway
plausible, it renders water pumping physiologically negligible
because the passive flux would be orders of magnitude larger.

The small intestine reabsorbs ~8 liters of fluid daily. The
underlying transport mechanism has thus far remained enig-
matic. Although renal vectorial water transport is mediated by
aquaporins, there has been no direct evidence for the role of
aquaporins in intestinal water reabsorption (1). Although aqua-
porins 7, 10, and 11 are expressed in the jejunum (2, 3), they
preferentially adopt an intracellular location and/or appear to
have rather low water permeability (4—6).

Consequently, other transporters were proposed to facili-
tate water reabsorption. The sodium-glucose cotransporter
(SGLT1)? is one of the most prominent candidates. SGLT1 is
highly expressed in the enterocytes on the villus of brush border
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membranes (7). It facilitates water transport, albeit at report-
edly low rates: its published unitary water permeability (p;) of
only 4.5 X 10™'® cm®/s (8) is so low that it signifies a physiolog-
ically negligible contribution to passive water flux by SGLT1.
Even if such an incredibly high number as 10° transporters were
expressed in the apical membrane of an epithelial cell, their
combined permeabilities would only amount to 4.5 X 10~ '°
cm?®/s. The lipid matrix of the apical membrane of MDCK cells
would conduct three times that much, assuming that its water
permeability (Py) is ~5 wm/s (9), and its area (S,,) amounts to
~250 um? (10).

Much higher p; values of 4.7 X 10~ '* cm®/s (11) and 2.7 X
10~ '3 cm?®/s (12) were reported by molecular dynamics simu-
lations on water passage through the homologous bacterial
transporter protein from Vibrio parahemeolyticus, vSGLT.
Although the two computed p, values appear to be very differ-
ent, they do not reflect a discrepancy in the simulations them-
selves; rather they mirror a difference in the methods used to
extract p;from the simulations: the first value is computed from
the cumulative sum of the discrete efflux and influx permeation
events per time interval (11), whereas the second was calculated
from the velocity of water movement along a permeation path
across the center of mass of water molecules (12). Thus, both
values may be considered as upper and lower bounds for the
computed microstate of the transporter, i.e. the sugar and sodi-
um-bound inward facing state of vSGLT. Because the p; values
for the other conformations of the transporter may be very
different, the in silico p, may not closely match the experimen-
tally observed values, they are essentially ensemble averages
over all the states that might arise during the time course of
these measurements.

It is interesting, however, to note that the upper boundary of
the in silico p; compares well with that of aquaporin-1 (13),
which, if shared by the ensemble average, would transform
SGLT1 into the main facilitator of transcellular water move-
ment through the intestinal epithelium. To date there is no
general agreement as to whether water takes a transcellular or a
paracellular route. According to transepithelium resistance and
junctional morphology, the epithelium of the jejunum is classi-
fied as an intermediate epithelium (14), offering the possibility
for cellular junctions to serve as the main water route. Thus,
solving the debate about the p; of SGLT1 will offer crucial
insight about how the 8 liters of water are reabsorbed in the
human intestine daily.

Establishing the true passive water transporting capacity of
SGLT1 would also shed new light on the long nourished
hypothesis about secondary active water transport. This
hypothesis was born because there was no alternative explana-
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tion for the large water flux that was observed in response to
sugar and Na™ uptake in the jejunum (15). The water flux size
clearly required either the transepithelial osmotic gradient or
the epithelial water permeability to be large, because the flux is
calculated as the product of both parameters. However, the
osmotic gradient cannot be larger than a few mOsm in size,
because it can only be observed in the immediate epithelial
vicinity (16), i.e. within the adjacent stagnant aqueous layers
(unstirred layers (USLs)) where transport occurs solely by dif-
fusion. The osmotic permeability seemed to be minute, too,
because neither efficient water channel proteins nor a highly
water-permeable lipid matrix were found. It was known that
the apical membrane of epithelial cells offers an extremely small
P,because of its lipid composition (9). In consequence, the most
plausible solution to the conundrum of SGLT1-triggered water
transport seemed to be the assignment of 260 additional water
molecules to every turnover of the transporter along with two
Na™ molecules and one glucose molecule (15).

Considering a turnover rate of ~100/s, every SGLT1 mole-
cule would accordingly pump N, = 26,000 H,O molecules/s. It
would do so independent of the osmotic gradient, i.e. if neces-
sary, even against the osmotic gradient (15). In the latter case
N, is opposed by the number of water molecules N,, that may
cross a unitary SGLT1 molecule in the direction of the osmotic
gradient,

Ny, = Pt ACosm Na (Eq. 1)
where Ac,,,, and N, are the transmembrane osmotic gradient
and Avogadro’s number, respectively. For a reasonably small
Ac,,,, of only 5 mMm, N,, varies between 1350 and 810,000 s~ *
depending on whether the in vitro (8) or in silico estimates (12)
of p,are used for calculation. Secondary active water transport
may merely attain physiological importance in the former case
because N, => Ny. In the latter case, it would be completely
insignificant, because N, << Ny, i.e. the passive flux would
always be orders of magnitude larger than the water pumping
capacity of the transporter.

