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ABSTRACT. Studies on the structurdunction relationship of transporters require the availability of sufficient
amounts of the protein in a functional state. In this paper, we report the functional expression, purification,
and reconstitution of the human sodiunglucose cotransporterl (hSGLT1)Richia pastorisand ligand-
induced conformational changes of hSGLTL1 in solution as studied by intrinsic tryptophan fluorescence.
hSGLT1 gene containing FLAG tag at position 574 was cloned into pPICZB plasmid, and the resulting
expression vector pPICZB-hSGLT1 was introduced iRtopastors strain GS115 by electroporation.
Purification of recombinant hSGLT1 by nickel-affinity chromatography yields about 3 mg of purified
recombinant hSGLT1 per 1-liter of culturdichia cells. Purified hSGLT1 migrates on SBRAGE

with an apparent mass of 55 kDa. Kinetic analysis of hSGLT1 in proteoliposomes revealed sodium-
dependent, secondary active, phlorizin-sensitive, and stereospeaifethyl-d-glucopyranoside transport,
demonstrating its full catalytic activity. The position of the maximum intrinsic tryptophan fluorescence
and titration with hydrophilic collisional quenchers Kl, acrylamide, and trichloroethanol suggested that
most of Trps in hSGLTL1 in solution are in a hydrophobic environment. In the presence of sodium, sugars
that have been identified earlier as substrate for the transporter increase intrinsic fluorescence in a saturable
manner by a maximum of 15%:.-Methyl-p-glucopyranoside had the highest affinitgs(= 0.71 mM),
followed by p-glucose,p-galactose p-mannose, and-allose which showed a much lower affinity.
L-Glucose was without effeab-Glucose also increased the accessibility of the Trps to hydrophilic collisional
guenchers. On the contrary phlorizin, the well-established inhibitor of SGLT1, decreased intrinsic
fluorescence by a maximum of 50%, and induced a blue shift of maximum (5 nm). Again, the effects
were sodium-dependent and saturable and a high afff@itf 5 «M was observed. In addition the surface

of hSGLT1 was labeled with 1-anilinonaphthalene-8-sulfonic acid, a reporter molecule for the surface
hydrophobicity. In the presence of sodium, additiorpeflucose decreased ANS fluorescence whereas
phlorizin increased ANS fluorescence. Thus three conformational states of SGLT1 could be defined which
differ in their packing density and hydrophobicity of their surface. They reflect properties of the empty
carrier, thep-glucose loaded carrier facing the outside of membrane and the complex of the outside-
orientated carrier with phlorizin.

To survive and function properly, cells exchange sub- substrates across the membrane, and they are called second-
stances such as nutrients, ions, and metabolites with theirary active transporters. An important example of this class
environment. These tasks are performed by transporteris the human N&glucose cotransporterl (hSGLYJlwhich
proteins that are embedded in the cell membrane. Membrands responsible for the accumulation of sugars in the epithelial
proteins account for 30% of the human genoriy &re cells of intestine and kidney2( 3). Mutations in hSGLT1
involved in a wide spectrum of hereditary and somatic lead to the glucose/galactose malabsorption syndrete (
disorders and diseases from cancer to infertility, and are Heterologous expression of hSGLT1 has been described
targets of more than 50% of the drugs currently used in in Xenopus laeis oocytes ), COS-7 cells §), Sf9 cells
therapeutics. A majority of these transport proteins use either(6), CHO cells {) andEscherichia coli8) and has increased
ion or solute gradients as the driving force to translocate our knowledge about the function of the transporter signifi-
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cantly. The amount of protein produced in the above- TCGATGGACAGTAGCACCTG-3, and antisense, '5
mentioned systems is, however, not sufficient for most of AATACTCGAGGGCAAAATATGCATGGC-3 containing

the biochemical, biophysical, or structural studies which EcdRl andXhd restriction sitesFor better immunological
require some times up to hundreds of milligrams of highly detection and to provide ease in the purification process, the
purified protein. In view of these difficulties our group FLAG epitope was introduced in hSGLT1 by changing the
previously concentrated on the expression and purification native peptide sequences2 AEEEN to Ds7,YKDDDDK.

of different functional domains of SGLT19( 10). Their For this modification the following primer sequences were
subsequent use as a model for the identification of a used: >GACGACGATAAGATCCAACAAGGCCCTAA-
phlorizin-binding site and an alkyl glucoside-binding site as GGAGAC-3 and BATCCTTGTAATCCAGGTCAATACG-
studied by fluorescence spectroscopy and affinity labeling CTCCTCTTTGC-3 (25). After all these modifications in
(9—12) provided valuable information about the mechanism cDNA of hSGLT1, this modified cDNA was amplified by
of action of different inhibitors. PCR reaction using two synthetic oligonucleotides: sense,

However, there remains still an urgent need to expressS-TATTGAATTCAAAATGGACAGTAGCACCTG-3, and
hSGLT1 in full-length and in sufficient quantities. To achieve antisense, SATTATTGCGGCCGCGGCAAAATATGCAT-
high-level expression of hSGLT1 we chose to use the GCC-3, containingEcaRl andNotl restriction sites.
methyltropic yeasPichia pastorisbecause in the last 15 The PCR product was cloned intcoRl and Notl sites
years this expression system has emerged as most successf@f PPICZB vector to obtain hSGLT1 fused witheHis tag
for the heterologous expression of a wide variety of foreign at C-terminal. The resulting pPICZB-hSGLT1 plasmid was
proteins (3—16). This holds especially for membrane transformed into TOP10FE. coli cells for further propaga-
proteins whose expression was not possiblE.iroli or, if tion and purification of plasmid. All DNA manipulations
it was possible, the protein was expressed in low amountswere performed as describef, and all constructs were
and often with loss of function. The following membrane Verified by DNA sequencing.
proteins have been successfully expresse®.ipastoris: Electroporation of P. pastoris with Plasmid pPICZB or
Na", Kt-ATPase 17), multidrug resistance proteinil§), pPICZB-hSGLTI1The purified DNA samples of pPICZB and
ATP-binding cassette transporterdf, NOP-1 @0), mam- pPICZB-hSGLT1 were linearized bymd digestion at 37
malian intestinal peptide transporte1j, humanu-opioid °C for 3 h, and the linearized plasmids DNA were purified
receptor 22), and 5HEa-serotoninergic receptog®). by enzyme removal column. _ _

