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Abstract. To reexamine the existing predictions about 639) towards the C-terminal end faces the cell exterior
the general membrane topology of the high-affinity"Na where it might be involved in substrate recognition.
glucose cotransporter (SGLT1) and in particular of the

large loop at the C-terminal region, a sirak Histidine-  Key words: SGLT1 — His-tag — Immunofluorescence
tag was introduced at different positions of the SGLT1— Transient transfection — Trypsin digestion
sequence by site-directed mutagenesis. Eleven His-

SGLT1 mutants were constructed and were transiently ]

transfected into COS-7 cells. As demonstrated by imJntroduction

munofluorescent labeling with antipeptide antibodies .
against SGLT1, all mutants were expressed and insertefhe Né/p-glucose cotransporter SGLT1 plays an impor-
into the plasma membrane. Only mutants with the tag irfnt role in the reabsorption of filterestglucose in the
the N-terminal region and the C-terminal region retainedkidney proximal tubule. Characteristics of this trans-
Na'/glucose cotransport activity at 0.1mrp-glucose. POrter and_klnetlcs of the transport ha\_/e been studle_:d in
The arrangement of the His-tag in the membrane wagreat detail (Hopfer, 1977; Murer & Kinne, 1980; Lin,
analyzed by indirect immunofluorescence, using a monoStroh & Kinne, 1982; Turner & Moran, 1982; Semenza
clonal antihistidine antibody. In nonpermeabilized cells€t al., 1984; Kipp, Lin & Kinne, 1996). The SGLT1
the His-tag could be detected at the N-terminal end (infrom the rabbit kidney has 662 amino acid residues, as
sertion at aa 5) and at the C-terminal end (replacemerf€vealed by cloning techniques (Hediger et al., 1987;
between aa 584-589 and between aa 622-627), suggedflorrison et al., 1991), belongs to the superfamily of
ing that these portions of the polypeptide are accessibl§odium/solute symporter (Reizer, Reizer & Saier, 1994),
from the extracellular space. Furthermore, an epitope@nd is highly homologous to SGLT1 from other tissues
specific antibody directed against aa 606-630 reacte@nd species (Hediger, Turk & Wright, 1989; Hediger et
strongly with the cell surface. To support this topology &l-» 1995; Kong, Yet & Lever, 1993; Wood et al., 1994).
intact stably transfected SGLT1 competent CHO ce||s|-l|_<e o'_[her transport proteins, SGLT1is amembrane pro-
were partially digested with an immobilized trypsin and t€in with multiple membrane spanning domains (Ball &
subsequently subjected to electrophoresis and WestelPftice, 1987; Allard & Bertrand, 1992; Baldwin, 1993;
blot analysis. The size of the digestion product suggest§ourcher et al.,, 1996). o

that extravesicular trypsin removed the extracellular loop ~ An important contribution for clarification of the
that contains the amino acid residues 549-664. Thus ougtructure and function relationship of the transporter

results indicate that the last large loop (about aa 541—a@ould be if the topology of the extramembraneous loops
that flank the membrane spans could be clearly assigned.

To establish a topology for a membrane protein, strate-

gies combining computer calculation, modeling and ex-
* Present addresdnstitute of Molecular Biology, Slovak Academy of Perlmental tests are usua”y employ.Ed' The initial _steps
Sciences, DbravsKacesta 21, 84251 Bratislava, Slovakia include use of the hydropathy analysis (Kyte & Doolittle,

1982), the multiple sequence alignment algorithm (Vin-
Correspondence tal.-T. Lin gron & Argos, 1988) and the approximation of the loop’s
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orientation using the positive-inside rule of von Heijne For construction of a wild-type plasmid pBluescript Splasmid
(1992)_ containing the coding range of the rabbit renal SGLT1 (2207 bp) was

Several approaches have been employed to expeﬁj_igested with restriction enzymedjndlll and Xba, and ligated with
the eukaryotic expression vector pHook™-2 that was also digested

mema"y test the models deveIOped on this basis. NT/vith the same restriction enzymes. The pHook vector contains a Rous

glycosylation scanning mutagenesis has been used to dgsrcoma virus (RSV) promoter and a human cytomegalovirus (CMV)
termine the topology of the Glut 1 glucose transport pro-promoter upstream of a multiple cloning site. The former one is for
tein (Hresko et al., 1994). The same strategy was lateexpression of a single chain antibody (sFv) on the transfected cell
also employed for the human SGLT1 (Turk et al., 1996);surface against specific hapten (e.g., 4-ethoxy-methylen-2-phenyl-2-
thereby a egcosyIation sequence with four amino a‘Cidoxazolin-S-one) and the latter one is for expression of the gene of

