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Membrane Topology of Human ASBT (SLC10A2) Determined by Dual Label
Epitope Insertion Scanning Mutagenesis. New Evidence for Seven Transmembrane
Domaing
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ABSTRACT. The membrane topology of the human apical sodium-dependent bile acid transporter (hASBT)
remains unresolved. Wherelsglycosylation analysis favera 7 transmembrane (TM) model, membrane
insertion scanning supports a 9TM topology. In order to resolve this controversy, we used dual label
epitope insertion to systematically examine the topological framework of hASBT. Two distinct epitopes,
hemagglutinin (HA) and FLAG, were individually inserted by inverted PCR mutagenesis at strategic
positions along the hASBT sequence. Cell surface biotinylation and immunoblotting with epitope-specific
and anti-hASBT antibodies confirmed expression and trafficking of the mutants to the plasma membrane.
Confocal microscopy confirmed membrane localization of epitope-tagged hASBT in saponin-treated
(permeabilized) and nonpermeabilized transfected COS-1 and MDCK cells. Tags at positions 116, 120,
186, 270, and 284 were accessible to the epitope antibodies in nonpermeabilized cells, indicative of the
extracellular localization of loops 1 (99.30), 2 (180-191), and 3 (253287). The corresponding positions

in the 9TM model were predicted to be intracellular or membrane bound. Epitope mutants at residues 56,
92, 156, and 221 were only detected after treatment with saponin, indicating the intracellular localizations
of loops 1 (56-73), 2 (156-160), 3 (215-227) as predicted by a 7TM model. Our results also confirm

the exofacial and cytosolic localization of N- and C-terminal tails, respectively. With the exception of
constructs inserted at position 120, epitope mutants displayed active, sodium-dependent taurocholate uptake.
Consequently, our study strongly supports a 7TM topology for hAASBT and refutes the previously proposed
9TM model.

The apical localization dbLC10AZ2the sodium-dependent  topology of ASBT. Whereas in vitro translational studies
bile acid transporterl(—3), on the distal ileum and cholan- based on membrane-insertion-scanning mutagenesis sug-
giocytes contributes to the enterohepatic circulation of bile gested the possibility of a 9TM hASBT topology7), there
acids @) and cholesterol homeostass—7). Although its is a notable inconsistency within this model: two membrane-
crystal structure has not yet been elucidated, critical structuralspanning regions (TMD3 and TMD4) comprise only 20
and functional determinants have been evaluated by bio-amino acids, representative of fsheet conformation;
chemical methodsd], site-directed mutagenesB-<12), and however, a mixture ofi-helices angs-sheet TMDs is highly
photo affinity labeling £3). Based on these data, structdre  uncommon for polytopic membrane proteins. Recent data
activity models for hASBT have been generated4 15). from our laboratory revealed the succes$leglycosylation
Extending these studies to develop a three-dimensionalof strategically introduced consensus sequences at hASBT
representation of hASBT protein would require its essential residues 113118 and 266-272 (L1), suggesting an exofacial
domain structure and transmembrane (TM) topolob$).(  |ocalization of the protein regions they associate with. These

Hydropathy analysis proposes between seven and ninedata intrinsically infer a 7TM model. Thus, data by Halle
putative TM domains (TMDs) with an extracellular glyco-  and colleaguesi{?) support a 9TM model, whereas our recent
sylated N-terminus and a cytoplasmic C-termind$)(  gata (1) indicate that a 7TM model may be preferred. This
However, there is controversy regarding the exact membranediscrepancy could be explained by the occurrence of a re-
entrant loop, a feature observed for a few membrane trans-

T This research was supported by a grant from the Department of porters (8—20), but this possibility needs further investiga-
Ege:)lt'cv%l;};man Services, National Institutes of Health, DK061425 tign. In.terestingly, a recent study on the liverNdependent
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1 Abbreviations: EL, extracellular loop; HA, hemagglutinin; hASBT, display a similar topography profile2{).
human apical sodium-dependent bile acid transporter; IL, intracellular ; ; ; s
loop; inverted PCR mutagenesis, INPCRM; NP, nonpermeabilized; P, To differentiate effectively and definitively between the
permeabilized; TCA, taurocholic acid; TM, transmembrane: TMD, Proposed 7TM and 9TM hASBT models, we have used dual

transmembrane domain. epitope tag insertion scanning as a complementary approach
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Ficure 1: Comparison of the putative 7TM versus 9TM membrane topology model for hASBT. Strategically inserted FLAG and HA
epitopes are illustrated by roman numerals followed by the amino acid position immediately preceding the epitope insert. Transmembrane
helices are represented as cylinders, and numbers indicate the amino acids at the interface of the TMD (transmembrane domain) and the
extramembranous environment. *Asn10 represents the sole glycosylation site on hASBT. Hashed gray boxes indicate epitope sites that are
conserved between both topologies. NT, N-terminus; CT, C-terminus.

to unambiguously confirm its membrane topology. Epitope MO). All other reagents and chemicals were of the highest
tags are incorporated along all possible extracellular and purity available commercially. 5-Phosphorylated oligonu-
intracellular regions of the protein, whether predicted by the cleotides for inverted PCR mutagenesis (INPCRM) studies
7TM or 9TM models. As opposed to membrane insertion were custom synthesized and purchased from Sigma Genosys
scanning techniques, the data obtained here are based purel§St. Louis, MO).