The mechanism by which SGLT1 transport the substrates _YPD medium (100 mL) was inoculated in a 1-liter flask
across the cell membrane is still unknown. A commonly with 0.2 mL of overnight culture ofP. pastorisstrain GS115,
proposed model is that cotransport results from ligand- @nd the cells were grown at 2& overnight to an OB of
induced conformational transition®4) that change the 2—4. Overnight grown culture was centrifuged at 1§G@
accessibility of ligand-binding sites from one side of the 4 °C for5min. The supernatant was removed and the pellet
membrane to the other. These conformational changes inWas resuspended with 25 mL of ice-cold sterile water. The
hSGLT1 are poorly understood. We describe here the resuspended cells were cgntrn‘uged again as abovg, and the
expression of full-length hSGLT1 in methylotropic yeist ~ Pellet was resuspended in 8 mL of ice-cold sterile 1 M
pastorisand demonstrate its functional integrity by transport SOrbitol. The cells were centrifuged as above, and then the
studies inP. pastorismembrane vesicles and proteolipo- Pellet was resuspended with 1 mL of ice-cold sterile 1 M
somes. Furthermore we studied its intrinsic and extrinsic SOrbitol. The suspension of competent cells was kept on ice
fluorescence properties in solution to characterize substratednd used the same day.
and inhibitor induced conformational changes of cotrans-  1he suspensions of competent cells (40) and of

porter. linearized DNA (1QuL, 10 ug) were mixed and transferred
to an ice-cold electroporation cuvette. The cuvette with the
EXPERIMENTAL PROCEDURES mixture of cells and DNA was incubated on ice for 5 min.

The cells were pulsed at 1.5 kV, 5@, and 200Q2, and 1

Materials. The P. pastorisstrains (pPICZB, GS115F. mL of ice-cod 1 M sorbitol was added to the cuvette. The
coli strain (TOP10F’), Zeocin, and all media (LB, YPD, cuvette contents were transferred to a sterile 15 mL tube
BMGY, and BMMY) were from Invitrogen (Carlsbad, CA).  and incubated at 36C without shaking for 2 h. 20@L of
Restriction enzymeBcaRl, Xhd, Notl, andPme were from  these cells were plated on YPD medium with 100, 500, and
New England Biolabs (Frankfurt am Main, Germany). All  1000ug/mL Zeocin and incubated at 3C for 2 days.
PCR reagents were from Stratagene (Amsterdam, The Protein Expression in P. pastorisn pilot experiments,
Netherlands). a-Methyl-o-[*“C] glucopyranoside {[C] single colonies of transformed cells were used to inoculate
a-MDG) was from Perkin-Elmer LAS (Rodgaugesheim, 2.5 mL of BMGY medium (1% (w/v) yeast extract, 2% (w/
Germany). All sugars, phlorizin, asolectin soy lecithin, v) peptone, 100 mM potassium phosphate, pH 6.0, 1.34%
cholesterol, and 2,2,2-trichloroethanol were from Sigma (w/v) yeast nitrogen base, % 10-5% (w/v) biotin, and 1%
(Munich, Germany). All other chemicals were of analytical (v/v) glycerol). After 36-36 h of incubation at 28C, the
grade and obtained from commercial sources. cells were pelleted at 10§@nd were resuspended in BMMY