To determine p;, we used SGLT1-expressing tight MDCK-C7
monolayers, which do not possess paracellular permeability
(17). We assessed water flow from solute dilution in the imme-
diate vicinity of the monolayer and simultaneously measured
SGLT1 membrane abundance (18). Additional reconstitution
experiments of the purified transporter into small vesicles and
the extraction of p; from the deflation kinetics of proteolipo-
somes (13) provided ultimate proof for the physiological role of
the water channeling capability of SGLT1 and allowed insight
into the water pathway within SGLT1.

Materials and Methods

Cell Culture—The human sodium-glucose cotransporter
SGLT1 DNA (kindly provided by Drs. N. K. Tyagi and R. Kinne)
was subcloned into a pEGFP-N3 vector (Clontech) to create an
eGFP tag at the C terminus of SGLT1. Madin-Darby canine
kidney (MDCK-C7) cells and the stable cell line expressing
human sodium-glucose cotransporter 1 tagged with eGFP
(MDCK-SGLT1) were cultured in DMEM supplemented with
nonessential amino acids, 5% fetal calf serum (v/v), 20 mMm
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HEPES, penicillin, and streptomycin (all from PAA) at 37 °C in
7.5% CO,. MDCK-SGLT1 cells were kept under G418 selection
(500 g ml~ ). The cells (5 X 10°) were seeded onto polyester
permeable supports (Transwell® (0.33 cm? 0.4-pum pores),
Corning Life Sciences). Cell culturing on Transwells® contin-
ued (for 4-5 days in general) until a tight monolayer was
formed. We used the cells within 6 days after plating. All exper-
iments were carried out in Hanks’ balanced salt solution buffer
at 37 °C.

Fluorescence Correlation Spectroscopy (FCS)—We used the
FCS to estimate the SGLT1 plasma membrane abundance of
MDCK cells and to detect the concentration of the reporter dye
dextran-RhBs in the immediate vicinity of the MDCK mono-
layers as previously described (18). In brief, temporal fluctua-
tions of the fluorescence intensity (I) were measured in the focal
volume of a commercial laser scanning microscope (LSM 510)
that was equipped with FCS unit (Confocor3; Carl Zeiss, Jena,
Germany). The corresponding autocorrelation function G(7)
allowed us to extract both the equilibrium average number
<N> of diffusing SGLT1 molecules in the focal area of radius
(r) and their diffusion coefficient (D) (19).

4D7] 7"
(Eq.2)

1
G(T) = <N>|:1 + 7

A C-Apochromat 40X/1.2W objective was exploited. The
pinhole for all measurements was 1 Airy unit. The cells were
illuminated at 488 nm (30 milliwatt argon laser, 50% power, 1%
transmission), and the fluorescence was detected with a band
pass filter (505—550 nm). Calibration and control of setup per-
formance were done routinely with Rhodamine 6G. We esti-
mated the total transporter abundance by assuming that
SGLT1s are uniformly distributed in the cell membrane. The
dextran-RhB fluorescence was excited with a 561-nm DPSS
laser and detected with a 580-nm-long pass filter.

We also exploited FCS for determining the number n of
SGLT1 molecules per proteoliposome as previously described
(20, 21). In brief, we first obtained the numbers n, and n,, per
unit volume of lipid vesicles and proteoliposomes, respectively.
All vesicles were labeled, because the lipid mixture contained
0.004% (w/w) N-(lissamine-rhodamine-sulfonyl) phosphatidyl-
ethanolamine. All protein-bearing vesicles had a second label
because of the GFP tag on SGLT1. Thus, recordings of the tem-
poral fluctuations of the fluorescence intensity / in both the
lipid channel and in the protein channel allowed calculation of
two autocorrelation curves (22):

_ 1 4D,717! 4Dt 7%
G(T)_<N>[1+r2] |:1+ ZZ:|

where <N>, z, and D, are the number of particles in the focal
volume, the elongation of the focus in the direction of the laser
beam, and the diffusion coefficient of the particles, respectively.
Dividing <N> by the focal volumes of the lipid and protein
channels returned n, and n,,,, respectively.

We subsequently dissolved the vesicles in detergent (2% SDS +
2% OG + 2% Fos-Cholinel2) and repeated the FCS measure-
ments with the resulting micelles. Equation 3 served to deter-

(Eq.3)
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mine their number in the focal volume of the protein channel.
Dividing that number by the focal volume returned the number
of micelles 7, per unit volume. Assuming that each micelle
contained exactly one SGLT1 molecule, we assigned # to the
calculated ratio n,,/n,;.