on the analysis of a full-length, biologically active protein  Cell Culture. The monkey kidney fibroblast cell line,

in mammalian cell lines, which provide a suitable environ- COS-1 (CRL-1650) and MDCK-Il were obtained from
ment for proper posttranslational modifications. We used the ATCC (Manassas, VA). Cells were grown and maintained
FLAG and hemagglutinin (HA) epitope tags, which are in Dulbecco’s modified Eagle’s medium containing 10% fetal
distinctly different in both size and charge, thereby diminish- calf serum, 4.5 g/L glucose, 100 units/mL penicillin, and
ing interpretation issues due to incomplete or deficient 100.g/mL streptomycin (Life Technologies, Inc. Rockville,
expression. The epitope insertion constructs were transfectedvD) at 37 °C in a humidified atmosphere with 5% GO

into COS-1 cells, and their accessibility to anti-FLAG and  For transient transfections, cells were seeded at a density
anti-HA antibodies was evaluated under permeabilized (i.e. of 6 x 10%cells/mL on 24 well plates (Costar, Corning, NY)
saponin treated) and native conditions to determine their jn antibiotic free medium. Forty-eight to 72 h posttransfection
orientation relative to the plasma membrane. Thus, we havethe cells were used for subsequent studies {2).

exhaustively analyzed all predicted intracellular and extra-  gjte_Directed MutagenesiblA and FLAG epitopes were
cellular structural determinants of hASBT, and our data jnserted at discrete locations in hASBT (Figure 1) as 9

effectively refute the previou§ly proposed 9TM model anq (YPYDVPDYA) and 8 (DYKDDDDK) amino acid peptides,
further strengthen the predominance of a 7TM topology. This respectively, by inverted PCR mutagenesis (INPCRM) as

study permits the development of novel structural models yagcribed previously2Q). Briefly, a full-length cDNA for
for hASBT that may aid in the identification of amino acid  ,;man ASBT cloned into pCMV5 vector (kindly provided
residues critical for function and allow for simulation of by Dr. Paul Dawson, Wake Forest University, Winston-
potential ligand binding domains. Salem, NC) was used as the template for all mutagenesis
reactions. All oligonucleotides weré-phosphorylated. The
EXPERIMENTAL PROCEDURES primers (Tables 1 and 2) were designed such that the first
Materials. ®H-Taurocholic acid (50 Ci/mmol) was pur- half of the epitope sequence was incorporated at tené
chased from American Radiolabeled Chemicals, Inc. (St. of the upstream primer and the second half of the epitope
Louis, MO). Taurocholic acid was from Sigma (St. Louis, sequence was incorporated into theehd of the downstream
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Table 1: PCR Primers for hASBT Mutant Constructs with HA Insertions

HA construct insertion site’s position (7TM/9TMY} forward primef reverse primer
| S15-G16 NT/NT 5 Xggtgcatcctgtgtgg3 5' Zagagcaaactgttgcattg3
1] F56-L57 IL1/1L1 5' Xggccacataaagcgy3 5' Ztagaaatttcttgatctccac3
1 D91-192 TMD2/EL1 5 Xatcctceegetccagget3 5' Zgtcaaaggccaccgacadg3
\% L115-A116 EL1/IL2 5 Xgcctattgggtcgatgge3 5' Zcaagatattggaggcagttcc3
\% D120-G121 EL1/IL2 5 Xgatggcgacatggacctfy3 5' Zgacccaataggccaag3
\ D155-S156 IL2/EL2 5 Xtctgggagcatcgtaattc3 5' Zgtcgacccacattitggtatag3
VIl K185—WwW186 EL2/IL3 8 Xtggccccaaaaagcaaagdtic3 5' Ztttgtgattaacaaacattcc3
Vil W220—I1L221 IL2/EL3 5 Xatcattgctcccaaactgty3 5' Zccaggcgctttggtacaatatg3
IX L250-P251 TMD6/IL4 5 Xccctggtacaggtgccgaac3 5' Ztagaccagcaattctagccag3
X L269-C270 EL3/TMD8 5 Xtgttccaccatcgttcage3 5' Ztagctgcgtgttctgcatcce3
XI L283-N284 EL3/EL4 5 Xaatgtcgtattcaccttcccy3 5' Zgagctcctcaggagtgaaggag3
Xl K319-A320 CT/ICT 3 Xaaggcagaaattccag3 5' Zgttttttccatgacatttc3

ahASBT-HA constructs+XIl as illustrated in Figure 1° Location of HA epitope insertion in hASBT primary sequence; NT, N-terminus; CT,
C-terminus ¢ Localization of the construct relative to the putative 7TM or 9TM topoldgyorward primer where “X” is the second half of HA
sequence, gtg cct gat tac gédReverse primer where “Z” is the first half of the HA epitope sequence, gtc gta agg gta.