Construction of Expression Vector pPICZB-hSGLTHe medium (BMGY medium in which the glycerol was replaced
full-length hSGLT1 containing clone (DKFZp686N20230Q2) by 1% (v/v) methanol) to induce protein expression. The
was purchased from Deutsches Ressourcenzentrirm fu positive colonies for recombinant protein expression were
Genomforschung GmbH (RZPD, Berlin, Germany). cDNA identified by Western blot analysis by using anti-FLAG
coding of hSGLT1 was amplified by polymerase chain antibody (Sigma). The clone with the highest protein yield
reaction using the following primer: sensé&TATTGAAT- was selected for medium scale protein expression in 2-liter
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flasks. In all subsequent preparations, the cells were harvested 400:1 (w/w) and incubated at room temperature under
at ~24 h of methanol induction. gentle agitation for 10 min. Detergent was removed by
Membrane Preparation for Transport Studi€ells cul- adding Bio-Beads SM-2 activated according to 3é&fat a
tured in BMMY medium were harvested at @pof 4—6/ wet weight beads:detergent ratio of 6:1. Afté h of
mL by centrifugation at 30@fat 4 °C for 10 min, washed incubation at room temperature, fresh Bio-Beads were added,
once with ice-cold breaking buffer (50 mM sodium phos- and incubation was continued for an additional hour. After
phate, pH 7.4, 10% glycerol), and resuspended in breakingthe third addition of Bio-Beads, incubation was continued
buffer supplemented with protease inhibitor cocktail. An overnight at £C. Bio-Beads were removed by filtration on
equal volume of acid-washed chilled glass beads (0.5 mmglass silk. Proteoliposomes were concentrated by centrifuga-
diameter) was added to the suspension, and cells weretion at 300009 for 45 min at 4°C and stored in liquid
disrupted by vigorous vortexing 10 times for 1 min, with nitrogen. Proteoliposome pellets for sugar uptake assay were
intervening 1 min incubations on ice. Unbroken cells were resuspended in 100 mM potassium phosphate/2 frider-
removed by centrifugation at 20§0at 4 °C for 5 min. captoethanol (pH 7.5) for final protein concentration of 0.1
Membranes were pelleted at 100Q0&t 4 °C for 30 min ug/mL.
and resuspended in membrane suspension buffer (100 mM Transport Assay of hSGLT1 in Membranes and in Pro-
mannitol, 20 mM HEPES-Tris, pH 7.4) with protease teoliposomes.Sugar uptake by right-side-out membrane
inhibitor cocktail. Aliquots were snap-frozen and stored at vesicles was performed as described Eorcoli right-side-
—80°C. The protein concentration of the membrane prepara- out membrane vesicleg%, 27). Proteoliposomes (preloaded
tion was determined by using a micro-BCA kit (Pierce, with 100 mM potassium phosphate, pH 7.5/2 nfiMmer-
Rockford, IL). captoethanol) were subjected to three sonication/freeze/thaw
Protein Purification from P. pastorisMembranes were  cycles before uptake assays at°Z2 Uptake was initiated
prepared fronP. pastoriscells as described in the membrane by mixing 10uL of proteoliposomes with 10L of transport
preparation section. Peripheral proteins and proteins adheringouffer 2X (200 mM choline/CI, 50 mM NacCl, 100 mM
to the membrane were removed by washinghwitM urea mannitol, 20 mM Tris, 20 mM HEPES, 300 mM KClI, 6
in breaking buffer containing protease inhibitor cocktail mM MgSQ,, 2 mM CaC}) with a-methylp- [14C] glucopy-
(Roche) at #C for 2 h, and the resulting membranes were ranoside (*C] a-MDG). Each reaction was stopped with 1
centrifuged at 1000@Pat 4 °C for 40 min. The stripped  mL of ice-cold stop solution (10 mM Tris, 10 mM HEPES,
membranes were solubilized in buffer TG [20 mM Tris. CI, 100 mM mannitol, 150 mM KCI, 50 mM choline/Cl, 50 mM
pH 8/1 M NaCl/20% (v/v) glycerol] supplemented by 1.2% NaCl, 3 mM MgSQ, 1 mM CaC}, 0.2 mM phlorizin),
FosCholine-12 (Anatrace, Maumee, OH) and protease inhibi- applied centrally to a 0.22m nitrocellulose filter GSWP
tor cocktail, and the resulting membrane solution was shaken(Millipore) over vacuum and washed with 3 mL of ice-cold
at 4 °C, overnight. After removal of the insoluble fraction stop solution, and the filter was assayed by scintillation
by ultracentrifugation at 1000@0for 40 min at 4°C, the counting. All experiments were performed at least in
clear supernatant was bound to the preequilibrated Protinotriplicate, and errors indicate the SE of the mean values.
Ni 2000 prepacked (Macherey-Nagel) polyhistidine-tag  Analytical MethodsSilver staining and Coomassie Blue
purification column at 4°C, and unbound proteins were staining were performed after protein separation by SDS
removed by washing with 3 column volumes of buffer TG PAGE using 10% acrylamide gels as describadd, 33).
plus 0.2% FosCholine-12. Recombinant hSGLT1 was eluted Specific detection of hSGLT1 in cells and extract were
with 9 mL of buffer TG plus 0.2% FosCholine-12 supple- achieved by Western blot analysis by using the following
mented with 250 mM imidazole and protease inhibitor antibodies: murine cell culture anti-FLAG M2 monoclonal
cocktail. The purified protein containing fractions were antibody peroxidase conjugate (Sigma, Munich, Germany),
concentrated to 0.35 mL by ultrafiltration in Centricon mouse anti-his-tag (27E8) monoclonal antibody (Cell signal-
YM100 devices (Millipore) and stored at20 °C for further ling, Baverly, MA), and rabbit anti-human SGLT1 antibody
use in TG buffer containing 0.2% FosCholine-12. (Acrirs antibodies, Hiddenhausen, Germany).
Reconstitution of Recombinant hSGLPioteoliposomes Steady-State Fluorescence Studigteady-state fluores-
were prepared using Triton X-100 destabilized liposomes cence measurements were done with a Perkin-Elmer LS 50B
(27—29). Liposomes were composed of 9:1 asolectin soy fluorescence spectrometer (Perkin-Elmer), fitted with a 450
lecithin and cholesterol. 10 mg cholesterol and 90 mg W xenon arc lamp at room temperature. A 0.3-cm excitation
asolectin soy lecithin were dissolved in 5 mL of chloroform and emission path length quartz cell was used for all the
in a beaker. The solvent was evaporated under a stream ofluorescence measurements. The excitation wavelength was
argon to obtain a thin layer of dry lipids. The last traces of set at 295 nm for selective excitation of Trp. A 290 nm cutoff
solvent were removed under vacuum in a desiccator over-filter was used to minimize the contribution of scattering
night. Before each reconstitution the lipids were suspendedsignals. Emission spectra were collected from 300 to 400
in 5 mL of 100 mM potassium phosphate, pH 7.5/2 mM nm, averaging six scans. The bandwidths for both excitation
p-mercaptoethanol to yield a lipid concentration of 20 mg/ and emission monochromators were 5 nm. The emission
mL and subsequently sonicated in argon atmosphere in aspectra were corrected for the background and dilution
tip probe sonicator (until the suspension became slightly effects. All the fluorescence experiments were carried out
clear), and the resulting liposomes were stored in liquid in PBS (pH 7.3) buffer. The final concentration of protein
nitrogen. Triton X-100 was added at concentrations corre- was 0.016 nM; Fos-Choline-12 was present in a concentra-
sponding to the onset and or total solubilization of lipids as tion of 0.18 mM.
determined by turbidity measurement30). Detergent- Quenching of Intrinsic Protein Fluorescend@otassium
destabilized liposomes were mixed with purified protein in iodide (KI), acrylamide, and trichloroethanol (TCE) depend-
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ent fluorescence quenching experiments were performed in 300 ~
PBS (pH 7.3) for the hSGLT1 in the absence and presence
of 10 mM b-Glucose or 100uM phlorizin. Increasing
concentrations of the quencher were added from a concen-
trated stock solution of the quencher in the buffer. The
accessibility of Trp was monitored by analyzing the quench-
ing data using a SterfVolmer equation:Fo/lF = 1 + Ksy