Transepithelial Water Flow Rate—The measurements were
conducted as previously described (18). In brief, the outer
chamber (buffer volume, 1.5 ml) was placed on the heated stage
of the confocal microscope. Transwell inserts with cells (buffer
volume inside 150 ul) were fixed on a micromanipulator and
positioned 100-120 um above the glass bottom of the outer
chamber. The buffer in the outer chamber contained the
reporter dye, dextran-RhB. The inability of dextran-RhB to leak
into the inner chamber served as an indication for a tight mono-
layer. Water flow across the cell monolayer brought about
time- and position-dependent changes in the dextran-RhB con-
centration measured using FCS.

To extract the osmotic water permeability of cell monolayers
from the measured kinetics of dextran-RhB concentration, we
built a computational convection diffusion model (18). The
two-dimensional model is realized in COMSOL Multiphysics
and takes into account the rotationally symmetric geometry of
our experimental setup: the sizes of (i) the insert (inner com-
partment), (ii) the outer chamber (outer compartment), and
(iii) the cleft between them, as well as the volume of the buffer.

Rate of Transepithelial Glucose Transport—An Amplex®
Red glucose assay kit allowed us to assess glucose transport
through confluent cell monolayers. Prior to the experiment, the
culture medium was replaced by a glucose-free medium for 1 h
at 37 °C. We used Krebs-Ringer-Henseleit (KRH) solution con-
taining 120 mm NaCl, 4.7 mm KCl, 1.2 mm MgCl,, 2.2 mm
CaCl,, 5.5 mm sorbitol, 10 mm HEPES (pH 7.4) for this purpose.
After the incubation period, the KRH buffer inside the
Transwell® inserts was isotonically exchanged for the glucose-
containing buffer (5.5 mM glucose, sorbitol omitted), and the
outer KRH buffer was replenished with fresh solution. 25-ul
samples of outer KRH buffer were collected 0, 15, 30, and 60
min after buffer exchange and tested for glucose concentration
according to the manufacturer protocol using calibration solu-
tions with known glucose concentrations. The porous mem-
brane with SGLT1-expressing MDCK cells was excised out
from the insert at the end of the experiment, and protein abun-
dance in 10 cells was analyzed with FCS.

Cloning and Expression—The C292A mutation was intro-
duced into SGLT1 by site-directed mutagenesis and confirmed
by Sanger sequencing. Both the native and mutant SGLT1
sequences were cloned into the baculovirus transfer vector
pACEBacl (Geneva Biotech). A C-terminal myc-GFP-His tag
was inserted during cloning. Bacmids were prepared using the
DH10MultiBac virus backbone (Geneva Biotech), and baculo-
viruses were generated in Sf9 cells. For protein expression, Tni
cells at a density of 1 X 10° cells/ml were either infected with
the native or mutant SGLT1-containing baculovirus, and
expression was performed at 21 °C. Cells were harvested 72—-96
h after infection and frozen in liquid nitrogen.

SGLTI Purification and Reconstitution—For SGLT1-eGFP
purification from Tni cells, we adopted a previously published
protocol (23). The cells were resuspended in breaking buffer (50
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mMm sodium phosphate, pH 7.4, 10% glycerol), supplemented
with protease inhibitor mixture, and homogenized using Emul-
siFlex-C5 (Avestin) at 20,000 psi. Cell debris was removed by
spinning the homogenate at 6,000 X g for 10 min. We collected
membrane pellets after centrifuging the supernatant at
100,000 X g for 45 min. To remove adhering and peripheral
proteins, we washed the membranes using breaking buffer with
4 murea for 2-3 h. After 1 h of centrifugation at 100,000 X g, the
membrane pellet was collected and solubilized in TG buffer (20
mm Tris-HCI, pH 8, 1 m NaCl, 20% glycerol) with 1.2% Fos-
Cholinel2 (Anatrace) for 2—4 h or overnight. After removal of
the insoluble pellets by centrifugation at 100,000 X gfor 1 h, the
supernatant was washed and mixed with equilibrated nickel-
nitrilotriacetic acid Superflow beads (Qiagen) and left to bind
for 3 h or overnight. After washing the beads with 100X column
volume of TG buffer (0.6% Fos-Cholinel2, 20 mMm imidazole),
we eluted the protein (TG buffer, 0.2% Fos-Cholinel2, 250 mm
imidazole). Collected protein fractions were concentrated
using ultrafiltration spin columns (Vivaspin, Sartorius) of ~500
wl and subjected to size exclusion chromatography (Akta pure,
GE Lifesciences). We controlled the quality of the collected
fractions by SDS-PAGE. The chosen fractions were concen-
trated and immediately used for reconstitution without protein
freezing. All procedures were carried out at 4 °C.