. - CAmi P interest (Invitrogen). To construct the SGLT1-His mutants, oligonu-
residues, NNSS extended with a 42-amino acid ConseHc eotides encoding six histidines were flanked by overlapping ends

Sus sequence was mtr_oduced at Seve_ral pOSIt_I(_)I’lS Q ntaining the appropriate restriction sites used for mutant screening
SGLT1. Further strategies are use of side-specific engs'. xxx CAC CAC CAC CAC CAC CAC XXX -3') and placed into
zymes for fusion with the gene of interest (Allard & eleven different positions of the SGLT1 gene either to substitute (for
Bertrand, 1992; Fiedler & Scheiner-Bobis, 1996; Sch-internal fragments) the original sequences or to extend the sequences at
tlein et al., 1997) or introduction of an epitope tag into N and C-terminus via site-directed mutagenes_is using Chameleon™
the gene (Yoon & Guidotti, 1994; Howard et al., 1995; klt_(Stratagen, La Jolla, CA). Each 0I_|gonuc|eot|_de used for mutagen_-
Canfield, Norbeck & Levenson, 1996: Pan et al., 1998)'315'8 was about 60 nucleotides Iong with the 6xHis-tag gncodmg part in
. . . e center, flanked by 20 nucleotide homologous regions. A higher
The tag can then be detected with a specific antibodyeypression was achieved when only CAC sequences, but without CAT,
One of the special tag-sequences used for this purpose jigre selected for our expression system. All plasmids were checked by
the histidine tag. Initially used for the purification of sequencing, purified through Qiagen endotoxin-free Plasmid Maxi Kit
large amounts of proteins (Sutton et al., 1995; O’ConnellQiagen, Hilden, Germany), and subcloned into the pHook™-2 vector

& Stults, 1997; Reiber, Grover & Brown, 1998) the with the identical approaches except that for Mut 5, that means mutants

: : : : : loned in a similar way as described above for the wild-type
6xHis-tag can now be inserted into an internal protein"e'e subc y Y
9 P sgltl gene. Mut 5 was subcloned from pSGLT1-Mut 5, digested with

sequence and can be deteCteq with an_am'bOdy' In t_hl hd, filled with dNTPs and Klenow Fragment of DNA-polymerase,
paper we report the successful introduction of the 6xHiSungxpa. A 2207-bp fragment of the SGLT1-Mut 5 was ligated with
tag into various positions of SGLT1 using a pHOOk™-2 pHook™-2 digested wittHindlll, filled with dNTPs and Klenow of
plasmid under control of a CMV promoter. DNA polymerase anibal.

The localization of the loop residues, particularly the
large loop close to the C-terminal end (from aa 541-a
639) could be examined by means of immunofluores-
cence using the monoclonal antibody against the 6xHis:

In additi vel | ibod . 606 Total RNA from COS-7 cells was isolated by using the RNeasy kit
tag. In addition, a polyclonal antibody against aa —a iagen) according to the manufacturer’'s procedures. RN&g(Bvas

630 was used to investigate synthesis and sorting Ofjectrophoretically separated on a 1.2% agarose gel in the presence of
SGLT1 into the plasma membranes of cells and to detect.2 m formaldehyde. After electrophoresis RNA was transferred onto
oligopeptide fragments obtained during partial enzymat-a Nylon N membrane (Amersham, UK) and hybridized with a 1200-bp
ic digestion. In summary, our results suggest that the |a§t_lcol-fragment from thesgltl gene, labeled with digoxigenin (Boeh-
large extramembraneous loop with more than 80 amingnger. Mannheim, Germany).

acid residues faces the extracellular space.