[Q], whereF, is the fluorescence of the protein in the absence
of quencher andr is the observed fluorescence at the
concentration [Q] of the quencheKsy is the collisional
guenching constant, which was determined from the slope
of best-fit values of SteraVolmer plots at a given concen-
tration of p-glucose or phlorizin. The difference between j -

inner filter effects of substrate (5tM) from the titration of 0 ‘ ‘ ‘

L-Trp (5 uM) performed at an excitation of 295 nm and Control  Sodium  Sodium +  Potassium

L . Phlz
emission at 355 nm was found to be very low and hence is Fieure 1: Sugar uptake by plasma membrane vesiclesPof
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not considered in our measurements. pastoris expressing hSGLT1a-MDG (50 M) uptake by right-
Ligand Binding AssayThe ligand-induced fluorescence side-out vesicles of. pastoris GS115 producing hSGLT1 is

changes as a function ofglucose p-Glu), p-galactoser- stimulated by sodium (Na 100 mM) and inhibited by phlorizin

Gal), 2-deoxyp-glucose (2Doglc),p-mannose (Man)p- (Phlz, 100«M). For the control vesicles (plasma membrane vesicles

_ _ . _ from P. pastoris harboring the empty plasmid), there is no
allose (All), L-glucose (-Glc), or phlorizin (Phiz) concen significant difference in sugar uptake in the presence or absence

tration was monitored as describ&. (For the determination  of Na; transport is also not affected by the addition of phlorizin.
of apparent binding constant increasing amounts of sugars

(0.1-10 mM) or phlorizin (2-140 uM) were added to  or 1000ug/mL). Recombinant derivates of plasmid pPICZB
hSGLT1 (4.0ug/mL) in PBS. Apparent binding constants linearized by digestion witfPméd typically integrate at the
for sugars and phlorizin were calculated by the equation AOX locus as a single copy, but multiple copy integration
Vmax = [S]Y[S]" + K, written as below in the form of  occurs with a frequency of 1 to 10%. Resistance to higher

fluorescence change, levels of Zeocin correlates with higher copy number for the
— integrated plasmid, which usuall3%) but not always 36)
AF/IAF o= [SI[S]" + K (1) correlates with higher levels of expression of recombinant

) _ . . protein of interest. In our case clones selected on 12§J0
where [S] is the external su_bstrate (sugz_;lrs or phlorizin) . zeocin gave the highest yield of hSGLT1 as judged by
concentrationAFmaxis the maximal change in fluorescence \yestern blot analysis by anti-FLAG antibody (data not
intensity for saturating [SK is the binding constant, amdl  gpown), thus for further expression we used the clone of this
is the Hill coefficient. , _ plate. The clone with the highest protein yield was grown

ANS FluorescenceANS is a naphthalene dye that is j, BMGY medium supplemented by 10@/mL Zeocin for
strongly quenched by water and undergoes a dramatic3n_36 n at 28°C to an ODyo Of 2—4/mL and then
increase in quorescenc_e intensity when it binds to hydro- {ansferred to methanol containing medium (BMMY with
phobic regions of proteins. Solution of ANS was prepared 100 ,g/mL Zeocin) to induce protein expression for 24 h.
in PBS buffer from 5 mM stock solution in ethanol. The  gnctional Analysis of Recombinant hRSGLT1 in P. pastoris
final concentration of ANS was calculated considering the pjasma MembranesTransport studies in the. pastoris
4950 cmr M (350 nm) extinction coefficient value for  hjasma membranes provided first evidence for the expression
ANS in water 84). Since the binding of ANS was found 0 f fynctionally active hSGLT1. As shown in Figure 1 in
be not instantaneous, ANS and hSGLT1 were incubated for j,embrane vesicles derived from a transformed staiiDG

10 min before the extrinsic fluorescence measurements werg, the presence of a sodium gradient uptake at a rate of 273
made at equilibrium. For the fluorescent probe ANS, 1 11 nmol x mg of membrane proteid x min~! is

excitation wavelength was 370 nm, and emission spectruMgpserved, which is completely blocked by phlorizin (29
was collected in the range of 42680 nm. The proteinand 4 nmol x mg of membrane proteid x min-%). No such

ANS concentrations were 0.016 nM and 108, respec-  phenomenon is observed in membrane vesicles obtained from
tively. All extrinsic fluorescence measurements of ANS | ontransformed cells (Figure 1).
labeled hSGLT1 were performed in PBS (pH 7.3) buffer.  pyification of hNSGLT1 from P. pastorié. representative
RESULTS purification is shown in Figure 2. The membrane fraction
obtained by high-speed ultracentrifugation was washed with
Construction of pPICZB-hSGLT1 Expression Vecldre 4 M urea to remove peripheral membrane proteins. All
cDNA coding for the human sodium/glucose cotransporterl SGLT1 remained membrane-bound after this procedure
(hSGLT1) was cloned into the plasmid pPICZB. In the (Figure 2B, lane UW). The stripped membranes were then
resulting expression vector pPICZB-hSGLT1 the hSGLT1 solubilized in 1.2% FosCholine-12 in TG buffer at°€

gene was under the transcriptional control of #heXL overnight, and the nonsolubilized material was removed by
promoter, which is inducible by methanol. The plasmid was high-speed centrifugation. The clear supernatant was applied
linearized by digestion witiPmd, used to transfornP. to a preequilibrated Protino Ni-resin column. The protein

pastorisstrain GS115, and transformants were selected ateluted by using buffer TG with 250 mM imidazole showed
low, medium, and high concentrations of Zeocin (100, 500, an apparent molecular weight of 55 kDa, which corresponds
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Ficure 2: Coomassie-stained SBRAGE gel and immunoblot D Gal
of it with anti-FLAG antibody during different stages of hSGLT1 D Gic
purification. (A) Marker, molecular weight protein marker; Ul,
uninduced sample; |, induced sample after induction by 1% 1 one
methanol; L1, whole cell lysate after lysis &f. pastoriscells ! . v v v v 3
expressing hSGLT1; S1, supernatant; P1, pellet after high-speed 0 20 40 60 80 100 120