Table 2: PCR Primers for hASBT Mutant Constructs with FLAG Insertions
FLAG construct position (7TM/9TM¥

insertion site’s forward primef reverse primer

| S15-G16 NT/NT 5 Xggtgcatcctgtgtgg3 5' Zagagcaaactgttgcattg3

Il F56-L57 IL1/1L1 5' Xggccacataaagcgy3 5' Ztagaaatttcttgatctccac3

1] D91-192 TMD2/EL1 5 Xatcctceegetccagget3 5' Zgtcaaaggccaccgacadg3
\ L115-A116 EL1/1L2 5 Xgcctattgggtcgatgge3 5' Zcaagatattggaggcagttcc3
\% D120-G121 EL1/IL2 5 Xgatggcgacatggaccty3 5' Zgacccaataggccaag3

VI D155-S156 IL2/EL2 5 Xtctgggagcatcgtaatte3 5' Zgtcgacccacattitggtatag3
VI K185—-wW186 EL2/IL3 8 Xtggccccaaaaagcaaagdtc3d 5 Ztttgtgattaacaaacattcc3
VI W220—-1L221 IL2/EL3 5 Xatcattgctcccaaactgty3 5' Zccaggcgctttggtacaatatg3
IX L250-P251 TMD6/IL4 3 Xccctggtacaggtgccgaac3 5' Ztagaccagcaattctagccag3
X L269-C270 EL3/TMD8 5 Xtgttccaccatcgttcage3 5' Ztagctgcegtgttctgcatcee3
XI L283-N284 EL3/EL4 5 Xaatgtcgtattcaccttcccy3 5' Zgagctcctcaggagtgaaggag3
Xl K319-A320 CTICT 3 Xaaggcagaaattccag3 5' Zgttttttccatgacatttc3

ahASBT-FLAG constructs+XIl as illustrated in Figure 1° Location of HA epitope insertion in hASBT primary sequence; NT, N-terminus;
CT, C-terminus¢ Localization of the construct relative to the putative 7TM or 9TM topoldgyorward primer where “X” is the second half of
FLAG sequence, gat gac gac a&@everse primer where “Z” is the first half of the FLAG epitope sequence, gtc ctt gta gtc.

primer. Amplification was confirmed by running an aliquot measured using an LS6500 liquid scintillation counter
of the reaction mixture on a 1% agarose gel. The PCR (Beckman Coulter, Inc., Fullerton, CA) and normalized to
product was purified using the Geneclean Turbo Kit (Qbio- total protein content, determined using the Bradford assay
gene, Carlsbad, CA), resuspended in Tris-HCI, pH 8.5 and (Bio-Rad, Hercules, CA).

ligated using T4 DNA ligase (NEB, Beverly, MA) for 2 h Cell Surface Biotinylation and Western Blotting/hole

at room temperature followed by heat inactivation of the cell lysates were prepared using lysis buffer containing 1%
ligase for 10 min at 65C. The ligated product was then Triton-X 100 and protease inhibitors. Equal amounts of total
incubated wittDpnl for 4 h to eliminate template DNA. One  protein were separated on 12.5% Tris-HC| SEFAGE gels
Shot ToplOEscherichia colicompetent cells (Invitrogen, (Bio-Rad, Hercules, CA). To determine protein trafficking
Carlsbad, CA) were transformed with thpnl digested to the plasma membrane, COS-1 cells transfected with native
product, plated on LuriaBertani (LB)-ampicillin (100 hASBT and mutant constructs were subjected to cell surface
ug/mL) plates, and incubated overnight at 32. Several biotinylation as described in r@f3 with slight modifications.
colonies were picked and expanded in LB broth. Plasmid Briefly, 72 h posttransfection the cells were washed with

minipreps were performed using the Qiagen Plasmid Mini-
prep Kit (Qiagen, Chatsworth, CA). Correct clones were
selected after confirming the FLAG and HA insertion
constructs by DNA sequencing.

Taurocholate Uptake Assaylptake experiments were
performed as described previousiyly. In brief, 72 h post-
transfection of COS-1 cells with the FLAG and HA-tagged

PBS and incubated with NHS-SS-biotin (1.5 mg/mL) (Pierce,
Inc, Rockford, IL) for 30 min at room temperature. The
reaction was quenched by washing the cells twice with 100
mM glycine in ice-cold PBS. Biotinylated cells were
disrupted in lysis buffer (300 mM NaCl, 25 mM Tris (pH
7.5), 1 mM CaCJ, 1% Triton X-100, and 1 minitablet of
protease inhibitor cocktail (Roche Biologicals, Indianapolis,

epitope mutants, the cells were incubated with uptake buffer IN), and lysis was enhanced by repeated aspiration through
(modified Hanks’ balanced salt solution (MHBSS, pH 7.4)) a 25-gauge needle followed by incubation on ice for 30 min.
containing 5uM 3H-taurocholic acid (TCA) (0.2 Ci/mmol)  The samples were centrifuged at 10§d0r 15 min and

for 12 min. Uptake was stopped by washing the cells four further eluted from supernatants with streptavidin-agarose
times in ice-cold DPBS, (pH 7.4) containing 0.2% fatty acid beads (10QuL) (Pierce, Rockford, IL) overnight at 4C.

