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ABSTRACT: The ileal apical and liver basolateral bile acid transporters catalyze the Na+-dependent uptake
of these amphipathic molecules in the intestine and liver. They contain nine predicted helical hydrophobic
sequences (H1-H9) between the exoplasmic N-glycosylated N terminus and the cytoplasmic C terminus.
Previousin Vitro translation andin ViVo alanine insertion scanning studies gave evidence for either nine
or seven transmembrane segments, with H3 and H8 noninserted in the latter model. N-terminal GFP
constructs containing either successive predicted segments or only the last two domains of the liver
transporter following a membrane anchor signal were expressed in HEK-293 cells, and a C-terminal
glycosylation flag allowed detection of membrane insertion. Western blot analysis with anti-GFP antibody
after alkali and PNGase treatment showed that H1, H2, H3 behaved as competent transmembrane (TM)
sequences. Results from longer constructs were difficult to interpret. H9, however, but not H8 was
membrane-inserted. To analyze the intact transporter, a C-terminal YFP fusion protein was expressed as
a functionally active protein in the plasma membrane of HEK-293 cells as seen by confocal microscopy.
After limited tryptic digestion to ensure the accessibility of only exoplasmic lysine or arginine residues,
molecular weight (MW) analysis of the five cleavage products on SDS-PAGE predicted the presence of
seven transmembrane segments, H1, H2, H3, H4, H5, H6, and H9, with H7 and H8 exoplasmic. This
new method provided evidence for seven membrane segments giving a new model of the membrane
domain of this protein and probably the homologous ileal transporter, with H7/H8 as the transport region.

During the enterohepatic circulation of the large, amphi-
pathic bile acids, uptake occurs from the intestinal lumen
via the apical ileal sodium-dependent bile acid cotransporter
and is delivered via the portal vein to the liver. The bile
salts then enter hepatocytes via the basolateral sodium-
dependent cotransporter (SBAT)1 and then are secreted into
the bile. The ileal bile acid transporter (IBAT) is a target
for drugs designed to inhibit bile acid uptake and thence
lowering of cholesterol by stimulation of 7-R hydroxylase
activity (1, 2). The ileal and hepatic Na+/bile acid transporters
are polytopic integral membrane proteins, which share 35%
identity and very similar hydrophobicity profiles. Their
secondary structure is therefore likely to be very similar.

A definition of the two-dimensional structure of these
transporters is important for understanding of the mechanism
of transport of these bile salts. The membrane topography
of this family of transporters that contains nine hydrophobic
segments (Figure 1) has been difficult to establish because
different algorithms and different experimental approaches
have provided conflicting data. The N-terminal glycosylation

and the antibody-determined cytoplasmic location of the C
terminus exclude a model with an even number of membrane
segments (3, 4). Membrane insertion algorithms and experi-
mental data have predicted either a seven transmembrane
sequence with two long extra-cytoplasmic loops containing
the 3rd and 8th hydrophobic sequences in the seven segment
model (Figure 1A) or a nine transmembrane segment model
(Figure 1B). There is experimental support for each of these,
depending upon the techniques used (4-6).

The topogenic properties of individual hydrophobic seg-
ments of the bile acid transporters were analyzed in vectors
containing an N-terminal cytoplasmic anchor and a C-
terminal glycosylation flag using anin Vitro transcription/
translation system with dog pancreatic microsomes (5, 7).
These vectors have been used to determine the topography
of several proteins, such as P1- and P2-type ATPases, G7
receptors, and Na/H and NaHCO3 transporters (8-12).
Depending upon the protein, this approach often provided
an accurate secondary structure such as for a P1 ATPase of
Helicobacter pylori, the CCK-A receptor, and the Na/HCO3

cotransporter (9, 10, 12) or gave results contrary to the known
arrangement of transmembrane segments such as for the P2-
type ATPases, the gastric H,K-ATPase, and the ER Ca-
ATPase (8, 13). The method can also give misleading data
indicating membrane insertion of a hydrophobic sequence
such as anR helix in cyclooxygenase that is known from
the crystal structure not to be membrane-inserted (8).

In this in Vitro translation system, seven of the nine
hydrophobic sequences (H1, H2, H4, H5, H6, H7, and H9
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but not H3 and H8) of the bile acid transporter were able to
act individually as either signal anchor or stop transfer
sequences (4, 5), suggesting seven transmembrane-inserted
segments. Recently, results of insertion of N-linked glyco-
sylation sites into H3, H3-4, and H8 segments of the cell
expressed, N-terminal deglycosylated intestinal bile salt
transporter have also been interpreted as evidence for the
seven transmembrane segment model shown in Figure 1A
similar to thein Vitro translation data (6). One drawback to
this model is the exoplasmic orientation of the loop between
H5 and H6 that contains several uncompensated positive
charges that would be predicted to be cytoplasmic according
to the positive inside rule (14, 15). Further, these important
glycosylation site insertion mutants were not transport-
competent (6).

However, when H3 and H8 sequences were expressed in
context with the neighboring native sequences in thisin Vitro
translation system, they were able to insert into microsomal
membranes and the H3 and H8 acted as a stop transfer and
signal anchor signals, respectively. These data led to a
postulated nine transmembrane segment model as shown in
Figure 1B (4, 5).