A lipid extract from liver or the polar Escherichia coli lipid
extract supplemented with 25 mol % cholesterol (all from
Avanti Polar Lipids) were doped with 0.004% RhPE and used to
form multilamellar vesicles in 150 mw salt, 10 or 50 mm HEPES
(pH 7.5) and 1.3% octyl glucoside at a final lipid concentration
of 20 mg/ml. Subsequent to bath sonication, the clear suspen-
sion was incubated with 5 mMm 8-aminonaphthalene-1,3,6-
trisulfonic acid), 22 mm N-dodecyl-N,N-dimethylammino-3-
propane and purified SGLT1 at 4 °C for 1 h under constant
shaking. Biobeads SM-2 (Bio-Rad) removed the detergent in a
stepwise manner within 36 h. Proteoliposomes were harvested
by ultracentrifugation. The resuspended vesicles were centri-
fuged to remove aggregates and extruded through 100-nm
polycarbonate filters to produce a homogenous suspension.
Control vesicles were similarly treated. All samples were
assayed without delay.

Determination of Unitary Water Permeability of Reconsti-
tuted SGLTI1—As described previously (13), we monitored the
intensity I of scattered light at a wavelength of 546 nm. It is
related to the volumes of proteoliposomes Vg ;(£) and bare
vesicles V, _.(£) according to the following,

l(t) =a-+t b[avbare(t) + (1 - a)VSGLT1(t)] + d[avbare(t) +
(1 = a)Vsgm(®F  (Eq.4)

where « is the fraction of bare vesicles. The parameter a is
calculated as a = I([ifnty]) — bV; — dVZ, where V, = V¢! /(c], +
c,). c., c,, b, and d are the initial osmolyte concentrations inside
the vesicles, the incremental osmolyte concentration in the
external solution caused by sucrose addition, and two fitting
parameters, respectively. The rate of the osmotically driven vol-
ume decrease allowed calculation of the vesicular water perme-
ability P; = P;_ + P, that reflects the permeabilities P; . and Py,
of all channels and the lipid bilayer, respectively,
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where V, V,, A, and L are the molar volume of water, vesicle
volume at time 0, surface area of the vesicle, and the Lambert
function: L(x)e"® = x, respectively (13).

The system of Equations 4 and 5 was globally fitted to the
whole set of shrinking curves from a particular reconstitution
sample to extract the fitting parameters b, d, o, and P and Py,
Pg; was common to all shrinking curves (including the protein
free sample), whereas P; varied with the protein concentration
in the bilayers.

Glucose Transport into Lipid Vesicles—To determine the glu-
cose transport activity of SGLT1 reconstituted into the lipid
vesicles, proteoliposomes and control liposomes both prepared
in glucose-free high K* buffer were mixed 1:4 (v/v) with low K™
buffer containing 10 mm glucose. 0.5 um valinomycin was
added to establish potential across the membrane. After 30 min
of incubation at room temperature, liposomes were washed on
PD10 columns to remove external glucose. To estimate the
amount of liposomes and protein abundance in proteolipo-
somes, samples collected after PD10 column washing were
checked using FCS. To release the accumulated glucose, ali-
quots of prepared samples were dissolved by detergent mixture
(1% Fos-Cholinel2 + 1% n-dodecyl-B-L-maltoside). Concen-
trations of glucose in dissolved and intact samples were deter-
mined using an Amplex® Red glucose assay kit according to the
manufacturer’s protocol. By combining the data of the amount
of released glucose, the number of proteoliposomes, and their
total inner volume, we calculated the average concentration of
glucose accumulated inside the vesicles.

Results

Water Flow through Epithelial Monolayers—W e stably trans-
fected human SGLT1 tagged by eGFP into MDCK-C7 cells.
The cells were allowed to grow on Transwell filters until they
reached confluence. SGLT1 sorted into the plasma membrane
as revealed by confocal fluorescence microscopy (Fig. 1). We
observed rapid bleaching while focusing on the plasma mem-
brane, indicating that a considerable SGLT1-eGFP fraction was
immobile (Fig. 2A4). We assumed that both the mobile and the
immobile cotransporter fractions contributed to the initial fluo-
rescence intensity, whereas the steady state FCS signal only
reflected the mobile fraction (Fig. 1). It amounted to 75.2 =
7.2% for cells that were cultured for 1 day and 38.4 = 3.4% for
cells that were cultured for 4 -5 days. We confirmed the size (S)
of the immobile fraction by observing fluorescence recovery
after photobleaching (FRAP) in an area with radius (rggap) Of
2—4 pm (Fig. 2B). S was calculated as follows,

S—Fx—FO
i —— (Eq.6)

where F, F;,, and Fj;g,,, are the initial fluorescence intensity, the
intensity immediately after bleaching, and the intensity after
fractional recovery, respectively (24). We monitored the whole
cell area to exclude both overall bleaching and focal plane drift.
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FIGURE 1. Expression of SGLT1 in stably transfected MDCK-C7 cells. A, 1
day subsequent to plating, the transporter is localized in the cytoplasm. B, it
adopts plasma membrane localization when the cells reach confluency. C,
fluorescence correlation spectroscopy served to determine both the number
and membrane diffusion coefficient of mobile SGLT1 molecules in the focus
(compare Equation 2). Representative autocorrelation curves G(7) of the fluo-
rescence intensity emitted by the GFP tag are shown for three different cells.
According to Equation 2, they indicate that 1.5, 2.5, or 4.5 SGLT1 molecules on
average were in the respective focal areas.