free bovine serum albumin (BSA) and 0.5 mM TCA. Parallel The biotinylated proteins were eluted in SDBAGE Laemlli
uptake studies were carried out in the absence of sodium bybuffer, pH 6.8 (Sigma-Aldrich, St, Louis, MO) by heating
substituting 137 mM choline chloride as an equimolar the samples for 10 min at 8%. One-fifth of each sample
replacement for NaCl. Cell-associated radioactivity was was separated on a 12.5% SBISAGE gel, transferred to a
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PVDF membrane, and processed for Western blotting. Total hensively examine the membrane topology of hASBT and
protein from whole cell lysate preparations was immunob- (b) assess the functional consequences of disrupting the
lotted with a custom-made rabbit anti-hASBT antibody selected insertion site. Two epitopes with distinctly different
(1:1000), mouse anti-FLAG (Sigma) (1:500) and anti-HA charge characteristics were used to determine the potential
antibodies (Roche Biologicals) (1:150). Biotinylated proteins influence of charge on the orientation of protein segments
were immunoblotted with anti-hASBT antibody, anein- at the insertion points. In order to map more precisely the
tegrin (150 kDa) was used as a plasma membrane proteinintracellular (IL) and extracellular loops (EL) as well as the
internal control. To determine the integrity of biotinylated N- and the C-terminal regions, we strategically inserted the
protein processing, a sample of native hASBT whole cell FLAG (DYKDDDDK) and HA (YPYDVPDYA) epitope
lysate was run on the same gel. After immunoblotting for tags in various predicted EL, IL, and TM domains and at

integrin and ASBT, the membrane was stripped (500 mM
Tris (pH 6.7), 100 mM 2-mercaptoethanol, 2% SDS) for 45
min at 50 °C, then washed repeatedly in PBS-T and
incubated with blocking buffer (5% dry milk powder in PBS-

the N- and C-termini using INPCRM (Figure 1).

The topological orientation of constructs 1-16, 11-56,
XI-284, and XlI-319 is model-independent, and insertion
mutations at these positions served as controls to determine

T) for 2 h. The membrane was subsequently incubated with the effectiveness of the epitope scanning approach. For

anti-calnexin primary antibody (90 kDa) and processed for
immunodection using the ECL Plus Kit (Amersham Bio-
sciences, Piscataway, NJ).

Immunofluoresence and Confocal Microsco@yOS-1
cells and MDCK-II cells were grown on collagen-treated 4
chamber slides (BD Falcon, Bedford, MA) at610* cells/
well. Seventy-two hours posttransfection, the cells were
washed twice with DPBS pH 7.4 and fixed with 4%
paraformaldehyde at room temperature for 10 min. The
optimal conditions for cell permeabilization were determined
by incubating COS-1 cells for 4 min with different concen-
trations of saponin ranging from 0.01% to 0.2%. The lowest

example, mutants | and XIl were constructed to corroborate
the previously reported exofacial and cytosolic orientation
of the N- and the C-terminal tails, respectively, 8, 17).

To effectively distinguish between the divergent topology
models, mutants I¥VIII were designed to localize on
opposite sides of the membrane according to either the 7TM
or the 9TM model (Figure 1). Design limitations allowed
additional mutants (111-92, IX-251, and X-270) to be acces-
sible extramembranously only according to one topology
model and fall within the membrane according to the other.
Hence, data obtained from these mutants may be more
ambiguous. To determine if insertions close to the membrane

concentration of Saponin that produced more than 90% would affect the orientation of the relatively Iong :BO amino

staining with trypan blue was 0.04%, and this concentration acids) EL1 and EL3 domains, two tags were inserted on each
was used in further experiments. Under permeabilized 00p. All epitope mutants were successfully verified by
conditions, cells were simultaneously blocked and perme- sequencing; however, the insertion of the HA epitope at
abilized with PBS containing 0.25% cold-water fish gelatin Position 56 could not be determined and was omitted from
and 0.04% saponin at 4C, overnight R4, 25). For further analysis.

nonpermeabilized conditions, cells were blocked similarly ~ Plasma Membrane Expression of Mutant Constructs.
in the absence of saponin. Subsequently, cells were incubateddASBT can be detected as a pair of unglycosylate@§
with the primary antibodies, rabbit anti-hASBT, monoclonal kDa) and glycosylated~41 kDa) immunoreactive bands
mouse anti-FLAG (Sigma, St. Louis, MO), and the mouse (Figure 2). Similar banding patterns were observed upon
monoclonal anti-HA antibody, 12CA5 (Roche Molecular incubation with anti-HA or anti-FLAG epitope antibodies
Biochemicals, Indianapolis, IN), at 1:100, 1:250, and 1:150 (Figure 2A,C). All mutants were accessible to the anti-
respectively fo 2 h atroom temperature in the appropriate  hASBT antibody, indicating successful expression, but
blocking buffers. The cells were washed three times and detection by the anti-epitope antibodies varied according to
incubated with the fluorescently labeled secondary antibodies,antibody accessibility. For example, the band intensity of
i.e., AlexaFluor 546 anti-mouse IgG or AlexaFluor 405 anti- HA mutants V and VII (Figure 2A.111) and FLAG mutants
mouse IgG or AlexaFluor 546 anti-rabbit IgG (Molecular VIII and IX (Figure 2C.11I) was much weaker compared to
Probes, Eugene, OR), at 1:250 dilution in blocking buffer matching anti-hASBT control. This may indicate that the
for 1 h. The cells were washed thoroughly in PBS and stained €pitope tags at these specific sites did not fold correctly or
with 300 nM DAPI for 10 min. Cells were mounted in Gel Wwere not adequately exposed to be recognized by their
Mount (Biomeda, Foster City, CA) and examined using the respective antibodies. The specificity of the HA and FLAG
Nikon TE2000 C1 inverted laser scanning confocal micro- antibodies to their respective epitopes was evident through
scope coupled with 405, 488, and 543 nm lasers. Volocity, the absence of an immunoreactive band in the lanes loaded
version 3.6 (Improvision, Lexington, MA), was used to with native hASBT (Figure 2A.111,C.III). The positive control

deconvolve the z-stack images (Figure 7).