Additional data, interpreted as supporting a nine trans-
membrane segment model, were obtained by using alanine
insertion scanning (5). This method is based on the hypoth-
esis that the addition of an alanine residue in the middle of
a transmembraneR helix will disrupt important structural
associations with neighboring membrane segments by chang-
ing the position of the adjacentR helices (16). Thereby, the
function of a membrane transporter is expected to be
inhibited. Transport activity and plasma-membrane traffick-
ing of the transporter expressed in HEK-293 cells was
determined in the mutants with alanine insertions into the

different hydrophobic regions of the protein (5). Alanine
insertion into H1, H2, H4, H5, H7, and H9 resulted in a
loss of transport activity as predicted from the translation of
these individual sequences. All alanine insertions in H3 and
H8 also abolished taurocholate uptake, suggesting that both
of these regions have structures with critical intramolecular
interactions. Moreover, these insertions also prevented traf-
ficking to the plasma membrane. These data were interpreted
as compatible with the putative nine transmembrane model
as shown in Figure 1B but now with the positively charged
loop between H5 and H6 oriented on the cytoplasmic surface
as predicted from the positive inside rule (14, 15).

To try to resolve the contradictory data obtained with
different techniques used thus far, we first adapted anin ViVo
translation method previously applied to aquaporin (17).
GFP-linked constructs were expressed in HEK-293 cells and
analyzed by Western blotting for the presence or absence of
glycosylation of the C-terminal flag. GFP preceded the first
membrane inserted sequence of the H,K-ATPaseR sequence
followed by successive hydrophobic segments of the liver
bile acid transporter and then the glycosylation reporter
sequence of the H,K-ATPaseâ subunit. The results for the
constructs truncated after H1, H2, and H3 respectively
indicated that all three are membrane-integrated segments.
A fusion protein containing either only H8 and or H8/9H9
showed that H9 but not H8 is membrane-inserted. Data for
longer truncated constructs beginning with H1-H4 were
difficult to interpret.

To avoid the problems encountered with the expression
of truncated protein or inactive mutants, we expressed a full-
length C-terminal YFP fusion protein in HEK-293 cells. The
YFP-linked bile acid transporter protein was located on the
plasma membrane, as easily seen by fluorescent confocal

FIGURE 1: Seven (A) and nine (B) transmembrane segment models of the liver basolateral bile salt transporter. The hydrophobicity profile
of the transporter was calculated by the Kyte-Doolittle algorithm using an 11 amino acid moving average and shown between models A
and B. In the top model, arrows point to regions of engineered glycosylation sites that were introduced by mutagenesis into the IBAT and
were apparently glycosylated (6), which was interpreted as substantiating the classical seven transmembrane segment arrangement even
though these mutations inactivated the protein (A). The lower model (B) illustrates the nine transmembrane segment model for which some
evidence had been obtained (5) but is now refuted by the data presented in this paper.
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microscopy, and was able to transport bile salts at the same
level as wild-type protein (5, 18). These intact cells were
then subjected to limited tryptic digestion to define exoplas-
mic-accessible lysines or arginines. After separation of the
fragments on SDS-PAGE and accurate analysis of the
relative MW of these fragments on Western blots by using
the anti-GFP antibody that also recognized YFP, five
luminally exposed tryptic cleavage sites were identified. This
analysis yielded a specific model of the plasma-membrane-
inserted basolateral liver bile salt transporter, where the first
six hydrophobic segments are membrane-inserted, H7 and
H8 are exoplasmic, and H9 is membrane-inserted. Hence,
according to this method of analysis of the intact, functional
transporter, the liver bile acid transporter contains seven
transmembrane segments. However, contrary to previous
predictions, it is the 7th and 8th hydrophobic sequences that
are not membrane-integrated. The sequence and hydropathy
similarity of the apical ileal bile salt transporter suggests that
it would have similar membrane topography. The 7th and
8th hydrophobic sequences are also in the region of binding
of the bile salts in the ileal variant and also the region of
binding of ileal transport inhibitors (5, 18). This large region

may therefore provide the flexibility necessary for transport
of these large amphipathic molecules.

MATERIALS AND METHODS

Vector and Plasmid Construction.The mammalian ex-
pression vector, pEGFP-HK M0/M1-â, was constructed by
ligating the HK M0/M1-â construct (13) into pEGFP-C3
(Clontech) between theXhoI and EcoRI sites. Sequences
coding for human SBAT successive truncation mutants were
cloned into theBglII/HindIII linker region of pEGFP-HK
M0/M1-â between the first 139 amino acids from the N
terminus of the rabbit H,K-ATPaseR-subunit (M0/M1) and
177 C-terminal amino acids of the rabbit H,K-ATPase
â-subunit containing five N-linked glycosylation sites (â
flag). Each SBAT truncated sequence (H1, H1-H2, and
H1-H3) began at the SBAT start codon and ended at the
end of each of the putative membrane-spanning regions of
SBAT, which were identified using programs based on a
hidden Markov model, TMHMM (19), HMMTOP (20), as
shown at the bottom right panel in Figure 2. A second set
of GFP-linked sequences was constructed containing only
H8 and H8 and H9.

FIGURE 2: (A) Amino acid sequence of the human liver bile acid transporter showing the regions of hydrophobic helical predictions in bold
in the rectangles. The observed extracellular sites of tryptic cleavage of the intact protein are indicated by blue arrows, and the corresponding
lysine and arginine residues are shown in red. The nonaccessed likely internal possible tryptic cleavage sites are underlined red. The natural
glycosylation sites that are not glycosylated in the liver transporter are shown by red circles. CHO, N-linked carbohydrates. (B) Schematic
representation of the construction of various fusion vectors. The putative hydrophobic segments (from H1 to H9) were predicted by the
HMMTOP algorithm. The sequences used for topology scanning of the N-terminal GFP constructs are shown at the bottom right of the
figure in the table. tSBAT, truncated SBAT sequence.
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The SBAT-truncated sequences were constructed by PCR
using the pcDNA3.1(+) vector containing cDNA for the
human liver basolateral bile acid transporter as a template
(5). PCR primers were designed using the Primer Select
software. Sense primers for all PCR reactions were 5′-flanked
with a BglII site, and all antisense primers contained the
HindIII site at the 3′ end. The PCR products were purified
using Resin/Wizard minicolumns digested with the restriction
enzymesBglII and HindIII and then gel-purified (1.2%
agarose gel) using the Min Elute Gel Extraction Kit. The
inserts were ligated into the pEGFP-HK M0/M1-â vector.
All plasmid constructs were identified by restriction digestion
analysis and verified by sequencing.