ORTHERN BLOT ANALYSIS

TRANSIENT TRANSFECTION
Materials and Methods

COS-7 cells were grown to 70 to 80% confluency before transfection.
PRODUCTION OF ANTIBODIES Transient transfection was performed by means of lipofection using

either the positively charged lipid, DOSPER (Boehringer Mannheim)
Immunopurified polyclonal antipeptide antibodies Ali-1, Pan-3 and or the dendrimer-based SuperFect™ Reagent (Qiagen). In the first
Pan-2 were raised against oligopeptides near the N-terminugase, 4 to fu.g of lipid was previously mixed with Jug DNA prior to
(aa 3-aa 17), the C-terminus (aa 606 to aa 630) and aa 339-aa 356 afidition to a well that contained approximatd x 1C cells. In the
the SGLT1, respectively, as described previously (Lin et al., 1998). latter case, 1.;5.g DNA in 75 pl Opti-DMEM (DMEM supplemented

The peptides were conjugated with Keyhole Limpet Hemocya-with glutamate) were pre-mixed with il of SuperFect™ Reagent.

nine and two sheep were immunized with each peptide. All antibodiesThe mixture was then added to a well containing 1.25 %cElls in 500
were commercially produced and immunopurified using the respectiveul DMEM including p-glucose (4.5 g/l). After incubation of 3 to 4 hr
peptide as the ligand (Cambridge Research Biochemicals, Cheshirghe cells were washed once with fresh DMEM medium and allowed to

England). grow for 48 hr.
The efficiency of transfection was tested in COS-7 cells simul-
PLASMID CONSTRUCTION taneously transfected with the pHook™&€Z control plasmid express-

ing B-galactosidase under identical conditions. The post-transfection
pHook™-2 was initially selected because an enrichment of transientlyperiod for an optimal expression @&-galactosidase was 48 hr, as
transfected COS-7 cells based on magnetic selection of antigen-coatetbtermined with the standard enzymatic assay using O-nitroplfienyl-
magnetic beads was considered (Invitrogen, San Diego, CA). D-galactoside as substrate at pH 7.0 according to the manufacturer's
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manual (Invitrogen, Carlsbad, CA). The activity was measured fromscope (DM IRB, Leica Mikroskopie und System GmbH, Wetzlar, Ger-

the cell lysate in the presence of 1% Triton X-100 (TX-100). In 8 many) attached with a photographic system (Wild MDS 52, Leica).

independent transfections, the activity of the expressed galactosidase

was 5.6 + 3.6 mmoles/h/mg protein (= 8) after correction for en-

dogenous activities, measured in nontransfected cells. Furthermord?ARTIAL TRYPSIN DIGESTION OF CHO CeLLS

the transiently transfected COS-7 cells were stained withpttgal

staining kit (Invitrogen). The staining procedures were performed ac-CHO cells or G6D3 cells (5 petri dished,= 10 cm) grown to con-

cording to the manufacturer’'s manual using X-gal as substrate. Aftefluence were carefully scraped into a plastic tube and washed with

fixing and washing, total number of cells and the number of stainedice-cold KRH buffer and resuspended in the same buffer. The suspen-

cells in several randomly selected view fields (5 to 6) were counted.sion was diluted to about 1 mg/ml with osmotically balanced buffer

The percent of cells expressifiggalactosidase (% transfection) was (100 mv Hepes/Tris supplemented with 75wnNaCl) at pH 8. The

calculated by the ratio between the number of blue cells and the totasuspension was pretreated with 101 riigCl, for 30 min at room

number of cells. In pilot experiments the transfection efficiency esti- temperature. Cells were spun down and washed with the same buffer

mated by this method and the magnitude'6€]] a-methylp-glucoside at pH 8.0. 10Qul of trypsin beads (on agarose basis) (50% slurry) was

uptake were found to be parallel. added to the cell suspension. The mixture was allowed to incubate in
a plastic tube at room temperature for 2 hr with gentle rotation. The
digestion was terminated by addition of trypsin inhibitors. Cell mass

WESTERN BLOT ANALYSIS was then separated by centrifugation at 5,009 for 30 min. The
supernatant was centrifuged, concentrated to dryness using an ultrami-

Protein samples were denatured under reducing conditions, and sulsrofilter with a cutoff of 0.1 kD, and denatured under reducing condi-

jected to SDS-PAGE using pre-cast 8-16% gradient gel (Novax, Sariions. The cell mass was washed with 2@ rHepes-Tris buffer and

Diego, CA). The separated polypeptides were then electrotransferregolubilized with 1% Triton-X100. The solubilized proteins were then

onto a nitrocellulose membrane. The blot was either stained with col-denatured.

loidal gold to visualize the protein pattern or incubated with a poly-

clonal antipeptide antibody. An enhanced chemiluminescence system

(ECL™, Amersham Life Science) was used to detect the immunologi-Results

cal reaction. After incubation with Ali-1, Pan-2 or Pan-3, the blot was

washed and incubated with an anti-sheep IgG horseradish peroxidase

complex. The chemiluminescence was then measured using a HypeFRANSIENT EXPRESSION OFHIS-TAGGED SGLT1

film™ or recorded with a Molecular Phosphor Imaging System (Bio- PROTEINS IN COS-7 GLLS

Rad Laboratories, CA).