Data Analysis and StatisticBunctional experiments were
run in triplicate, and data are represented as mea®D

Statistical analyses using one-way ANOVA and Students’s

t-test were performed to compare native hASBT with epitope
mutants. Statistical significance was considergg at0.05.

RESULTS

Construction of HA and FLAG Epitope-Tagged Mutants.

for whole cell lysate, anti-calnexin, was abundantly expressed
among all mutants with a distinct band at approximately 90
kDa (Figure 2A.1,C.1).

Native hASBT protein and mutant constructs were con-
sistently expressed at the cell surface (Figure 2B.111,D.11I),
with the exceptions of HA mutants IX and XI. However,
for HA mutant IX, the expression of its internal control is
also appreciably reduced and thus the reduction in ASBT
expression may be attributed to low cell count. These mutants
were well detected upon immunofluorescence and confocal

The epitope insertion approach was chosen to (a) compre-microscopy analysis, which further supports the strength of
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Ficure 2: Western blot analysis of whole cell lysate and cell surface biotinylation preparations of native hASBT and epitope constructs.
COS-1 cells were transfected with native hASBT (WT) and the HA and FLAG-tagged epitope mutani® W@osttransfection, the cells

were processed for immunoblotting. Blots of whole cell lysates were incubated with the anti-hASBT (A.Il and C.11), the anti-HA (A.lll),

or the anti-FLAG (C.IIl) antibodies, respectively. Biotinylated proteins were prepared as described in Experimental Procedures for both
HA (B.III) and FLAG (D.lll) constructs, and these were similarly immunoblotted using anti-rabbit hASBT antibody. The positive controls
calnexin (90 kDa) (A.l and C.I) ang-integrin (150 kDa) (B.I and D.I) were used for whole cell lysates and biotinylated fractions, respectively.
The marker is shown in the left lane of the individual blots. Absence of calnexin in the biotinylated protein preparation is shown in B.II.
and D.II for HA and FLAG constructs, respectively. Calnexin was detected for the WT whole cell lysate preparation that was run on the
same gel and serves as a positive conffalepresents the empty vector pCM\And serves as a negative control.

% == — W/ anti- calnexin

the techniques used here. Alpha-integrin, a 150 kDa plasmathe empty vector pCM), suggesting that incorporation of
membrane protein was used as a positive control (Figure epitope tags at this position rendered the transporter inactive.
2B.1,D.I). The accuracy of the biotinylated protein samples All other epitope constructs were functionally active, al-
was further supported when calnexin could not be detectedthough their ability to translocatéd-TCA was reduced to
in these fractions (Figure 2B.11,D.11), whereas this abundant approximately 16-50% of native hASBT. Importantly,
protein was consistently expressed in whole cell lysate control experiments in the absence of sodium ion indicate
controls. Overall, epitope size and charge did not affect that all constructs, except V-120, displayed active transport
protein expression, as evidenced by the fact that all mutants(Figure 3.A,B). In general, the insertion of the FLAG epitope
were detected by the anti-ASBT antibody in whole cell had a more adverse effect on hASBT function compared to
lysates as well as biotinylated samples. the HA epitope, and this could be attributed to the highly
Functional Actiity of Insertion Mutants.Even small charged nature of the FLAG epitope in contrast to the more
sequence changes near membrane-spanning domains can altegutral HA tag. The insertion of the HA and FLAG epitopes
membrane topology. The effect of epitope insertions on at position 319 resulted only in a 20% decrease in uptake
hASBT function was therefore tested by incubating COS-1 activity (Figures 2A,B). This suggests that the C terminal
cells transfected with the various mutant constructs with domain of hASBT may not play a critical role in the substrate
3H-TCA (5.0 uM). Since hASBT is a Nadependent translocation process.
cotransporter, control studies in the absence of sodium were Membrane Orientation of HA and FLAG Epitope Tags
performed to determine specificity (Figure 3A,B). Although Corresponds with a 7TM Modelhe membrane polarity of
loss of activity does not necessarily imply a changed the two epitope tags was determined by immunofluoresence
topology, an active transporter strongly indicates intact and confocal laser scanning microscopy. An indirect immu-
membrane topology. TCA uptake of HA and FLAG con- nofluoresence signal was acquired on cells transfected with
structs V-120 was not significantly different from that of the HA/FLAG epitopes under native (nonpermeabilized)
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FicURE 3: Relative rate ofH-taurocholate uptake into COS-1 cells
transiently transfected with native hASBT (WT), HA (panel A),
and FLAG (panel B) epitope constructs. Taurocholate uptake was
measured at a concentration of I (0.2 Ci/mmol) for 12 min
at 37°C in the presence (white bars) and absence (black bars) of
137 mM Na'. Beta represent$d-TCA uptake in cells transfected
with empty pCM\f3 vector and serves as a negative control. Data
are represented as a percentage of native hASBT uptake activity,
and each bar is the mean SD of three separate experiments). (
Significantly different from control (WT) ap < 0.05; (#) loss of
function mutant; (ND) not determined.