Expression of the Constructs in HEK-293 Cells.The cell
line was purchased from ATCC. The HEK-293 cells were
grown to 70-80% confluence in 6-well plates in Dulbecco’s
modified essential medium (high glucose, supplemented with
10% fetal bovine serum, 100 units/L penicillin, 0.1 mg of
streptomycin/L, 2 mML-glutamine, 0.1 mM nonessential
amino acids, and 1.0 mM sodium pyruvate). They were
transiently transfected with 1µg pf DNA/well using the
FuGENE6 transfection reagent (Roche) according to the
instructions of the manufacturer.

Membrane Alkali Extraction.This was performed to ensure
that the segments analyzed were truly membrane-integrated.
The membrane fraction was isolated according to previously
described methods (17), with minor modifications, using an
alkaline flotation step to identify truly membrane-integrated
fragments and to remove spurious membrane-associated but
not integrated peptides. Briefly, transiently transfected HEK-
293 cells were washed in phosphate-buffered saline and then
homogenized in TEEA buffer (pH 8.0) containing 20 mM
Tris-HCl, 1 mM EDTA, 1 mM EGTA, 1 mM phenylmeth-
ylsulfonyl fluoride (PMSF), and protease inhibitor cocktail,
followed by centrifugation (10 min at 1000g). The super-
natants were centrifuged at 100000g for 30 min, and the
resulting particulate fraction was extracted with 100 mM Na2-
CO3 (pH 12.0) on ice for 30 min. A total of 1.25 and 0.25
M sucrose were overlaid on the alkaline mixture followed
by centrifugation at 100000g for 60 min in a Beckman
ultracentrifuge. The fraction collected at the 0.25 and 1.25
M sucrose layers and the interface between the 1.25 M
sucrose layer and the alkaline mixture was recovered as the
membrane fraction and stored at-70 °C prior to SDS-
PAGE.

SDS-PAGE and Western Blot Analysis.Samples were
mixed with 2× sample buffer containing 0.1 M Tris-HCl at
pH 6.8, 4% SDS, 20% glycerol, and 5%â-mercaptoethanol
with bromophenol blue as a marker. The samples (5-10 µg
of protein/lane) were separated on 10% Tris/glycine SDS
gels and then transferred to PVDF membranes. The recom-
binant proteins were detected by incubation with a mouse
anti-GFP antibody. Alkaline phosphatase (AP)-conjugated
goat anti-mouse was used as a secondary antibody. The
immunoblots were developed with AP buffer (100 mM Tris,
100 mM NaCl, and 5 mM MgCl2 at pH 9.5) containing 0.3%
nitro-blue-tetrazolium solution (w/v) and 0.15% 5-bromo-
3-indolyl-1-phosphate solution (w/v) according to the in-
structions of the manufacturer. The anti-GFP antibody allows
clear identification of glycosylated subunits in contrast to
the anti-transporter antibodies available, which are much less
specific, enabling clear conclusions as to the presence or

absence of glycosylation of theâ subunit N-glycosylation
sites.

PNGase F Treatment To Determine Glycosylation Status.
A 10 µL aliquot of the membrane fraction was diluted to 20
µL in 50 mM Tris (pH 7.8), 1%â-mercaptoethanol, and 1%
Nonidet P-40 (final concentrations) and incubated after
adding 1µL (1000 units) of PNGase F for 1 h at 37°C. A
control sample was run without the enzyme. This proved
the presence of glycosylation in the constructs.

Construction of HEK-293 Stable Cell Lines Expressing
SBAT-YFP Fusion Protein.cDNA encoding the fusion
protein between the basolateral SBAT and YFP was con-
structed by inserting a cDNA for SBAT into pEYFP-N1
vector (Clontech, Palo Alto, CA) so that the YFP would be
located at the C terminus of the human basolateral SBAT as
described before (5). HEK-293 cells were grown on 10 cm
plates until 20% confluent and transfected with the SBAT-
YFP vector using FuGENE 6 Transfection Reagent (Roche).
Stable cell lines expressing SBAT-YFP fusion proteins,
were selected by adding the eukaryotic selection marker
G-418 at a final concentration of 1.0 mg/mL at 24 h after
transfection. This concentration of G-418 was maintained
until single colonies appeared. A total of 15-20 colonies
were isolated, expanded, and grown in the presence of 0.25
mg of G-418/mL of media in 24-well plate. Two clones,
with the highest expression of SBAT-YFP, were selected
and expanded for further studies. The cells were shown to
be functional using a proximity assay for Na+-dependent14C
taurocholate uptake in confluent monolayers (5, 21).

Confocal Microscopy Studies.Cells stably expressing
SBAT-YFP were grown until becoming confluent on glass-
bottom microwell dishes (MatTek Corporation). Confocal
microscopic images were acquired using the Zeiss LSM 510
laser-scanning confocal microscope using LSM 510 software,
version 3.2.