We also calculated the SGLT1 membrane diffusion coeffi-
cient (Dgg; 1) from the half-time 7 o Of the fractional fluores-
cence recovery.

2
Ierap

Dsair = (Ea.7)

ATerap

The values 0.24 = 0.01 and 0.18 * 0.04 um?/s, derived for
Dy, from FCS (Equation 2) and FRAP, respectively, agreed
reasonably well with each other. By counting the mobile SGLT1
fraction by FCS and accounting for the bleached immobile
SLGT1 fraction, we found a density o of ~218 transporters/
wm? in the apical membrane.

Isotonic addition of glucose to the apical side of the cell
monolayer yielded a time-dependent increase in glucose con-
centration in the basal buffer that was larger for the cotrans-
porter-expressing cells than for the parental cells (Fig. 34). Glu-
cose uptake by nontransfected confluent cultures of MDCK
cells has been observed before. This background transport
activity can be inhibited by both organic and inorganic trivalent
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FIGURE 2. Determination of the immobile plasma membrane fraction of
SGLT1 in MDCK cells. A, the focus was set on a spot of the plasma membrane
in the mode for fluorescence correlation spectroscopy, which resulted in a
rapid decline in the count rate from exited membrane-anchored fluorescent
dyes. Assuming that freely diffusing molecules pass through the focal area
too fast to be bleached, we held the immobile molecules responsible for the
drop in the count rate. The size of the immobile fraction depended on cell
confluency (magenta, confluent cells; blue, nonconfluent cells; cyan, lipid dye
Dil,g), suggesting SGLT1 anchoring to the cytoskeleton. B, FRAP in a 4-8-um-
wide area yielded the same fraction R of immobile molecules (Equation 6) as
the FCS experiments. Representative FRAP curves are shown using the same
color as in A. The recovery kinetics indicate SGLT1 diffusion coefficients of
0.14 + 0.03 and 0.18 = 0.04 wm?/s in confluent and nonconfluent cells,
respectively, as well as a Dil, g diffusion coefficient of 1.0 + 0.2 um?/s.

arsenicals in a time- and concentration-dependent manner
(25). By transfection with SGLT1, we provided the MDCK cells
with an additional uptake system. As expected, it was inhibited
by phlorizin. We calculated the transporter turnover rate R as
follows,

AaGl/

R:AtXO'XNCXSap

(Eq.8)

where AGI, At, and N, are the increment in the number of
glucose molecules in the basal buffer of SGLT1-expressing cells
as compared with parental cells, the time(s) allowed for glucose
accumulation, and the number of cells per Transwell insert
(~2 X 10°). Assuming S, to be equal to ~250 pwm? (10), we
obtained an apparent r of 250 = 40 s ! (mean = S.E., n = 10),
indicating that SGLT1 was fully functional.

The SGLT1-expressing cell monolayers displayed an
increase in transepithelial water permeability, P,. P, was
derived by rendering the basolateral compartment hyperos-
motic (hypoosmotic) and by observing the resulting dilution
(concentration increase) of the reporter dye, dextran-RhB, in
the immediate monolayer vicinity (Fig. 3, B and C). FCS served
to measure the dye concentration within the 50- um-wide aque-
ous cleft between the basal membrane and the glass bottom of
the measurement chamber (18). To demonstrate that SGLT1
facilitated water transport, we inhibited SGLT1 by phlorizin
(0.5 mm). P, of MDCK SGLT1 decreased from 30 um/s to 10
pm/s. As expected, the drug did not alter the P, of 6 um/s of
parental MDCK cells (Fig. 3C).