conditions to assess the extracellular orientation of the epitope
tags, or permeabilized (saponin-treated) conditions to estab-
lish their potential intracellular localization (Figures 4 and

5). No cell-associated fluorescence was detected in intact,FIGURE 4: Orientation of the N- and C-terminal domains of hASBT

nontransfected cells (control) or in cells expressing native f'}ﬁtermjned by imrf"“h”Ofll\Ll’oreSC.ence and Confocahmicggcsc’ply- (AI\I)
hASBT protein (nontagged; data not ShOWﬂ). e orientation of the N-terminus was assessed In -1 cells

i i : ) transfected with HA and FLAG construct I-16 in native (nonper-
The reportedly cytosolic orientation of the C-terminal meabilized) conditions. (B) Localization of HA- and FLAG-tagged
region (1, 3, 17), was confirmed by transfecting native epltobple _COH(S’\tlrg)Ct Xlg_?_19 U?g)ez:ges”gealﬁ”lzmg (tP) affld P%ﬂp_et[}-

i ; i ini i meabilizing conditions. -1 cells were transfected wi
hAtSi'ngr]IEO Ct%S dl c(:jells ?n(? Immur;ct)ﬁtafmlnlglgllth "’? CUStO.g] native hASBT (WT) and labeled with anti-hASBT antibody directed
an |-35_ a4n Ibody directed against the inal 15 amino aclds ggainst the last 13 amino acids of hASBT &rLys9) in the
(Sef*-Lys*) of hASBT. Only after treatment with saponin,  absence (NP) and presence (P) of saponin. Celis were processed
a distinct red fluorescence was observed along the peripheryas described in Experimental Procedures. The HA and the FLAG
of the cell (Figure 4C). A similar staining pattern only in €pitope tag orientation were assessed using the anti-HA 12CA5

: mAb and anti-FLAG mAb, respectively. The secondary antibody
the presence of saponin was detected for FLAG and HA was an AlexaFluor 546 anti-mouse 1gG for the FLAG and HA

mutants XII-319, thus confirming the cytosolic location of = tants and an AlexaFluor 546 anti-rabbit IgG for native hASBT.
the C-terminus (Figure 4B). The exofacial localization of Expression of native and mutant constructs is confirmed by a red
the N-terminus was further confirmed by a strong fluorescent fluorescent signal. All images were captured under & Gl
signal detected by the anti-FLAG and anti-HA antibodies objective with DAPI-stained nuclei (blue) and differential interfer-

; : , -1 ence contrast (DIC) overlay at 522512 and 1024x 1024 pixel
ETI:LQ:;;? |41,2) in nonpermeabilized cells transfected with resolution. Bars represent 2n,

The orientation of the various EL and IL domains (Figure and presence of saponin (data not shown), indicating their
1) was assessed by strategically inserting epitope tags in thesextracellular orientation. In cells transfected with constructs
regions. In cells expressing the HA and FLAG epitope [I-56, VI-156, and VIII-221, the epitope was accessible to
mutants IV-116, V-120, VII-186, X-270, and XI-284, cell the anti-HA and FLAG antibodies only upon saponin
surface fluorescence was detected in the absence (Figure 5Aj)reatment, indicating their intracellular localization (Figure
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[A] HA Mutants
IV-116 V-120 VII-186 X-270 XI-284

FLAG Mutants

[B] HA Mutants FLAG Mutants
VI-156 VIII-221 1I-56 VI-156 VIII-221

[C] HA Mutants FLAG Mutants
I11-92  IX-251 1I1-92 1IX-251

Ficure 5: Detection of HA and FLAG tagged epitope mutants by immunofluorescence microscopy. COS-1 cells were transiently transfected
with the HA and FLAG tagged mutants. 482 h post transfection the cells were processed for immunofluorescence in nonpermeabilized
(NP) and permeabilized (P) conditions. The tagged mutants have been categorized according to their apparent extracellular (A), intracellular
(B), and transmembrane domain (C) localizations. The orientation of the epitope constructs was evaluated using mouse anti-HA and anti-
FLAG specific antibodies. Expression of the mutant protein was detected by fluorescent signal (red) using the secondary antibody AlexaFluor
546 anti-mouse IgG. All images were captured under & 60 objective with DAPI-stained nuclei (blue) and DIC overlay at 54512

and 1024x 1024 pixel resolution. Bars represent 2.