centrifugation; UW, washing obtained after 4 M urea wash of pellet % a-MDG Uptake
P1; S4, supernatant obtained after solubilization of urea wash pellet
in 1.2% FosCholine-12; and hSGLT1, Protino column purified € 4500 -

hSGLT1 which shows an apparent molecular mass of 55 kDa
(marked by arrow). (B) Western blot of above-mentioned SDS o 4000 4
PAGE gel with anti-FLAG antibody. E 3500 - P
to the nonglycosylated form of the transporter (Figure 2A, = 5 3000
lane hSGLT1), and is recognized by anti-FLAG antibody 53 2500 -
(Figure 2B), by anti-hSGLT1 and anti-His tag antibodies & %
(data not shown). As judged by Coomassie staining (Figure = g 2000 1
2A, lane hSGLT1) and silver staining (data not shown) the 53 1500
protein was more than 95% pure. 1-Liter culture Rf H 1000
pastorisyielded about 3 mg of purified protein.
Functional Analysis of Recombinant hSGLT1 in Proteo- 500
liposomeskFor reconstitution of purified hSGLT1, preformed 0+ T T T T ]
liposomes made of 9:1 asolectin soy lecithin and cholesterol 0 5 10 15 20 25

were used. The time course ofMDG uptake into the [0-MDG] (mM)

pro+teollpo.somes in the presence and .al_)se.nce of 10.0 mMFIGURE 3: Sugar uptake kinetics of proteoliposomes containing
Na", and in the presence of 100V phlorizin, is shown in purified recombinant hSGLT1. (A) The time course @MDG
Figure 3A. In the presence of 100 mM Nasugar transport (10 M) in the presence of 100 mM sodiur®] shows a 16-fold
peaked within 30 min at 31% 13 nmol ofa-MDG per mg increase in the initial rate of sugar uptake before reaching

of recombinant hSGLT1 before falling to the concentration concentration equilibrium in 5 h. After addition of 10M phlorizin
(m) or removal of Na (x), the initial rate is identical to control

equilibrium of about. 60 nmol OfOL,'MDG pgr mg of liposomes containing no hSGLTA) and sugar accumulation above
recombinant hSGLT1 in more th&® h time. The time course  the equilibrium is not observed. (B) Effect of various substrates

of a-MDG uptake in proteoliposomes demonstrated a and inhibitors on the uptake ai-MDG into proteoliposomes
classical overshoo8(, 38) in the presence of Naindicating containing purified recombinant hSGLT1. UptakeoeMDG (100

I ; M) after 1 min is inhibited by high-affinity substrates or inhibitors
that sugar was concentrated within the proteoliposomes andgf hSGLT1 (10 mMp-glucosep-Glc: 10 mMp-galactosep-Gal:

that uptake was energized by the electrochemical gradient;ng ,\m phiorizin, Phiz) but not by low-affinity substrates (e.g.,
of Na" via secondary active cotransport. The overshoot is 10 mM p-mannose, Man; 10 mM-allose, All; 10 mML-glucose,
absent if there is no sodium gradient across the membraneL-Glc). (C) Concentration-dependence of the sugar uptake after 1
These findings indicate a coupling of sodium flux to glucose Min shows a half-saturation constaij of 0.4 + 0.05 mM/L
flux. and mfliqmum velocity\(may) of 3.4+ 0.34umol x mg hSGLT1?

The sugar selectivity of recombinant hSGLT1 in proteo- X i
liposomes was measured by determining the uptake of 100
uM a-MDG in the presence of 10 mN-glucose §-Glc), of 100 mM Na'". p-Glc andp-Gal inhibited N&-dependent
p-galactose g-Gal), p-mannose (Man)p-allose (All), L- o-MDG by 75% and 78%, while Man, All, and-Glc
glucose (-Glc), and 10Q«M phlorizin (Phlz) in the presence inhibited sugar uptake only by 18%, 15%, and 2%, respec-
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Table 1: Effect of Various Substrates and Inhibitors on the Uptake
of 100uM a-MDG after 1 min by Proteoliposomes Containing
Purified hSGLT1

substrate/ concn % inhibition of
inhibitor changes used a-MDG uptake
none none 10aM 0
a-MDG CHsgroup at C-1 10 mM 95
D-Glu no CH;group at C-1 10 mM 75
p-Gal axial OH group at C-4 10 mM 78
Man axial OH group at C-2 10 mM 18

All axial OH group at C-3 10 mM 15
L-Glu L-isomer of glucose 10 mM 2
Phiz phloretin moiety at C-1 position 1@ 84

tively. In the presence of 10@M phlorizin the Na&-

Biochemistry, Vol. 44, No. 47, 20095519

fluorescence by hydrophilic external quenchers of various
size was investigated. In the absencepgflucose a rather
low quenching was observed, which is also reflected in the
small Sterr-Volmer constant. When-glucose at saturating
concentration was present in the medium, the Trp quenching
significantly increased. In the presence mfjlucose the
Stern—Volmer constants of all the collisional quenchers
increased by about 20%. All the effects could only be
observed in the presence of sodium, suggesting a link to the
sodium—-sugar cotransport function of the protein.

These results demonstrate that most of the Trps responsible
for the hSGLT1 fluorescence are located within a hydro-
phobic environment probably buried within the protein.
Sugars apparently change the conformation of hSGLT1 in

dependent sugar uptake was reduced to 84% of the originalsuch a way that some Trps move to positions where they
value (Figure 3B, Table 1). Thus hSGLT1 in proteoliposomes become more accessible to external collisional quenchers.

exhibits substrate specificity in the following ordex:MDG

> p-Glc ~ p-Gal> Man > All. Recombinant reconstituted
hSGLT1 shows also stereospecificity as it prefemeGlu
overL-Glu: p-Glu inhibited 75%a-MDG uptake, and-Glu
inhibited only 2%.