Eleven Histidine-tagged SGLT1 constructs were tran-
siently expressed in COS-7 cells. Judged by the expres-
sion of B-galactosidase in transfected COS-7 cells, the
Before measuringx-methylglucoside (AMG) uptake the transfected eff|C|en(?y _Of transfection reached between 30 and 40%.
COS-7 cells were incubated in a glucose-free DMEM medium for 2 hr Transcription of all mutants was examined by Northern
to reduce the intracellular glucose concentration to a nonsignificantblot analysis using a 1200-bjdcd-fragment from the
level. Uptakes of AMG were carried out as described previously forsgm_ gene as a probe for hybridization. As shown in Fig.
CHO cells (Lin et al., 1998). 1, all sgltl-containing plasmids induced the transcription
of similar levels of mMRNA.

a-METHYLGLUCOSIDE UPTAKE

ANTIBODY LABELING IN COS-7 ELLS

EVIDENCE FOR A PLASMA MEMBRANE LOCALIZATION OF

COS-7 mutants grown in a 12-well plate were chilled on ice and His-TAGGED SGLT1 RROTEINS

washed three times with ice-cold KRH-Na solution supplemented with
2 mm EGTA, 0.5% BSA and protease inhibitors (a mixture of 20

leupeptin, 20ug aprotinin, 5ug chymostatin, and g pepstatin per  Immunofluorescence was used to detect whether His-
ml). A monoclonal anti-histidine antibody (CLONTECH Laboratories, tagged SGLT1 proteins are present on the surface of
Palo Alto, CA) or an immunopurified polyclonal anti-SGLT1 antibody transfected COS-7 cells. It has been shown that a protein

[Ali-1 (0.45 mg/ml), Pan-2 (0.73 mg/ml), or Pan-3 (0.73 mg/mi)] at a resjding on the surface of cells can be recognized easily
dilution of 200-fold with the same medium was added to cover the cells, , - e : - .
and incubated for 1 hr. After removal of the antibody the cells were with a specific antibody (Canfield et al., 1996; Howard et

washed three times. The cells were then incubated with Anti—mouséal" 1995). V\_/e the_rEfore labeled th_e Intact c_:e”S with
IgG-FITC or Anti-sheep IgG-FITC in the same medium (1:200) fol- Pan-3 and with anti-sheep 1gG, conjugated with a fluo-
lowed by thorough washing. To verify a specific staining with Pan-3, rescent probe, FITC (fluorescein isothiocyanate) or
peptide antigen aa 606—aa 630 was present in Pan-3 solutions in paFRITC (tetramethylrhodamine isothiocyanate). The an-
allel experiments. tipeptide antibody, Pan-3 has been proven as a useful

For _Iab_eling experiments with permeabilized cells, ce_IIs Were {50 to identify the SGLT1-related polypeptide in tissues
treated with ice-cold acetone/methanol mixture (1:1) for 10 min on |ce.and transfected cells (Lin et al., 1998).

After removal of the organic solvent, cells were washed once with the . . . . .
KRH-Na medium and the same labeling procedures followed. Cells As de_plcted in Fig. Aj all mutar_1ts |nclgd|ng the

were kept on ice throughout the entire experiments. Fluorescence ofvild type induced a clear immunological staining on the
labeled cells was observed and photographed using an inverted micr&ell surface while cells transfected with the vector alone
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Fig. 1. Northern blot analysis of COS-7 cells transfected with various His-SGLT1 mutants. Equal amounts of total RNA from transfected cells (5
ng) were separated electrophoretically, blotted to a nylon sheet, and hybridized with the SGLT1 DNA probe as described in Materials and Methods
pHook: COS-7 cells transfected with a plasmid containinggitl gene. Wild type: COS-7 cells transfected with the pHook plasmid including the

sgltl gene.

showed no sign of staining. The staining disappearedified when the cells were permeabilized with acetone/
when the peptide aa 606—aa 630 was present simultanethanol (Schippel et al., 1998). When the respective
neously with the antibody Pan-3. These results suggegieptide antigens were present in the incubation media,
that the SGLT1 with inserted 6xHis-tags at different po-the immunological signals were suppressed. These re-
sitions, when expressed in COS-7 cells, is inserted intsults, summarized in Table 1, suggest that the immuno-
the plasma membraneseg alsaFig. 2B). logical staining was antibody-specific, and that two epi-
topes, aa 339—aa 356 and aa 606—aa 630 are accessible to
antibodies in the intact cell and thus located in extracel-

TRANSPORTPROPERTIES OFHIS-TAGGED
lular loops.