5B). These epitope orientations are consistent with the tags for mutant 111-92 are not localized on the cell surface,
predicted 7TM model for hAASBT and reject a 9TM orienta- thereby further reducing the possibility of a 9TM topology,
tion for these loops. which places 111-92 on EL1. Mutant IX-251 was only
To further differentiate between the 7TM and 9TM detected in the presence of saponin; however, the exact
models, two epitope tags were engineered within putative localization of this site (i.e. TMD6 or IL3) cannot be
TM domains. According to a 7TM topology, mutant [11-92  determined definitively with this technique.
localizes within TMD2 and mutant IX-251 in TMD®6 (Figure The capability to accurately discern membrane localization
1A). In contrast, a 9TM model would predict position 92 to was assessed in COS-1 cells individually transfected with
be located on EL1 and 251 on IL4 (Figure 1B). Fluorescence FLAG and HA mutant X-270. These cells were simulta-
signal was detected only under permeabilized conditions for neously labeled with the respective anti-epitope as well as
both mutants and epitopes (Figure 5C). Thus, the epitopethe anti-hASBT antibody. As expected, under nonpermeabi-
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[A] HA Mutants [C] FLAG Mutants
NP P NP P

FLAG Mutants

[B]

Ficure 6: Dual labeling of HA and FLAG tagged mutants in COS-1 cells. Cells transfected with mutant X-270 (A, B) and VIlI-221 (C)
were labeled with mouse anti-HA or anti-FLAG specific antibodies (panel i) under nonpermeabilizing conditions and permeabilizing conditions
(panel ii). The expression of the FLAG- or HA-epitope constructs was detected using a secondary anti-mouse antibody, AlexaFluor 405
(blue fluorescence), and the expression of hASBT was detected using the secondary anti-rabbit antibody, AlexaFluor 546 (red fluorescence).
Under permeabilized conditions, when both signals were detected, a merged pink fluorescence can be observed. All images were acquired
under a 6& oil objective with DIC overlay at 1024 1024 pixel resolution, except for C-i, which was imaged at 51812 resolution.

Bars represent 2(m.

lized conditions only the HA/FLAG mutant X-270 epitope DISCUSSION

was accessible to its antibody (blue fluorescence; Figure , )
6A-i,B-i). However, in permeabilized cells, both the epitopes ~ Hydropathy analysis has suggested several possible to-
and the C-terminus of hASBT were accessible to their Pologies for hASBT, with t_he location and number of trans-
respective antibodies as evidenced by distinct overlappingMembrane segments varying between 7 anllg flthough
(pink) fluorescence (Figure 6A-ii,B-ii,C-ii). These results pomputed hy(_jrophoblcny assignments can offer valuable
specifically validate the extracellular orientation of X-270. 'ﬂs'ght' ex}f’ﬁ;‘\gg_';tar: data are essential to iss'g'?] TMDﬁ' In
Similarly, the intracellular orientation of VIII-221 was the case o , however, two oppo§|ng ypotheses have
evidenced by a lack of immunostaining in the absence of emerg_ed based on empirical evidence; membrane insertion
saponin and a pink fluorescence signal in the presence of>canning technology has suggested a 9TM topolddy, (

saponin (Figure 6.C). The extracellular orientation of X-270 whereasN-glycosylation analysis indicated 7 membrane-

and the intracellular localization of VIII-221 further support spahnr)mg reg|o|nsl(1). _Sdmce a smgle tcl)polog?/ sca;]nnlgg
a 7TM topology. technique rarely provides unequivocal results, the data

presented here were designed to close the current controversy
Epitope Mutants Express at the Apical Cell Surface of an pertaining to the membrane topology of hASBT. Thus, we
Epithelial Cell Line, MDCK-Il.As COS-1 cells are non-  have used dual epitope tag insertion scanning mutagenesis
polarized fibroblast cells, we aimed to determine the effect to systematically examine the topology of hASBT. Our
of epitope insertion on protein trafficking and localization functional data together with immunofluorescence and con-
(apical vs basolateral) to the plasma membrane in a polarizedfocal microscopy studies provide strong evidence in support
epithelial MDCK-II cell line. Cells were transfected with  of a 7TM model (Figure 1).
representative FLAG and HA mutants for both intra- and  The present data are in agreement with the reporteily (
extracellular sites and processed-4& h posttransfection. 3 17) extracellular localization of the N-terminus and
A distinct periapical localization was observed for epitope cytosolic presence of the C-terminal domain (Figure 4). This
tagged mutants 1V-116 and X-270 under nonpermeabilizing essentially limits the possible topologies of hASBT to 7 or
conditions (Figure 7A), further confirming the exofacial 9 TMDs. Hence, the primary regions of controversy are
orientation of these mutants. Similar apical localization was |gcated between residues 69 and 120, which is suitably
observed for native hASBT and mutant VI-156 only under hydrophobic to encompass one or two TMDs, and the region
permeabilizing conditions (Figure 7B), providing additional between 255 and 280 that was speculated to constitute a
evidence for the cytosolic localization of this epitope. Native TMD (11, 17). However, previous studies by Haileand
hASBT as well as epitope-tagged hASBT mutants were colleagues 17) demonstrate that these moderately hydro-
sorted to the apical membrane surface, as evidenced by thgphobic segments do not readily integrate into the membrane
absence of a basolateral signal. These data reveal that thand can only span the lipid bilayer with the aid of flanking
insertion of epitope tags does not interfere with protein topogenic regions. Consequently, a major emphasis was
trafficking to the apical plasma membrane, at least for the placed on an effective, yet impartial, comparison of the two
mutants tested here. divergent transmembrane topologies (Figure 1) by strategi-
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[A] HA Mutants FLAG Mutants
IV-116 X-270 IV-116 X-270