The sugar selectivity of the reconstituted recombinant
hSGLT1 appears to be similar to that reported for the
transporter in different system8, (37—40). The equatorial
orientation of the OH-group at the positions C-2 and C-3 of
the pb-glucose seems to be important for its recognition by
hSGLT1 since in the presence pfmannose ana-allose
no significant inhibitory effect ona-MDG uptake was
observed. The 78% inhibition of-MDG uptake in the
presence ob-galactose indicates that the orientation of OH-
group at C-4 (equatorial irb-glucose and axial imp-
galactose) is not that important for recognition by the
cotransporter becauseGlu andp-Gal inhibited sugar uptake
about equally (Table 1).

For the determination of kinetic parameters, 1 mvIDG
uptake assays were performed at varyaalyiDG concentra-
tions from 0.01 to 25 mM. A half-saturation constaKtj
of 0.4+ 0.05 mM/L and a maximum velocitya,) of 3.4
+ 0.34 yumol x mg hSGLTI! x min~! was observed
(Figure 3C). The carrier catalytic turnover numbét,(42),

Effect of Phlorizin on the Intrinsic Fluorescence and the
Accessibility to Collisional QuencherAs depicted in Figure
4A, phlorizin, quite in contrast to-glucose, decreased the
intrinsic fluorescence of hSGLTL1 in a concentration of 100
uM by about 50%. As shown in Figure 4C this effect
increased with the concentration of phlorizin; using saturation
kinetics an apparent binding constant @il was observed.

In addition, phlorizin shifted the maximum of the fluores-
cence by 5 nm to a lower wavelength. In the titration
experiments with the collisional quenchers a slight tendency
for a decreased accessibility of Trps was observed (Figure
4D, Table 3). Thus phlorizin binding induces a conformation
of hSGLT1 that is quite different from that assumed by the
transporter when it interacts withrglucose.

Characterization of Different Conformational States of
hSGLT1 by ANS Fluorescende. order to further study
conformational changes in hSGLT1 during substrate/inhibitor
carrier interaction, hydrophobic patches on the surface of
the protein were labeled with ANS and its fluorescence was
measured under various conditions. The emission maximum
of ANS bound to hSGLT1 was located at around 488 nm
(Figure 5). Addition ofp-glucose decreased ANS fluores-
cence by 16t 2% with red shift of 2 nm, suggesting a more
hydrophilic environment of some of the ANS molecules. The

an index of number of sugar molecules transported per pinging of phiorizin increased the ANS fluorescence by 30
transporter, was calculated by dividing the sugar transport _ 404 with blue shift of 7 nm, which indicates that after

Vmax by the total number of transporters present in the

interaction with phlorizin the transporter assumes a more

proteoliposomes. Catalytic turnover of hSGLT1 based on the compact hydrophobic conformation. Thus changes in con-

Vmax Of 3.4 umol x mg hSGLTI? x min"tis 6 s'*.
Ligand-Induced Changes in Tryptophan Fluoresceiite.
intrinsic Trp fluorescence of hSGLT1in solution, the effect

formation deduced from the measurements of the intrinsic
Trp fluorescence are also detectable on the surface of protein.

of sugars on the intrinsic fluorescence, and the accessibility pjSCUSSION

to collisional quenchers are depicted in Figure 4. The

fluorescence of the intrinsic Trp residues in hSGLT1 shows

an emission maximum at 33840 nm. Addition ofb-
glucose, but not-glucose, increased fluorescence signifi-
cantly by 13+ 1% with no shift in the fluorescence
maximum. As evident from Figure 4B this increase was

Expression and Purification of h\SGLTHor the expression
of hSGLT1 various heterologous expression systems have
been used, but major disadvantages associated with these
systems are that modified proteins are frequently not traf-
ficked properly to the plasma membrame43—46) and that

concentration dependent. When saturation kinetics wereit is costly to produce sufficient amounts of protein for most

applied an apparent binding affinity of 0.84 0.15 mM
could be determined. As summarized in Table 2 also
a-methyld-glucopyranoside and-galactose increased the
fluorescence whereas-mannose ana-allose had minor
effects.

of the biochemical and biophysical studies.

For the functional expression of hSGLT1n pastorisa
FLAG-tag was introduced in hSGLT1 by changing the native
peptide sequence s, AEEEN to D;;sYKDDDDK. P.
pastorisGS115 harboring a plasmid with hSGLT1 cDNA

In Figure 4D and Table 3 experiments are summarized in under the control of théOX promoter proved to be most

which the effect ofp-glucose on the quenching of the

suitable for the high-level expression and stability of
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The results shown are typical 820 independent experiments. (B) Desesponse curve af-glucose-induced increase in Trp fluorescence.
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Table 2: The Effect of Ligands on the Trp Fluorescence of Table 3: SteraVolmer Quenching ConstankK§y) of hSGLT1
hSGLT1 Fluorescence in the Presence or Absence-Glucose or Phlorizin
max change in shifts in K Ksvd (M1
ligands _fluorescence (%) maxima (mM) in the absence in the presence of in the presence of
o-MDG +15+ 35 no 0.71+0.10 quenchers  of ligand® 10 mMb-GluP 100uM PhIz¢
ool e no 08l KI 1284003 155005 1.06+ 0.03
: : ’ acrylamide  1.72-0.02 2.08+ 0.05 1.46+0.04
o-Man 126405 no 4.5+0.70 TCE 2514003  3.28+0.05 2.24+ 0.05
p-All +1+0.2 no 10.4+ 1.0 ’ ’ ’ ’ ’ ’
L-Glu no change no aQuenching experiments were conducted in the absence of ligand.
Phlz —50+5 5+ 1 (blue) 0.005t 0.0008 b Quenching experiments were conducted in the presence of 10 mM

p-glucose.® Quenching experiments were conducted in the presence
of 100 4M phlorizin. ¢ The Stern-Volmer quenching constants were
determined from the slopes of the linesfofF = 1 + Ks\[Q]. Values

are the means: SD of three independent experiments.