Tryptic Digestion of SBAT-YFP Protein and Western Blot
Analysis of the Digestion Fragments.HEK-293 cells ex-
pressing SBAT-YFP were grown in T-25 flasks until
becoming confluent, rinsed twice with PBS at pH 7.2
(GIBCO, Invitrogen), and digested by incubating cells with
0.5 mL of HBSS buffer containing 0.05% trypsin and 5 mM
EDTA-4Na solution in (GIBCO, Invitrogen) at 37°C for
10 or 60 min in a CO2 incubator. This low concentration of
trypsin was used to avoid overdigestion and penetration of
the protease to the inside surface of the plasma-membrane-
expressed transporter. Control cells were incubated for 60
min in the same buffer but without trypsin. After incubation,
14.5 mL of DMEM media (Mediatech, Cellgro) containing
soybean trypsin inhibitor (1 mg/mL) was added to stop the
trypsin digestion. We used low concentrations of trypsin
(0.05%) and relatively short incubation times and subse-
quently high concentrations of trypsin inhibitor to ensure that
only surface cleavage occurred and that trypsin did not
penetrate the membrane. To stop digestion and prevent
cleavage during and following extraction and the analytical
procedures, a 30× volume of the cell culture media contain-
ing fetal bovine serum and soybean trypsin inhibitor were
added at the end of incubation. After inhibition of tryptic
activity, cells were separated from the supernatant by a short,
low-speed centrifugation to remove cells possibly damaged
during incubation with trypsin. The cells were collected and
spun down at 1000g for 1 min. The cell pellet was washed
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twice with PBS buffer. Cells were lysed by incubation with
500 µL of 0.15 M NaCl in 15 mM Tris at pH 8.0 with 1%
Triton X-100 and 4 mM EGTA. Cell lysates were clarified
by centrifugation (15000g for 5 min). Samples containing
20 µL of supernatant mixed with 15µL of SDS-containing
sample buffer were loaded onto SDS-PAGE 10-20%
gradient gels and analyzed by Western blotting similar to
the procedure described above, with SDS-PAGE using
monoclonal anti-GFP antibody. The monoclonal anti-GFP
antibody was obtained from Boehringer Mannheim and reacts
equally well with YFP. The secondary antibody was a goat
anti-mouse HRP-conjugated antibody. Detection was with
the ECL chemiluminescence reaction kit. The calibration of
the relative MW was performed in each experiment using
Sigma MW standards, and the image reflects at least four
separate experiments.

Uptake of Na-taurocholate.This was done as previously
described in detail by measuring the uptake of14C-tauro-
cholate in the absence and presence of Na+ using a proximity
assay for determination of the radioactivity transiting a
confluent monolayer of HEK-293 cells (5).

Materials.All materials were analytical-grade or higher.
All enzymes were from New England Biolabs. pEGFP-C3
plasmid was from Clontech, Palo Alto, CA. The PCR
products were purified using Resin/Wizard minicolumns
from Promega, Madison, WI, and Mini Elute Gel Extraction
Kit from QIAGEN, Chatsworth, CA. HEK-293 cells were
grown in medium from Life Technologies. The FuGENE6
transfection reagent, phenylmethylsulfonyl fluoride (PMSF),
and protease inhibitor cocktail were obtained from Roche
Molecular Biochemicals. Proteins were separated on tricine
gradient gels and transferred to PVDF membranes from
Millipore (Immobilon-P, 0.22µM). The ECL chemilumi-
nescence reaction kit was obtained from Pierce.

RESULTS

Two suggested 2D models of the bile acid transporters
are shown in parts A and B of Figure 1 and were derived
from a Kyte-Doolitle hydrophobicity plot (22), using an 11
amino acid moving average. The putative transmembrane
segments of the nine transmembrane segment model pre-
dicted by a new HMMTOP algorithm are labeled as H1, H2,
etc. The bile acid transporters belong to the membrane
proteins whose glycosylated N terminus is targeted to the

ER lumen, and therefore, the first transmembrane sequence
acts as a “type III” reverse signal anchor sequence and is
inserted into the ER membrane in an Nlum/Ccyt orientation.
To keep the native orientation of the SBAT segments in the
constructs, we inserted SBAT sequences, truncated after H1,
H2, etc. after the cytoplasmic N-terminal anchor region (M0)
and the first transmembrane segment (M1) of the rabbit H,K-
ATPaseR subunit. The reporter tag, the C-terminal region
of theâ-subunit H,K-ATPase containing five N-glycosylation
sites, was at the end of the expression vector (Figure 2,
bottom). To provide an epitope for detection with Western
blot analysis by using the antibody against GFP, we began
each construct with the EGFP sequence. The topological data
were inferred from the location of the reporter tag relative
to the luminal side of the ER. Glycosylation ofâ flag will
result in an increase in the apparent molecular mass of
approximately 14 kDa on SDS-PAGE electrophoresis. The
use of a monoclonal anti-GFP antibody provided very clear
Western analysis patterns as to the presence or absence of
glycosylation of the C-terminal glycosylation flag in contrast
to the less specific polyclonal antibody generated against the
transporter (5).

The C-terminal truncated sequences were inserted into the
GFP vector. The exact sequence of each construct is shown
in the table on the lower right of Figure 2 along with the
vector sequence for this set of experiments in the intact cells.

The results obtained with various constructs show that all
recombinant proteins were expressed as being glycosylated
because of the two N-terminal sites of SBAT, which have
an extra-cytoplasmic location (Figure 2). The third available
site on SBAT was not glycosylated in any construct tested.
When theâ flag was translocated into the ER lumen, these
recombinant proteins had additional bands on Western blot
because of the additional glycosylation of the reporter
sequence. This is illustrated by expression of the M0M1
vector shown in Figure 3A, where the glycosylation of the
â flag resulted in a large upward shift of MW reversed by
PNGase treatment. As seen below, PNGase treatment
removed all glycosylation from any of these translated
products. Alkali extraction ensured that the expressed
constructs were truly membrane-integrated.