To derive the single cotransporter water permeability (py)
from P, we took into account that P, depends on both apical
and basolateral membrane permeability, P,, and Py, respec-
tively,
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FIGURE 3. Glucose (A) and water (B and C) transport across MDCK cell
monolayers. A, 5.5 mmglucose were isosmotically added into the apical com-
partment after 1 h of glucose deprivation. Samples from the basal compart-
ment were taken after the indicated time intervals. Their glucose concentra-
tion was larger for SGLT1 overexpressing cells (red open circles) than for
nonexpressing cells (green open circles). The data are shown as means = S.E. of
experimental data (n = 5). Inhibition by 200 um phlorizin (phlor) brought the
transport capacity of SGLT1 overexpressing cells back to control cell capacity
(contr, red filled circles), whereas it had no significant effect on nontransfected
cells. B, setup for measuring both transepithelial water flow and SGLT1 mem-
brane abundance. A chamber with a glass bottom (thickness, 0.1 mm) was
positioned into a thermo-jacket on top of an inverse microscope. A Transwell
filter with the MDCK monolayer (green) grown on its bottom was placed ~50
um above the glass bottom. Osmotically induced efflux from the cup with the
Transwell filter diluted the aqueous reporter dye in the outer buffer solution
(blue). Fluorescence correlation spectroscopy served to determine both
reporter dye concentration (right inset, blue rectangles) and membrane den-
sity of SGLT1-GFP (left inset, orange rectangle). C, the dilution of aqueous dye
molecules in the outer compartment was measured at a distance of 20 um
from the MDCK-SGLT1 (red circles) or nontransfected MDCK (green circles) cell
layers as a function of time. After 10 min, 0.5 mm phlorizin were added into the
apical compartment. Dye dilution was delayed only in the experiment with
the SGLT1-containing monolayer (filled circles) indicating SGLT1 inhibition.
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FIGURE 4. Osmotically induced deflation of proteoliposomes increased
the intensity of scattered light. The rate of the intensity changes increase
with the per vesicle number of reconstituted SGLT1 molecules. On average 0,
3.2, 4.3, or 5.4 SGLT1 monomers were reconstituted per proteoliposome
(inset). The global fit of the mathematical model to the experimental data set
is shown as dashed blue lines. For the control sample and the SGLT1-contain-
ing samples in the order of increasing protein abundance, it yielded the fol-
lowing P; values: 5.9, 46.2, 52.9, and 56 um/s, respectively. Scattered light
intensity was recorded by a stopped flow device at an angle of 90°at 5 °C. The
buffer contained 150 mm NaCl, 10 mm HEPES (pH 7.5). Osmosis was induced
by a 150 mm sucrose gradient.

1 1 1

Fe:?m+Fbel

(Eq.9)

where F = 7.63 (10) is the ratio of the basolateral to apical
membrane areas. Because our MDCK cells expressed SGLT1
both in the apical and the basolateral membranes, P,, and P,
represent the sum of transporter- (P, and P,,) and lipid-
mediated (P, ,, and P,},) permeabilities. P, and P}, can be

expressed as the product of p,and o.

1 1 1

— = + (Eg. 10)
Pe Ppt+ope (Pp+ op)F B

Assuming 4.4 (9) and 5.4 um/s (18) for P, ., and P, ,, respec-
tively, we found a p; of 2.55 = 0.25 X 10" cm®s™ .

Because p; exceeded the one previously measured in oocytes
(8) by 3 orders of magnitude, we decided to test the water trans-
porting capacity of SGLT1 in a reconstituted system. We there-
fore purified the protein from overexpressing insect cells and
reconstituted it into lipid vesicles. Proteoliposome exposure to
a hyperosmotic solution resulted in their deflation. Measure-
ments of scattered light intensity (/) served to monitor vesicle
volume V() as a function of time (Fig. 4) via our new adaptation
of the Rayleigh-Gans-Debye equation (13). In turn, V(¢) allowed
calculation of vesicle permeability P;. Increasing the number (7)
of SGLT1 molecules per vesicle accelerated the rate of shrink-
age (Fig. 4).

In contrast, substitution of Na™ for K™ had no significant
effect on p,, suggesting that passing the Na* binding site may
not be rate-limiting for water. Water does not seem to drag Na ™
through a constriction site either, because changes of the trans-
membrane voltage by CCCP and valinomycin did not alter p;.
This may have been expected if a streaming potential would
have built up (Fig. 5, C and D). Finally, we substituted Cys in
position 292 for Ala. Although the mutation triples the Na™
leak current through SGLT1 in the oolema (26), it did not aug-
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FIGURE 5. The unitary water permeability p; of SGLT1 was modified by
glucose. A, the proteoliposomes contained on average 4.3 SGLT1 molecules.
Deflation by 150 mm sucrose was decelerated by 20 mm glucose (black and red
lines). Fitting Equations 4 and 5 (yellow lines) to the time dependence of scat-
tered light intensity returned 5, 53, and 43 um/s for basal (lipid) P, P¢in the
absence of glucose, and P; in the presence of glucose, respectively. Thus,
glucose reduces p; by 17% (inset). We confirmed the effect at two additional
SGLT1 concentrations. The initial internal and external solutions contained
150 mm NaCl and 10 mm HEPES (pH 7.5). B, although known to triple the
sodium leak for SGLT1, the point mutation C292A did not alter p;. C, clamping
the membrane potential to 0 by adding both the potassium ionophore vali-
nomycin and the protonophore CCCP did not alter p;. For B and C, the initial
internal and external salt concentrations were 10 mm NaCl and 140 mm KCI.
The vesicular membrane contained 2.5 transporter molecules on average. D,
reconstituting an average number of 5.7 transporter molecules per vesicle
and inducing a membrane potential of —18 mV by adding valinomycin did
not alter the rate of vesicle shrinkage. The outside and inside solutions con-
tained 20 mm glucose, 75 mm NaCl, 75 mm KCl, 150 mm sucrose, 20 mm glu-
cose, and 150 mm KCl, respectively. The solutions (B-D) were buffered with 50
mm HEPES (pH 7.5).

ment p, of the reconstituted channel (Fig. 5B). Thus, the intro-
duced mutation removes a barrier that obstructs the Na* leak
(either sterical or electrostatic) but does not eliminate a signif-
icant barrier for water movement. Previous oocyte experiments
report contradictory results: removal of external Na™ either
eliminated the water conducting ability of SGLT1 (27) or aug-
mented it (28).