aPlus sign ) indicates increase in the fluorescence intensity after
addition of ligand. Minus sign-{) indicates fluorescence quenching
after addition of ligand® The apparent equilibrium dissociation con-
stants Kq) were determined with the help of eq 1 as percentage of
fluorescence change as a function of ligand concentration using a ] ] o ] )
computer-based analysis program (Prism). Values are the rdeSis FLAG epitope (Figure 2B), and it is active as judged by
of three independent experiments. sodium-stimulated, secondary active sugaMDG) uptake.
For the purification of hSGLT1 we adopted a new strategy,
recombinant hSGLT1. The transporter was detected in thewhich includes washing of hSGLT1 containing membranes
yeast cells by using a FLAG antibody against the engineeredwith 4 M urea to get rid of most of the peripheral membrane
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proteins, which helps in the enrichment of hSGLT1. As
judged by Western blot analysis during different stages of
hSGLT1 purification, the hSGLT1 was properly inserted into

the membrane because in the supernatant (Figure 2B, lane

S1) and in the urea washing (Figure 2B, lane UW), we could
not detect any hSGLT1 protein, all hSGLT1 was present in

the pellet (Figure 2B, lane P1), and could be released into

the supernatant (Figure 2B, lane S4), after solubilization of
the membranes in 1.2% FosCholine-12.

A variety of motifs have been reported for the specific
localization of particular membrane proteins to specific
membrane compartmentd4-50), but the elements that
guide hSGLT1 insertion into the membrane are still unclear.
Recently, Quick and Wright8) observed that a shorter
N-terminal of hSGLT1 increased the amount of hSGLT1
inserted into théz. colimembrane. However, iR. pastoris
most of the hSGLT1 inserted into membrane without any
modification at its N-terminal. These results indicate that the

membrane-targeting signals encoded within the hSGLT1

sequence are fully functional iR. pastoris.

Biochemistry, Vol. 44, No. 47, 20095521

(27)]. We performed all transport assays in proteoliposomes
at 22°C because proteoliposomes of above lipid composition
are unstable at 37C, however, we expect that the turnover
number determined for hNSGLT1 at 22 varies only slightly

if determined at 37C as previous studies on temperature
dependence of SGLTL1 in hog renal brush border membrane
vesicles carried out by De Smedt and Kinf®)(indicate

that when increasing the temperature from°g2to 37°C

the turnover number increases only by B)%.

The current method of expression of hSGLT1 kh
pastorismight have certain advantages over other methods
of hSGLT1 expression. We expressed full-length hSGLT1
protein only with minor modifications in hSGLT1 as
compared to previously reported hSGLT1 expressiok.in
coli (8), in which N-terminal of hSGLT1 was shortened by
deleting amino acid residues 128 and GFP was fused to
its C-terminal. This addition might complicate the application
of biochemical and biophysical methods due to the high
molecular weight £100 kDa) of hSGLT1AN-GFP. The
amount of hSGLT1 (3 mg of hSGLT1 per 1-liter of yeast
culture) obtained in our expression system is the highest yield
reported so far for hSGLT1 protein expression. The yield
obtained inE. coli was only 1 mg of purified recombinant
protein per 3-liters of cultured bacterial cells.

For the better immunological detection and to facilitate
the purification two affinity tags are present in the protein.
The protein purification method is very simple and efficient;
washing the protein pellet wit4 M urea resulted in a pellet
enriched in hSGLT1 protein which was solubilized in 1.2%
FosCholine-12, and the resultant solubilized supernatant gave
more than 95% purified hSGLT1 protein without any
degradation product after Ni-affinity purification on a Protino
column.

Fluorescence Studie3he location of the maximum of
the combined fluorescence of the 14 Trps present in hSGLT1
suggests that in the detergent containing solution the majority
of Trps are located in a hydrophobic environment. This
assumption is supported by the low accessibility of Trps to
hydrophilic quenchers. Similar findings have been reported
for other isolated membrane proteins such as thé/Na
galactose cotransporter @fbrio parahaemolyticugacryla-
mide Ksv= 2.6 M) (56), lactose permease &. coli (KI

Purified hSGLT1 shows an apparent molecular mass of Ksy = 1.12 M and acrylamide Ksv= 2.01 M%) (57),

55 kDa. This represents the nonglycosylated hSGLT1 protein p-glycoprotein multidrug transporter (acrylamide Ks\2.6
as confirmed by the observation that the protein band showedn-1) (58), and C&"-ATPase (acrylamide Ks¥ 1.9 M%)

no shift in electrophoretic mobility after treatment with

(59).

endoglycosidase F (data not shown). Despite the lack of Based on topology predictions the N-terminal half of

glycosylation the purified hSGLT1 shows properties that are hSGLT1 contains nine Trps, and the C-terminal half contains
indistinguishable from glycosylated hSGLT1. This finding five residues. Seven residues in the N-half (Trp 45, Trp 66
supports previous observations that N-glycosylation is not and 67, Trp103 and 114, and Trp 289 and 291) are located

required for hSGLT1 activity§, 40, 51).

hSGLT1 in proteoliposomes exhibits substrate specificity
in the following order: a-MDG > p-Glc ~ p-Gal > Man
> All > L-Glc. The appareri, values for the various sugars
and the stereospecificity of recombinant hSGLT1 mirror
those determined for hSGLT1 in native tissue af@hopus
oocytes $2—54). Catalytic turnover of hSGLT1 based on
the Vmax of 3.4 umol x mg hSGLTI?! x min~tis 6 s%,
which is in good agreement with that obtained in previous
studies 8) and other N&-dependent transporters [e.g., the
Naf/glucose transporter &fibrio parahaemolyticu$vSGLT)
(25), and Nd/proline transporter oEscherichia coli(PutP)

within putative TM segments 1, 2, 3, and 7, respectively.
Trp 6 is positioned in the extracellular N-terminal tail and
Trp 276 in an extracellular loop. Four residues in the C-half
(Trp 440, Trp 477, Trp 487, and Trp 641) are found in
putative TM segments 10, 11, 12, and 14, respectively. Trp
561 is located in the intracellular/extracellular loop13. Thus
the majority of the Trps (11 out of 14) are predicted to be in
a hydrophobic environment; this seems to be the case also
in the experimental conditions used in this study.