H1. Expression of the protein truncated after the H1
sequence produced a protein glycosylated only on the two
N-terminal sites of SBAT present in this construct. Thus,

FIGURE 3: Analysis of the membrane topology of SBAT byin ViVo translation of various truncated constructs of a N-terminal GFP fusion
protein followed by the first 139 amino acids of the H,K-ATPase that contain, in addition to its cytoplasmic anchor sequences, its first
transmembrane segment (M0M1) then sequential hydrophobic segments of the basolateral liver bile salt transporter terminating in a partial
177 amino acid sequence of the H,K-ATPaseâ subunit containing 5 N-linked glycosylation flag sites. The orientation of the membrane
segments of the transporter are in their natural direction. The different constructs were expressed in HEK-293 cells, and the crude membrane
fraction, after alkaline extraction, was separated by SDS-PAGE. All recombinant proteins were treated without (-) or with (+) PNGase
F and detected on Western blots using an anti-GFP antibody. A is the control without the addition of segments of the transporter, and then,
B contains the addition of H1. C shows the effect of the presence of H1 and H2 in the GFP construct, and D shows the effect of the addition
of H3 to the construct. In E, the effect of the addition of H4 is shown, and F shows expression of a construct containing only H8 or H8
and H9. The data are representative of three experiments. The similarity of the left band of F and the first lane of A shows that H8 is not
inserted but that H9 is inserted into the membrane in this translation system.
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glycosylation of the flag reporter sequence was prevented
by the membrane insertion of H1 in Nexo/Ccyt orientation,
indicating that the first fragment of SBAT is a strong reverse
signal anchor signal. PNGase F treatment resulted in a MW
shift of the product because of deglycosylation of two
N-terminal sites (Figure 3B).

H1-H2. Western analysis of the H1-H2 recombinant
protein detected a band with a relative MW corresponding
to a protein glycosylated at the two N-terminal sites of SBAT
plus glycosylation of the five N-linked sites on theâ-H,K-
ATPase flag (∼95 kDa) (Figure 3C). Treatment with PNGase
F shifted the band down to the size of the nonglycosylated
protein, confirming the flag glycosylation of this construct.
Therefore, in this GFP N-terminus fragment, the first two
hydrophobic sequences are membrane-integrated in HEK-
293 cells.

H1-H3. When the downstream H3 sequence was included
in the expression vector, the C-terminal reporter was now
no longer glycosylated, indicating that the H3 segment is
able to integrate into the membrane and act as stop transfer
signal again shown in Figure 3D. The two N-terminal sites
were still glycosylated as shown by the PNGase F treatment.
Although there is a natural N-glycosylation site at Asn103,
there was no evidence that this site was utilized and the
increase in MW was accounted for only by the 30 amino
acid increase in length of the protein. Thus, the three first
predicted segments, H1, H2, and H3, act as transmembrane
segments in thisin ViVo expression system, and the natural
N-glycosylation sites in the liver transporter are not utilized.
Previous experiments translating individual segments using
canine ER microsomes had shown that the H3 sequence was
membrane-inserted only when expressed in context with the
upstream native sequence (5).

H1-H4. With the addition of the H4 region after H3, no
change was observed in the glycosylation pattern obtained
with the H1-H3 GFP construct (Figure 3E). Elongation of
the H4 inserted until Pro155 (not shown) did not change the
glycosylation pattern. Hence, H4 does not appear to act as a
transmembrane sequence in this particularin ViVo translation
system because it was retained on the cytoplasmic side of
the translated product withoutâ-flag glycosylation. H4 had
behaved as a weak transmembrane segment, when previously
tested for signal anchor/stop transfer properties in ER
microsomes (4, 5).

Subsequent hydrophobic sequence insertions showed that
either H5 or H6 but not both were able to membrane-insert.
The three longer truncated constructs, H1-H7, H1-H8, and
H1-H9, did not show C-terminal glycosylation of theâ flag.
Because the location of H5 and H6 was uncertain, the data
on these longer constructs could not be interpreted; therefore,
these data are not shown in Figure 3.

H8 and H8/H9.When a construct was made containing
just H8 alone, the major fraction showed glycosylation of
theâ flag (Figure 3A), suggesting that the H8 segment does
not insert into the membrane (left lane in Figure 3F). The
construct containing the H8/H9 region following M0/M1 of
the H,K ATPase now did not show glycosylation of theâ
flag (right lane in Figure 3F). These data show that H8 does
not have membrane-insertion properties but that H9 acts as
a competent stop transfer sequence as shown before in the
in Vitro translation with dog pancreatic microsomes (4, 5).

Stable Expression of the SBAT-YFP Fusion Protein.
Given the results ofin ViVo translation of the N-terminal
GFP-truncated constructs, we decided to express the intact
C-terminal YFP fusion protein in HEK-293 cells and to
digest this surface-expressed protein under mild conditions.
The high specificity of the anti-GFP antibody was used to
define the exact positions and hence the accurate relative
molecular weights of the exoplasmic tryptic cleavage frag-
ments and therefore cleavage sites.