SGLT1 ROTEINS

To determine whether the inserted 6xHis-tag changes thFMMUNOFLUORESCE’\”LABELING oF His-TAGGED SGLT1

cotransport activity sodium-dependemtmethylgluco- )
side uptake in COS-7 cells transfected with mutant 1 topROTE”\IS IN TRANSFECTED COS-7 (LS

mutant 11 was determined. There was virtually no en-

dogenous NHglucose cotransport activity in nontrans- To determine the location of inserted His-tags COS-7
fected COS-7 cells (Fig. 3). Figure 3 also shows that thecells were transfected with all mutants in parallel experi-
cotransport activities were retained by 45 to 65% wherments. Figure 5 illustrates that a significant and consis-
the 6xHis-tag was inserted at the N-terminal region (Muttent labeling on intact cells could be observed when mu-
1), and C-terminal region (Mut 9 and Mut 11). Less thantants 1, 2, 9 and 10 were expressed. Mutants 3 and 11
20% of the residual activity was observed for Mutant 10showed a low and often erratic fluorescence. No detect-
where 6xHis-tag replaced the region close to the end oéble labeling was observed with the other mutants.
C-terminus; Na-dependent AMG-uptake by the other However, when cells were permeabilized prior to addi-
mutants is virtually absent. tion of the primary antibodydata not show) fluores-
cence could be observed in all mutants. As control, the
nontransfected cells were also incubated with the anti-
His antibody under identical conditions. Neither normal

. - . nor permeabilized cells showed any staining. Observa-
Three deduced peptides from distinct regions of SGLT]Iionsp of immunological labeling ofyCOS-7 ?:ells from

were selected and the corresponding polyclonal antibodg, .o independent experiments are summarized in Ta-
ies were produced. The antibody Pan-3 raised again e 1

the amino acid residues 606 to 630 has been used for

characterizing the SGLT1 in stably transfected Chinese

hqmster ovary (CI—_|O) cells (Lin et al., 1998)_. Ali-1 was PARTIAL DIGESTION OF INTACT CELLS

raised against residues close to the N-terminus (aa 3—aa

17), and Pan-2 against aa 339—aa 356. As demonstrated

in Fig. 4 in intact COS-7 cells transfected with the wild- The results from labeling of COS-7 cells suggested that
type SGLT1 only the antibodies Pan-2 and Pan-3 clearlythe three peptides (aa 606—aa 630, aa 584—aa 589, and aa
labeled the SGLT1 protein on the cell surface. The re622—aa 627) are located most likely in an extracellular
action of Ali-1 was equivocal. The signals were inten-loop. Thus experiments were designed to see if this loop

TorPOLOGY OF THEEPITOPES OFANTIPEPTIDEANTIBODIES
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Fig. 2. (A) Detection of His-tagged SGLT1 proteins on the surface of transfected COS-7 cells using the peptide antibody Pan-3. Transfected COS-’
cells were grown in 12-well plastic plates and were incubated with Pan-3, alone or with the peptide antigen aa 606—aa 630 as described in Materia
and Methods. As secondary antibody, anti-sheep 1gG conjugated with FITC, was used for the subsequent staining. Fluorescence labeling of cel
was photographed at 125-fold magnification. The first row shows cells incubated with Pan-3 alone; the second row cells incubated with Pan-3 ant
aa 606—aa 630. Control indicates transfection with vector al@)ér{ example of immunofluorescence labeling (Mutant 2) at higher magnification.