The addition of 1 or 2 mM glucose somewhat decreased the
water flux. To get a statistically significant effect, we had to add
larger amounts of glucose to the proteoliposomes: 20 mm glu-
cose resulted in a 17% drop in p; (Fig. 5A), suggesting that at
least some of the water molecules share the pathway of glucose
and are delayed by its presence.

In contrast, phlorizin did not significantly inhibit water
transport through the reconstituted SGLT1. The result is not at
odds with the partial inhibition (Fig. 3) observed with MDCK
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FIGURE 6. Water and glucose transport across reconstituted SGLT1. A, the
water permeability p; of one SGLT1 molecule was measured at 5 °C and sub-
sequently recalculated for 37 °C. B, dependence of the vesicular water perme-
ability P on the per vesicle number ngg, 1, of reconstituted SGLT1 molecules.
pswas found as the slope of the linear regression multiplied by the membrane
area of an individual vesicle. Substituting 150 mmNa™ (red) for 150 mm K™ had
no significant effect on p.. The buffer also contained 10 mm HEPES (pH 7.5). C,
the reconstituted transporter was functional as tested by a colorimetric assay
of glucose uptake into the vesicles. External K™ and valinomycin served to
establish an initial membrane potential.

cells, mainly because (i) the membrane-impermeable phlorizin
may bind to only 50% of the randomly oriented transporter
molecules in vesicles, (ii) inhibition of glucose-sodium cotrans-
port across the apical plasma membrane must decrease the
cytoplasmic osmolyte concentration adjacent to that mem-
brane, thereby decreasing water flux, and (iii) the inhibitory
effect in MDCK cells may partly be mediated by the inhibition
of the Na™-K*-ATPase. The pump generates a local osmotic
gradient which in turn drives water transport in epithelia (16).

The reconstituted transporter was functional as indicated by
accumulation of 2.5 mm glucose within the proteoliposomes as
compared with control vesicles (Fig. 6). Glucose transport into
the vesicles was driven by both a glucose gradient and a mem-
brane potential that built up in the presence of valinomycin
because of a transmembrane potassium gradient.

We calculated p, from a plot of P, as a function of n (29). The
slope of that plot corresponds to a p;0f 3.3 = 0.4 X 10~ '* cm®/s
at 5 °C (Fig. 6). Assuming the typical activation energy of ~ 4
kcal/mol for water transport through channels, we find that p,is
equalto7 = 0.8 X 10" "* cm®s~ ' at 37 °C.

The p; of the reconstituted transporter is in line with the one
obtained from SGLT1-expressing cell monolayers. The agree-
ment is surprising, because the SGLT1 conformations in cells
and vesicles are not necessarily the same: The membrane
potential is maintained at —30 mV in living MDCK cells,
whereas it is either positive inside shrunken vesicles (because of
the up-concentration of Na™) or clamped to 0 by the protono-
phore CCCP and the K*-ionophore valinomycin. Previous
oocyte experiments also revealed a weak potential dependence:
the water permeability of SGLT1 overexpressing oocytes
changed by only ~20% when the membrane potential was
decreased from —20 to —100 mV (28).
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Discussion

pe measurements of SGLT1 both in live cells and in a recon-
stituted system reveal unexpectedly high water conductivity. It
positions the transporter into the top league of water facilita-
tors, alongside with aquaporin-1 (13). Taking into account that
aquaporin-1 represents the main water pathway in the leaky
epithelium of the proximal renal tubule, this observation sug-
gests that SGLT1 may enable transcellular water movement
through the intermediate epithelium of the small intestine.

The high p, value immediately leads to a second very impor-
tant conclusion: It rules out the possibility of secondary active
water transport via SGLT1. SGLT1 has been repeatedly pro-
posed to pump water (reviewed in Ref. 30). The simple calcula-
tion according to Equation 1 shows that even a modest osmotic
gradient of only 5 mOsm would drive an osmotic flux of ~1000
times as large as the largest flux attainable by pumping (com-
pare Introduction). That is, even if water was carried along with
glucose and Na™, the resulting flux would be physiologically
negligible.