Confocal microscopy (Figure 4A) of the HEK-392 cells
expressing this fusion protein, both in thex-y andzsections,

FIGURE 4: (A) Confocal image of HEK-293 cells expressing the
C-terminal YFP fusion protein of the liver bile acid transporter in
thex-y andz sections showing almost exclusive expression in the
plasma membrane but with a minor cytoplasmic component in the
two upper heavily stained cells as shown by arrows. A similar
cytoplasmic component is shown in thez axis particularly in the
cell on the left. Most of the protein appears to be expressed in the
contact region between the cells, but this is probably due to the
high degree of infolding of this region of the membrane. (B) Anti-
YFP Western blot using anti-GFP antibody and alkaline phosphatase
staining of a solubilized extract of the cells expressing the YFP
fusion protein with a large intense band corresponding to the
expected MW of the fully glycosylated transporter plus YFP. Some
minor fragments are seen in the region of 29 kDa, presumably
degradation products of the full-length protein. (C)14C-Taurocholate
uptake into HEK-293 cells expressing native transporter and the
C-terminal YFP fusion protein showing identical activity.
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showed that the majority of the protein is expressed in the
plasma membrane particularly in the region of contact
between the cells in a confluent monolayer. The highly folded
nature of the two lateral membranes seen in the image
probably determines the observed lateral intensity of high
expression of the YFP fusion protein. The predominant
surface localization of the product makes this a suitable
model for analysis of tryptic cleavage sites with minimal
interference from intracellular processing events of an
artificial protein. Some YFP fusion protein was still intra-
cellular as shown by the arrows in Figure 4.

Western blot analysis (Figure 4B) of the cell-solubilized
extract detected mainly a single band corresponding in MW
to the N-terminal glycosylated YFP fusion protein of the
basolateral bile acid transporter. Some small fragments were
detected below 29 kDa that could represent cellular degrada-
tion products of the intact transporter.

As shown in Figure 4C, transport activity by the fusion
protein was identical to that of the native transporter as
detected by Na+-dependent transport of14C-taurocholate.

Tryptic Digestion.Figure 5 presents a typical Western blot
analysis of the undigested SBAT, and SBAT digested for
10 min and 1 h and is typical of three experiments. From
the known sequence and MW analysis, it is possible to define
the site of digestion by trypsin of the surface-expressed
protein and to show that under the conditions of these
experiments, trypsin does not access the cytoplasmic surface
of the protein. It is also important that the C terminus is
retained after digestion to allow identification based on
staining of the YFP fused to the C terminus of the bile acid

transporter. To detect all of the bands, ECL detection was
used and the final image was overexposed.

Lane A (Figure 5) shows that YFP expressed alone in
HEK-293 cells provided a band corresponding to a MW of
22 kDa, exactly the predicted MW of this protein.

Western blot analysis of the extract from cells expressing
SBAT-YFP not treated with trypsin shows a major band
corresponding to the full-length complex glycosylated YFP
fusion protein at 75-85 kDa (lane B of Figure 5). In contrast
with the Western blot analysis of SBAT-YFP shown in
Figure 4B, this overexposed image reveals other bands
besides the full-length complex glycosylated protein. The
two bands at 68 and 60 kDa probably reflect the minor
intracellular retention of the protein in the ER (core- and
nonglycosylated protein), as seen highlighted with arrows
in the confocal image of Figure 4A. There are also faint low
MW fragments and one broad intense band corresponding
to free YFP in this undigested sample, maybe because of
degradation of the protein as it is recycled through the
endosomal pathway from the plasma membrane. The bands
observed in addition to the fully glycosylated SBAT-YFP
in this lane are independent of exoplasmic digestion and
reflect the fate of the fusion protein when expressed in HEK-
293 cells.

Lanes C and D (Figure 5) represent the typical results of
10 and 60 min tryptic digestion of the intact cells. The full-
length SBAT-YFP remains largely unchanged, showing that
only a minor fraction of the fusion protein was digested in
the experimental conditions used that were necessary to avoid
penetration of trypsin. The heavily stained bottom band
corresponds to the same level of processed free YFP that is
seen in the intact cells not exposed to trypsin. The bands at
68 and 60 kDa are unchanged also, and their molecular
weights correspond to core- and nonglycosylated fusion
protein, respectively. The unchanged quantity of these bands
indicates that trypsin did not penetrate the cells at this
concentration and time of incubation.

Five additional bands were detected following tryptic
digestion with molecular weights of 57, 52, 43, 37, and 33
kDa that increased in intensity with increasing time of
exposure to trypsin and reflect tryptic cleavage of the surface
protein. These were the only bands observed. After subtrac-
tion of the contribution of the C-terminal YFP portion of
the protein, these have relative molecular weights of 35.9,
28.6, 21, 15.1, and 10.7 kDa and represent fragments of the
bile acid transporter.

As shown in the sequences presented in Figure 6, the 10.7-
kDa MW predicts a fragment containing the amino acids
from Thr253 to Ala349 and thus the hydrophobic sequences
H8 and H9 to the C terminus. The tryptic cleavage site is
therefore between H7 and H8 (Arg252), placing it on the
outside surface of the plasma membrane. The 15.1-kDa MW
band would correspond to a sequence containing the amino
acids from Ser213 to the C terminus, with H7, H8, and H9
to the C terminus. Hence, the site between H6 and H7
(Lys212) is also exposed to the outside. There is no band
that can represent cleavage between H5 and H6; hence, this
positively charged sequence is on the inside surface of the
membrane. The 21-kDa fragment would begin at Gly158 and
end at the C terminus and thus will contain H5, H6, H7,
H6, H8, H9, and the C terminus of the transporter. Hence,
this fragment results from cleavage between H4 and H5