Left: Cells viewed under light microscope. Middle: Fluorescent image at 125-fold magnification. Right: Fluorescent image at 500-fold magnifi-
cation.

could be partially digested in intact cells. For digestion,in the experiments. This fragment includes the epitope
we used a trypsin immobilized on beads to ensure thata 606—aa 630 that is recognized by the antibody Pan-3.
the enzyme acted only from the outside. The results obpjscyssion
tained from limited digestion of intact CHO (nontrans-
fected) and G6D3 (stably transfected) cells are depictedhsertion of a small and hydrophilic epitope-tag and im-
in Fig. 6. When G6D3 cells were treated with immobi- munofluorescence have been widely used for a variety of
lized trypsin, a polypeptide with a size 6fl4 kD was cytoplasmic and membrane proteins to determine their
recovered from the supernatant after spinning down theellular localization and sidedness of the loops that link
cell mass, which showed a positive reaction with Pan-3transmembraneous regions (Yoon & Guidotti, 1994;
In contrast, no such band was observed from the digesteldoward et al., 1995; Canfield et al., 1996). In this study
control CHO cells. we have used 6xHis-tag as a reporter group to distin-
These results are compatible with the assumptiorguish the freely exposed protein segments that form ex-
that trypsin splits the protein between aa 549 and aa 662racellular loops from segments that locate in transmem-
generating a fragment with a molecular weight observedrane domains or face the cytoplasm. The coding re-
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8000 porter. We therefore believe that investigating the mem-
brane insertion of mutants with the same technique is
feasible. Indeed, expression of all the His-tagged

6000 SGLT1 mutants could be detected with Pan-3 in intact

cells. This result implies that all mutants are properly

inserted into the plasma membrane with the epitope aa
606—aa 630 facing the extracellular side.

It has been reported that the transport functions of
SGLT1 can be influenced by inserted tags, depending on
the type of tag used and on the positions of insertion
(Howard et al., 1995; Canfield et al., 1996). Variations
of protein function of a gene induced by fusion with a
reporter enzyme or insertion with an epitope tag have
also been shown in other cases (Ball & Loftice, 1987;
Allard & Bertrand, 1992; Yang et al., 1997). The trans-
port activity by different mutants varied also in our ex-
1000 + periments. Mutants 1, 9 and 11 retained almost the ac-
tivity of the wild type. This finding might suggest that
these segments or at least, the immediate vicinity of the
His-tags are not directly involved in substrate binding or
translocation. For the other mutants, though inserted
into the plasma membrane, no transport activity, at least
in the high-affinity range, could be detected. Possible
explanations for this loss are: (i) direct involvement of
the 6xhistidine containing segments in substrate binding
and/or translocation; (ii) distortion of the tertiary struc-
ture of SGLT1 by the insertion of or replacement with
Fig. 3. Sodium-dependeni-methylglucoside uptake by COS-7 cells His-tags.
t(l;aonssfscteltlj w(i:tg ;a?riouﬁ ?is-talfggfddsciﬂr} mlﬂlgat”ts- Nontrat”Sfte;tted Such distortion might interfere with the tight three-

-( cells, -( cells transtected wi e wl e, or mutan 0._4: : : .

11 were cultured in 12-well plastic plates for 48 Hﬁc){/]r?AMG uptake dlmer_15|onal Interactions betwee.n transmgmbrane-

was measured either in the presence of N&|pper panel) or NaCl domains and/or between homo-oligomers (Lin et al.,

+ 10* u phlorizin , lower panel), or choline chlorideg(, lower ~ 1984; Stevens et al., 1990) that are necessary to grant a

panel). specific binding and translocation of glucose molecules.

Despite their presence in the plasma membrane
some of the His-tag mutants are not recognized in the
gions of 6x histidine were introduced into severalintact cell by anti-His-tag antibodies. This might be due
different positions of thesgltl gene either by insertion, to the fact that the His-tags are not properly accessible or
extension or substitution. All mutants were successfullyrecognized in some segments of the transporter. The ob-
transcribed in COS-7 cells based on the Northern bloservation that all His-tag mutants show a positive immu-
analysis. Transient transfection was selected becausermreactivity after cell permeabilization makes this pos-
large number of mutants can be handled in a short periodibility unlikely.
of time. In addition, based on experiences of several Table 2 compares the conclusions derived from our
authors, immunofluorescence labeling of transientlystudies with models based either on exon correlation or
transfected cells is often much stronger than that of staglycosylation scanning. All three topology predictions
bly transfected cells. Although COS-7 cells were onlyagree for the stretches aa 306—aa 311 (intracellular),
transiently transfected by His-tagged SGLT1 mutantsaa 336—aa 356 (extracellular) aa 402—aa 407 (intracellu-
the transfection efficiency of 40% was sufficient for the lar), and aa 514-519 (intracellular). These areas of the
qualitative comparison of cotransport activities and fluo-molecule thus appear to be rather well defined in their
rescence imaging. topology. They seem also to be functionally important