Our conclusion is in line with other reports that likewise
found only passive water flux and no indications for water
pumping: (i) The first report explained the increment in water
influx caused by SGLT1 expression in oocytes (15) by the near-
membrane accumulation of the cotransported osmotically
active Na™ ions and glucose molecules (31, 32). The transport
of both solutes away from the oocyte membrane was hampered
by USLs. Because the multiple oolemma invaginations act to
increase the size of the USLs, solute accumulation is more pro-
nounced than in epithelial cells. In combination with the large
peof SGLT1, the USLs ensure that even small osmotic gradients
produce large water fluxes. (ii) Recent molecular dynamics sim-
ulations captured such a small number of water molecules in
the occluded state of vSGLT that pumping them through
vSGLT1 or any other homologous protein was deemed unlikely
to make a significant contribution to water transport (11). (iii)
Another experimental study explored the possibility that not
only SGLT1, but also the potassium chloride cotransporter has
falsely been implicated in water pumping (33). It showed that
the decrease in transepithelial water flux upon pharmacological
potassium chloride cotransporter inhibition has nothing to do
with water pumping but is due to a reduced potassium efflux
from the cell monolayer. Administering the K*-H™ exchanger
nigericin rescued the cellular K" efflux, which in turn allowed
for full recovery of the transepithelial water flux (33). Because
the mobile carrier nigericin is too small to shuttle several hun-
dred water molecules per cycle, there must be alternative path-
ways for water and potassium.

Our experimentally determined p; is 3 orders of magnitude
larger than the one derived for SGLT1 from experiments in the
oocyte expression system (8). The difference is too large to
place sole blame on oocyte USLs (31). During the swelling
experiments, oocytes generally increase their volume by
20-30%. The required increase in surface area is impossible to
achieve by membrane stretching, which is limited to 5% (34). It
requires unfolding of the oolemma, which has a 9-fold larger
surface area than a sphere with the size of the oocyte (8).
Attachment of SGLT1 to the cytoskeleton is likely to hamper
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Inward facing

FIGURE 7. Scheme of the water pathway through SGLT1. The outward (A)
and inward (B) facing conformations are taken from the homologous trans-
porters LeuT (Protein Data Bank code 2A65) and vSGLT (Protein Data Bank
code 3DH4), respectively. Leucine and galactose are shown as yellow spheres.
Either the duration of glucose occupying this position is rather short as com-
pared with the whole transport cycle or water is able to bypass the constric-
tion zone as has been suggested by molecular dynamics simulation. The
selection of the crucial membrane helices (1, green; 3, blue; 6, cyan; 8, brown),
extracellular and intracellular helix-loop-helix structures, E4, and |1 follows
(39). The water transporting capacity of SGLT1 is comparable with that of
aquaporin-1.

unfolding of oolemma invaginations and prevent microvilli
from stretching out. If the fraction of SGLT1 molecules in
oocytes that is thus rendered immobile is as large as that in
MDCK cells (Fig. 2), oolemma unfolding must face a consider-
able resistance. This explains why the water permeability of
oocytes transfected with SGLT1 saturates at 38 um/s (27),
whereas levels of 300 wm/s are easily achievable by transfection
with aquaporins (35).

Because the structures of the SGLT1 family members vSGLT
and LeuT do not show an aqueous pore (36 —38), water is likely
to take the same routes as glucose or Na™ through these trans-
porters (Fig. 7). We found experimental support for a shared
pathway with glucose, but none in favor of water taking the Na™
pathway. That is, neither the presence nor absence of Na* nor
modifying the membrane potential (by CCCP and/or valinomy-
cin) exerted any effect on p;. Furthermore, the wild-type pro-
tein and the C292A mutant conduct water equally well,
although the mutant is known to facilitate a 3-fold larger Na™
leak current. Nevertheless, we cannot exclude that (i) the muta-
tion only removed a barrier to Na™ and (ii) the diffusion of both
species is completely decoupled within that part of the pathway
that they may share.

A shared pathway for water and glucose is supported by the
observed decrease in p; upon addition of saturating glucose
concentrations. That is, glucose partially blocked the water
pathway when its concentration exceeded Michaelis constant
K, = 0.6 mm by more than an order of magnitude, at which
SGLT1 achieves half of its maximum rate. This observation
clearly shows that the empty transporter is also water-permea-
ble. So far only the inward facing substrate-bound state was
reported to facilitate water transport by computational analysis
(12). However, it must be noted that the experimentally
obtained p; value is in surprisingly good agreement with the in
silico p;that was derived for a single conformational state of the
homologous vSGLT (12).

SGLT1 overexpressing in MDCK cells and reconstitution
into proteoliposomes both provide the first experimental evi-
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dence for a highly efficient water pathway through the trans-
porter. Because SGLT1 is not equipped with a special water
selectivity filter, the constriction site in the middle of the pro-
tein consisting of four hydrophobic residues is likely to fulfill
that function. The large p,value of SGLT1 renders transcellular
water transport in the jejunal epithelium plausible and at the
same time proves by reductio ad absurdum that SGLT1 water
pumping is out of the question.
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