[B] HA Mutants FLAG Mutants WT
VI-156 VI-156

Ficure 7: Cellular localization of epitope-tagged mutants in polarized MDCK-II cells. MDCK-II cells, grown on collagen-treated chambers
slides, were transiently transfected with native hASBT (WT) and mutant hASBT constructs. 72 h post transfection, cells were processed for
immunofluoresence confocal laser scanning microscopy under permeabilizing (P) and nonpermeabilizing conditions (NP). Panel A displays
cells expressing mutants that localize on the extracellular plasma surface, whereas panel B represents cells that express epitope constructs
that can only be visualized after saponin treatment (P), indicative of intracellular localization. Native hASBT was used as a positive control

to depict intracellular and apical localization. Images represent orthogonal 3-D profiles with the inset view defirigatkie, and the

outer panels reveal th€Z (right side) andXZ (bottom side) focal planes. Epitope-tagged mutants and native hASBT exhibited apical
localization (red fluorescent signal) relative to the DAPI-stained cell nucleus (blue signal). Fluorescence signal was absent at the basolateral
side. All stacked images were acquired using 51812 pixel resolution under a 600il objective. All images were subjected to iterative
deconvolution set at 99% confidence using the calculated point spread function with the Volocity 3.6 software. Scal@rbar, 10

cally engineering epitope tags into discrete regions of tracer via a sodium-dependent mechanism, albeit at a lower
hASBT. flux rate than native hASBT. This may be partially explained
Amino acid insertions generally bear the risk of changing by the fact that large epitope insertions such as HA and
the topogenic activity of neighboring membrane-spanning FLAG may alter protein targeting and function. However,
domains. Hence, two distinctly different epitope tags, HA any gross distortion of membrane topology would presum-
and FLAG, were selected to determine if variations in charge ably abrogate transporter function. Yet, most constructs
and size could result in altered tag orientation within the display an active, sodium-dependent uptake mechanism. For
protein sequence. In essence, the charged nature of the FLAGxample, epitope insertions at position V-120 abrogated
epitope could create false positive results when inserted intotransport activity (Figure 3), despite its abundant membrane
the hydrophobic milieu of TMDs by forcing the adjacent expression (Figure 2). We speculate that this mutant lies in
regions into a hydrophilic environment. Yet, mutually a highly charged pocket (i.e. D120, D122, and D124) that
consistent data with both epitope tags indicated a negligible may play a critical role in sodium or substrate translocation.
impact of tag characteristics. In fact, immunoblotting data In fact, mutations D120A and D122A completely abrogate
(Figure 2) and confocal microscopy results (Figures 4 and bile acid translocation (unpublished data).
5) confirmed that protein stability and trafficking to the According to a 7TM model, extracellular loops 1 and 3
plasma membrane remained largely unaffected for both are sufficiently large to form domains that can dynamically
epitope constructs. enter and exit the membrane, a feature that has been
The modified proteins were expressed in mammalian cells demonstrated previously for the glutamate transporter GLT-1
so that any deleterious effect of epitope insertion on hASBT (18, 26, 27) and the N&/C&" exchanger NXC148). Hence,
function could be monitored, and the accessibility of the both loops were tagged at multiple positions (EL1, 1V, V;
epitopes to anti-HA and anti-FLAG was determined in intact EL3, X, XI). Due to their charged nature, the segments
and permeabilized cells to establish their intra- or extracel- containing these constructs may stochastically partition
lular localization. All constructs transported the taurocholate between the extracellular and intracellular milieu upon
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translation. Hence, one would expect a decrease in immu-
nofluorescence signal in native cells due to limited avail-
ability of the epitope, and this signal may be restored to its
anticipated intensity upon treatment with saponin. The
relatively comparable fluorescence intensity between native
and permeabilized cells led us to speculate that hASBT does
not exhibit re-entrant loop behavior at EL1 or EL3; however,
observing such a dynamic motion may be beyond the scope
of the current technique, and future studies are warranted to
investigate this possibility.

Dual labeling immunofluorescence studies on constructs
VIII-221 and X-270 incubated with both anti-epitope and
anti-hASBT antibodies provided additional evidence for the
cytosolic and exofacial orientation of IL3 and EL3, respec-
tively (Figure 6). Combined, these data provide clear
evidence that the moderately hydrophobic region between
residues 255 and 280 is, in fact, part of an extramembranous
protein domain of hASBT. These data are consistent with
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the absence of signal anchor and stop transfer properties that q

would allow membrane insertion of this sequendd)(
Additionally, this explains the inability of this region,
assigned TMD8 in the 9TM model (Figure 1), to effectively
span the membrane. Interestingly, a recent study on NTCP
by Mareninova and co-workerg1) using a trypsin digestion
technique found that TMD7 and TMD8 of the hepatic
homologue were exposed on the exoplasmic surface of the
protein. These data are in agreement with the findings
presented here.

In conclusion, our study shows that hAASBT predominantly
conforms to a 7TM topologyl(, 29, 30) and refutes the
previously proposed 9TM model for this transport protein.
This lends further support to the previously generated three-
dimensional model for hASBTI1() that may now serve as
a credible scaffold for designing site-directed mutagenesis
experiments and aid in further mechanistic interpretation of
hASBT function. In addition, the current epitope insertion
approach may have identified functionally significant regions
for future site-directed mutagenesis studies. Identification and
verification of the putative extracellular and intracellular
regions of this transporter will be essential in guiding future
work aimed at elucidating and characterizing the transloca-
tion pathway for sodium and bile acids. Thus, the present
work provides a topological framework toward understanding
the structure and function of hASBT transport.
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