The first question addressed was whether thesince labeling with the His-tag abolished the transport
SGLT1 mutants were inserted into the plasma mem-activity.
brane. In pilot experiments we demonstrated that the  With regard to the N-terminus, our results agree with
wild-type SGLT1 could be directly detected with the those obtained by glycosylation scanning. The function-
polyclonal antibody Pan-3 by immunofluorescence la-ally active, and therefore probably correctly folded and
beling in intact cells. This result suggests that Pan-3 recinserted Mut 1 reacts in intact cells with the anti-His
ognizes the peptide sequence aa 606—aa 630 in the intaattibody. The extracellular location of the N-terminus
membrane as a part of an extracellular loop of the transthus appears also relatively certain.

4000

2000

AMG-uptake (pmoles/mg/15 min)

WT

Mut 1
Mut 2
Mut 3
Mut 4

non transf.

AMG-Uptake
(pmoles/mg/15 min)
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SELT UaHNS SGLT1/ME-1P SELT1ME-1PA3

Fig. 4. Labeling of COS-7 cells transfected with
the wild-type SGLT1 using antipeptide antibodies.
COS-7 cells transfected with the wild-type

SELT1Pzn2MP SGLTIPan-2F SGLT1Pan-2PA330 pSGLT1 were labeled with the antipeptide
antibodies, Ali-1, Pan-2 and Pan-3 against SGLT1.
To produce immunological fluorescence staining, a

second anti-lgG-FITC conjugate was used. 1st
column: cells were directly incubated with
antibodies. 2nd column: cells were permeabilized
prior to the addition of the antibodies. 3rd column:
cells were permeabilized but concomittantly
incubated with the respective peptide antigen.
Magnification 125-fold.

SELT1Pan-3MNP SGLT1Fan-3F SGLT1/Pan-3P\GI6

Table 1. Summary of immunofluorescence of SGLT1 or His-SGLT1 in transiently transfected COS-7 cells using either immunopurified polyclonal
antipeptide antibodies or monoclonal anti-His-tag antibody

1. Immunofluorescent labeling of COS-7 cells transfected with SGLT1: polyclonal antipeptide antibodies

Ali-1 Pan-2 Pan-3
Residues
Recognized 3-17 339-356 606-630
Intact cell ? + +
Permeabilized cells + + +

2. Immunofluorescent labeling with monoclonal antibody against 6xHis-tag

Mutant Modification Type Immunofluorescent Immunofluorescent Orientation

in positions labeling labeling of loops*
intact cell perm. cell

Mut 1 5 insertion + + Extra

Mut 2 54-59 substitution + + Extra

Mut 3 90-95 substitution ? + ?

Mut 4 248-253 substitution - + ?

Mut 5 306-311 substitution ? + ?

Mut 6 358-363 substitution ? + ?

Mut 7 402-407 substitution - + Intra/TMD

Mut 8 514-519 substitution - + Intra/TMD

Mut 9 584-589 substitution + + Extra

Mut 10 622-627 substitution + + Extra

Mut 11 662 extension - + Intra/TMD

* Extra: assigned as a potential extracellular position; Intra/TMD: assigned as a potential intracellular position or a transmembrane domain.

Major emphasis was placed in our studies on themining sugar binding and translocation (Panayotova-
question of how the large hydrophilic loop close to theHeiermann et al., 1996; Wielert-Badt, 1998). Mut 9 and
C-terminus is arranged, since experiments by us and/lut 10 clearly expose their His-tag to the cell exterior
other authors imply a decisive role of this loop in deter-and Pan 3, an epitope-specific antibody, reacts with the
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Mut 1/P Miut 2P Mut QP Mut 10

Fig. 5. Labeling of COS-7 cells transfected with various His-tagged SGLT1 mutants using the anti-His monoclonal antibody. COS-7 cells
transfected with wild-type (SGLT1) or with various mutants (Mut 1 to Mut 11) were incubated with monoclonal anti-His-tag argémdgtérials

and Methods) 1st row; intact cells, 2nd row: permeabilized cells. Magnification 125-fold. Control represents nontransfected CO$otecklid.

1-Mut 6 and Mut 7-Mut 11 were two separate cell experiments due to technical considerations.