The presence af-glucose in the medium induces signifi-
cant changes in the experimental parameters. The sugar
increases the intrinsic fluorescence of the protein. Interest-
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ingly, the interaction wittp-glucose is a saturable process phlorizin was in close contact with Trps, which leads to
with an apparent affinity constant of 0.840.15 mM, which guenching. In vitro studies on isolated functional domains
is an affinity in the same range as observed in transportin solution revealed strong conformational changes in loop
studies. In addition, the binding exhibited a stereospecificity 13 that were related to phlorizin binding to the peptide and
that is also very similar to the stereospecificity found for induced reduction in Trp fluorescenc® (0). The increase
sugar translocation through the carrier. It is further note- in hydrophobicity at the outer surface of the protein points
worthy that all the above changes are only observed in theto the formation of a more occluded state of the protein.
presence of sodium. In solution it is possible that hSGLT1 This could be the result of a reorientation of the trans-
exists in two orientations, right-side-out (RSO) or inside- membrane helices, caused by the distinct changes in topology
out (ISO) as reported for sugar phosphate transporter (UhpT)in the surface loops of the protein described previously by
of Escherichia coli(60). Sodium-dependence, stereospeci- single molecule recognition atomic force microscop¥)(

ficity, and affinity of p-glucose however provide strong ~ On the basis of the results presented above we can
evidence that the binding occurs to the extracellular side of distinguish between three different conformational states of
the transporter40, 61). The internal binding site as deduced SGLT1. The empty carrier (conformational state “C”)
from transport studies on inside-out orientated membrane exhibits a relatively medium intensity of intrinsic fluores-
vesicles is sodium independent and has a much lowercence, ANS fluorescence, and a low accessibility of the Trps
p-glucose affinity and also a different stereospecific#g)( to collisional quenchers. The sugar-loaded transporter (con-
In addition the transport is phlorizin insensitive. Furthermore formational state “CNg5”) shows the highest intensity in
in the reconstituted proteoliposomes hSGLT1 exhibited intrinsic fluorescence, a low ANS fluorescence, and an
similar ligand and inhibitor induced fluorescence changes increased accessibility of the Trps to collisional quenchers.
in the presence of sodium (data not shown). These resultsThis less compact, probably more flexible, conformation
strongly suggest that the fluorescence changes we observenight prepare the protein to execute the transmembrane
in solution arise due to binding of ligands at the extracellular translocation of the sugar and sodium ions. The phlorizin-
face of hSGLT1. The doseresponse curve in Figure 4B |oaded carrier (conformational state “CiRa”) on the other
for p-glucose yields a Hill coefficient 1.4, which might hand shows the lowest intrinsic fluorescence and a strongly
indicate that hSGLT1 contains more than amglucose  increased ANS fluorescence. Thus phlorizin inhibits sugar
binding site at the external surface and that these sites exertransport not only by competing with the sugar at the sugar-
positive cooperativity. Results from our group (Kumar and pinding site as assumed previously but in addition transfers
Kinne, unpublished data) and Wright et &#2[ also indicate  to the protein a more compact probably more rigid confor-
the presence of two sugar-binding sites. mation, thus making translocation of sugars impossible. This
The increased fluorescence of the sugBGLT1 complex  assumption is supported by the fact that in transport studies
can most easily be explained by a conformational changein right-side-out orientated vesicles phlorizin when present
where some Trps became exposed to a more hydrophilicin the incubation medium (outside the vesicles) inhibits sugar
environment, which makes them more accessible to hydro-efflux from the inside of the vesicle$%).
philic collisional quenchers. The observed ANS fluorescence Interestingly, we were not able to detect conformational
indicates an increased hydrophilicity also of the surface of changes of hSGLT1 induced by Néconformational state
the protein. Whether the same Trps are part of the sugar«cng,. This might be due to the fact that after interaction
binding/transport pathway is not clear; to answer this question,iih Na* hSGLT1 undergoes conformational changes in
Trp scanning mutagensis studies are underway in our group.yhich microenvironments of Trp residues do not change.
The increased accessibility might also result from confor- gyistence of three different conformational states of hSGLT1
mational changes at parts lother than the suga_r-blnd_mg Sitéyas also reported iXenopusoocytes 24, 63) by electro-
of the protein. One possibility would be the sodium-binding physiology. Our intrinsic and extrinsic fluorescence data
site. In transport and fluorescence studies a tight conforma-jgentified phiorizin bound transporter (conformational state

tional coupling between the sugar binding site and sodium “CNa,Pz") which was not reported in the literature up to
binding sites has been predictesB). this date.

Phlorizin is a high affinity inhibitor of SGLT1, which is
supposed to interact on one hand with thglucose binding
site and on the other hand with an additional aglucone-
binding site of the transporter. Several studies have shown
by kinetic analysis and by single molecule recognition atomic
force microscopy that these interactions occur at the extra-
cellular face of SGLT1&4), suggesting a similar situation
in the in vitro studies described here. Also the sodium-
dependence and the high affinity of the inhibition provide
evidence for this assumption. At the intracellular face of
SGLT1 a very low affinity (if at all) for sodium and phlorizin
has been described().

Phlorizin Ied_ to a striking redL_Jction of thg intrins.ic ACKNOWLEDGMENT
fluorescence with a strong blue shift and exhibited a slight
protection against hydrophilic collisional quenchers and an  We thank Deutsches RessourcenzentrimGanomfor-
increase of hydrophobicity on the outer surface of trans- schung GmbH (RZPD, Berlin, Germany) for providing
porter. The reduction of the fluorescence could indicate that DKFZp686N20230Q2 clone containing full-length hSGLT1

In summary, this study provides the first example of large-
scale functional expression and purification of full-length
human Nd/p-glucose cotransporterl. Recombinant hNSGLT1
retains full functionalities when reconstituted into proteoli-
posomes. Spectroscopic studies of hSGLT1 in solution
identify different conformational states of protein in the
presence or absence of ligand. We hope that hSGLT1 protein
obtained by this method will provide a starting point for
different biochemical and biophysical experiments, which
provide insight into different conformations of hSGLT1 and
the mechanism of sugar transport.
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