FIGURE 5: Typical (n ) 3) 10-20% SDS gel separation of the
intact and 0.05% tryptic-digested membrane fraction of the HEK-
293 cells expressing the YFP fusion protein using Western blot
analysis to detect YFP. Lane A shows expression of the YFP protein
alone; Lane B shows the blot of the undigested cells; and lanes C
and D show the effects of tryptic digestion for 10 and 60 min. The
images are typical of at least four separate digestions. Arrow 1,
the intact fully glycosylated; 2, core-glycosylated; 3, nonglycosy-
lated fusion protein; 4-8, progressively shorter fragments of the
digested protein that still contain the C-terminal YFP tag; and 9,
YFP-containing degradation product present in both undigested and
digested samples. MW are shown, and the MW of the sequences
of the bile salt transporter are calculated after subtraction of the
MW of YFP. The fragments increase in intensity with longer trypsin
digestion and are absent in the untreated cells. The 9th arrow shows
YFP protein expressed at the same level as in untreated cells.
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(Lys157), placing this site on the outside surface. The 28.6-
kDa band corresponds to the cleavage site (Lys86) between
H2 and H3 beginning at Asn87 and therefore includes H3
to the C terminus. The band with a MW of 35.9 would
correspond to a cleavage site at the N terminus (Arg21) and
therefore includes all of the hydrophobic regions of the
protein. The predicted amino acid sequences of the cleaved
products are shown in Figure 6.

The blue arrows of Figure 2 show the five tryptic cleavage
sites found in these experiments. The highly positively
charged region between H5 and H6 is not cleaved, suggesting
a cytoplasmic location for this region of the transporter,
contrary to the seven transmembrane segment models
proposed previously but consistent with the positive inside
rule (23, 24). Also, none of the arginines or lysines between
H1 and H2 or between H3 and H4 were cleaved. Similarly,
no cleavage at the two lysine residues just after H9 was
observed (Figure 2). These are all located therefore on the
cytoplasmic surface of the expressed transporter.

DISCUSSION

The bile acid transporters have generally been predicted
to contain seven transmembrane segments with extra-
cytoplasmic location of the N terminus and cytoplasmic
location of the C terminus with two hydrophobic sequences
located on the outside of the membrane (3, 25, 26). However,
our previous work had suggested that the bile acid transport-
ers may have a 2D structure consisting of either nine or seven
transmembrane segments with two re-entrant membrane-
associated sequences containing H3 and H8 (4, 5, 18) but
no long extra-cytoplasmic loops. Here, to identify integrated
membrane segments in anin ViVo system, we first tried a
cell system expressing GFP N-terminal fusion-truncated
protein vectors as described in the Materials and Methods
and in Figure 2, using a H,K-ATPaseâ-glycosylation flag.
The transporter sequences inserted into the expression vector
contained successive hydrophobic segments in their natural
orientation. The experimental data presented in these studies
demonstrated that expression of the native sequence with
truncations after the hydrophobic sequences H1, H2, and H3
generated products that suggest that each of these segments
is membrane-spanning. Thus, H3 behaved as a membrane-
inserted sequence in thisin ViVo system, in contrast to the

seven transmembrane segment model (Figure 1A) and in
contrast to its translation as an individual segment (4, 5).
H4 did not initiate translocation when tested in the GFP-
HKMO1-H1-H4-â-flag setting. However, alanine insertion
mutagenesis in the H4 region had resulted in a total loss of
taurocholate uptake in HEK-293 cells, and it had both signal
anchor and stop transfer properties when assayed as an
individual fragment in the M0/M1in Vitro translation system
(4, 5). When the construct containing H8 and H8-H9 was
expressed in the HEK-293 cells (Figure 3F), no membrane
integration was found for H8, but H9 did membrane-insert.

There are a number of reports where a transmembrane
segment does not integrate properly because there appears
to be a need for a downstream hydrophobic sequence (27-
29). Various known transmembrane segments such as TM5
and TM6 of the H,K and ER Ca ATPases (8, 13) also did
not show any membrane-insertion properties when assayed
as individual segments in the microsomal translation system
using the H,K-ATPase vector. A requirement for downstream
sequences was also observed for the amino-terminal segment
TM1 of the CFTR that also did not membrane-insert when
assayed as an individual segment (30). Because these
moderately hydrophobic sequences were found to be trans-
membrane segments in the native proteins, their insertion in
the membrane must be dependent upon the surrounding
hydrophobic segments and perhaps also onin ViVo chaper-
ones (31).

Thus, this newer N-terminal GFP fusion construct ap-
proach shows the limitations even in anin ViVo situation.
The membrane or flag sequences or the N-terminal GFP
protein used in these vectors may interact with these
hydrophobic segments during translocon transit of the liver
transporter hydrophobic segments, providing misleading
results.

When the C-terminus YFP fusion full-length bile acid
transporter is expressed in the plasma membrane as shown
by confocal microscopy, it is functional because it is bile
salt transport-competent (Figure 4C) and inhibited by inhibi-
tors of this transporter (data not shown). Further, the
C-terminal-soluble YFP portion of the fusion protein cannot
affect prior membrane integration of H9, and there are no
other possibly confounding sequences such as the amino
acids of the H,K ATPase.

FIGURE 6: Predicted five major sequences corresponding to the fragments seen in Figure 5 and their amino acid sequence that gives the
exact MW seen on the gel.
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In both untreated and treated cells expressing the SBAT-
YFP transporter, there is unchanged expression of core- and
unglycosylated protein, because of retention in the endo-
plasmic reticulum. The finding that these are not cleaved
after trypsin exposure shows the absence of trypsin penetra-
tion into the cells. The presence of free YFP and perhaps
the fragment containing YFP and C-terminal portion of
SBAT in untreated cells suggests internal fragmentation of
the expressed protein perhaps because of the ER-associated
degradation during translation or degradation of the protein
as it is recycled through the endosomal pathway from the
plasma membrane. Importantly, the intensity of this band
stays unchanged after trypsin treatment. This is a clear
indication that trypsin does not have intracellular access in
the cleavage condition used. Otherwise, the intensity of this
band would increase dramatically because of the presence
of trypsin cleavage sites in the intracellular C terminus of
SBAT (Figure 2A).