GgDs CHO digestion. In our pretest and in Western blot analysis
3 (Lin et al., 1998), Pan-3 has been clearly shown to in-
teract with the oligopeptide that includes the residues
from aa 606 to aa 630. Pan-3 recognizes a polypeptide
band around 15 kD when stably transfected CHO cells
are partly digested with immobilized trypsin. Since tryp-
sin is immobilized on the sepharose gel, it does not
cleave peptide fragments embedded in the membrane or

126 — - . L
the loops that are facing the intracellular space in right-
102 =] e - — sSGLT1 side out oriented brush border membrane vesicles (Haase
B1—1 etal., 1978) or cells. Trypsin preferentially cleaves poly-
53 — peptides at positions of lysine (K) or arginine (R). It is
37 — i possible to predict the sidedness of the last polar loop (aa
31— i 542—-aa 639) by analyzing the size of cleaved peptide
e ~ Pepide fragments which contain the epitope for Pan-3 (aa 606-aa

630). By disregarding lysine and arginine residues that
A B c D int are present in transmembrane domains of SGLT1 the
fragments that could have positive immunological reac-
Fig. 6. Proteolytic cleavage of extracellular polypeptide loops) ( tions with Pan-3 can be predicted, these are listed in
wansfected GoDS oals ater ypsin beads digestoprplietor sapy | 201e 3 The largest fragment should have a molecular
transfected G6D3 cells aftertr));Esin beads digestiBmSupernatant ?)/f Welght of approxmately 13 kD, when Cleavage OCCU_I’S in
nontransfected CHO cells after trypsin beads digestions. Int: Antibodythe last polar loop. Results ‘?f WeSterr_] bIOt_analyS'S of
reaction with immunopurified SGLT1 as reference. the product released by trypsin, as depicted in Fig. 6, are
consistent with the notion obtained from the experiments
surface in intact cells. These two independent observayith inserted His-tags and clearly suggest that the last
tions led us to assume an extracellular location. Thigoop is, indeed, facing the extracellular space. With re-
conclusion agrees with the prediction from the exon corgard to the residual transport molecule further studies are
relation method but not with the glycosylation scanningrequired to define the exact topology, thus we opted in

method. this paper not to show a model of the whole protein.
The discrepancies compared to previous models

raise the question to what extent the insertion of tags can
change the folding of the protein in the membrane due to
alterations in polarity and hydrophilicity. Such changes

cannot be excluded but are probably minor since bothTh thors wish to thank Petra Lordieck and Kirsten Rosenthal for
Mut 9 and Mut 10 are functionally active. € authors wish fo fhank etra Lordieck and firsten osenthal 1o

T . h bl ith i . f Hi excellent technical assistance and Christiane Pfaff for maintaining the
0 circumvent the problem with insertion o IS- sensitive COS cells and performing the transfections. We also thank

tags we tri?d to P?—rtly digest stably transfected CHOGesine Schulte and Falk Sieland for processing fluorescence labeling
cells using immobilized trypsin. We then tested the im-related photos. The excellent secretarial work and guidance by Daniela

munological reactivity of fragments of SGLT1 after the Magdefessel is also gratefully acknowledged.




J.-T. Lin et al.: Topology of Sodium/Glucose Cotransporter 251

Table 2. Comparison of membrane topology of SGLT1 using different prediction methods

Residues His-tag Exon correl. Glycosylation
or wild type (Turk et al., 1994) scan
(Turk et al., 1996)

Mut 1-5 Extracellular Intracellular Extracellular
Ali 1-3-17* ? Intracellular Extracellular
Mut 2-54-59 Extracellular Extracellular Intracellular
Mut 3-90-95 ? Intracellular Extracellular
Mut 4-248-253 ? Extracellular Extracellular
Mut 5-306-311 Intracellular or TMD Intracellular Intracellular
Pan-2-336-356* Extracellular Extracellular Extracellular
Mut 6-358-363 ? Extracellular Extracellular
Mut 7-402-407 Intracellular or TMD Intracellular Intracellular
Mut 8-514-519 Intracellular or TMD Intracellular Intracellular
Mut 9-584-589 Extracellular Extracellular Intracellular
Pan-3-606-630* Extracellular Extracellular Intracellular
Mut 10-622-627 Extracellular Extracellular Intracellular
Mut 11-662 + Intracellular or TMD Intracellular Extracellular

* Peptide-specific antibodies
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