There are no trypsin cleavable residues between H8 and
H9 (after Arg252) on the outside surface of the protein. With
tryptic digestion, the production of two major fragments at
10.7 and 15.1 kDa provides clear evidence for the access of
trypsin to Lys212 between H6 and H7 and to Arg252
between H7 and H8. Hence, both H7 and H8 must be
exposed on the exoplasmic surface of the protein. The
fragment at 21 kDa shows that there is access of trypsin to
Lys157 just before H5. The 28.6- and 35.9-kDa fragments
suggest tryptic access to Lys86 just before H3 and Arg21
before H1, respectively. The band intensities of tryptic
fragments at 28.6 and 35.9 kDa were weak (Figure 5). To
intensify these bands, we tried different conditions such as

higher trypsin concentrations or a longer time of digestion.
However, smaller fragments corresponding to the trypsin
digestion at Arg252, Lys212, and Lys157 were always
present at high levels relative to the larger 28.6- and 35.9-
kDa fragments. These data indicate the greater exposure and
higher sensitivity to trypsin of the cleavage sites at Arg252,
Lys212, and Lys157. The conditions chosen were optimal
to reveal all of the cleavage sites indicated in the model and,
at the same time, to avoid penetration of trypsin into
cytoplasm. The cleavage of the intact transporter at the N
terminus and between H2 and H3, detected as minor bands
by cleavage of the intact protein, is also consistent with the
results of expression of the fusion proteins containing these
segments where H1, H2, and H3 performed as membrane-
inserted segments with the N terminus exposed to the outside
surface.

Notably, there is no evidence of cleavage of any of the
large number of positively charged amino acids in the region
between amino acids 177 and 189, strongly suggesting that
this region is cytoplasmic as predicted by the positive inside
rule (23, 24, 31). The fragment appearing at 57 kDa is likely
due to N-terminal cleavage at the Arg21 on the N-terminal
side of H1. The tryptic digest pattern therefore predicts the
presence of seven transmembrane segments where the
hydrophobic segments H7 and H8 are not membrane-
integrated as shown in the models of Figure 7.

Whereas the cellular translation of the GFP-truncated
constructs clearly shows the transmembrane orientation of
H1, H2, H3, and H9 similar to other truncation methods (4,
5) but then fails to determine the topography of H4-H8,
the results of tryptic digestion show membrane integration

FIGURE 7: Representation of the topographic models resulting from the data presented in this paper. The top model A shows the seven
membrane inserted sequences, H1, H2, H3, H4, H5, H6, and H9, with H7 and H8 represented as extending away from the membrane. The
bottom model B shows these latter segments as membrane-associated or as re-entrant loops because alanine-scanning insertion into H7 and
H8 inactivated the protein, suggesting ordered association between these two segments. Observed extracellular trypsin cleavage sites are
shown by red arrows, and the corresponding lysine and arginine residues are shown in red font. Inaccessible intracellular lysine and arginine
residues are shown in black font. CHO is an N-linked carbohydrate.
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of not only H1, H2, and H3 but also importantly a similar
topography for H4, H5, H6, and H9 and an exoplasmic
location of H7 and H8. Hence, the combination of the
truncated construct translationin ViVo for the more N-
proximal membrane segments and tryptic digestion of the
C-terminal-flagged intact transporter for the more C-proximal
segments provide compelling evidence for the new seven
transmembrane segment model proposed.

The novel, seven transmembrane segment models for the
liver Na+-dependent bile salt transporter are shown in parts
A and B of Figure 7, where H7 and H8 are not transmem-
brane-segments. This model is likely also to represent the
topography of the ileal Na+-dependent bile salt transporter
given its homology and hydropathy similarity.

There are two models shown, where either H7 and H8
are either present as long exoplasmic loops (model A) or
may be membrane-associated as relatively mobile re-entrant
membrane loops (model B), which would be consistent with
their interaction with the substrate and the results of alanine-
scanning mutagenesis, where insertion into either of these
segments inactivated the transporter (5, 18, 21, 26).

Recently, data have been presented and interpreted as
showing a seven transmembrane segment model using
glycosylation insertion mutants into the ileal bile acid
transporter, where the natural N-terminal glycosylation sites
were deleted by mutagenesis (6). These insertions were in
the H3 segment, the subsequent sequence connecting H3 to
H4, and in the sequence corresponding to H8. These data
were thought to confirm the first model (A) of Figure 1,
where both H3 and H8 are exoplasmic (6). However, these
ileal transporter glycosylation site mutated proteins were
functionally inactive. Further, the liver bile salt transporter
contains two natural N-glycosylation sites, one in the H3
segment and one in the sequence between H3 and H4 (red
dots in Figure 2), and these are clearly not glycosylated in
the native SBAT (5). However, the results of insertion of a
glycosylation site in H8 of the ileal transporter (6) agree with
the model generated from tryptic digestion of the intact,
plasma-membrane-expressed functional C-terminal YFP fu-
sion protein.

The work presented in this paper points out the need for
multiple approaches to a proper definition of the topography
of a polytopic membrane protein and the limitations of either
translationin Vitro or in ViVo of truncated constructs and
the difficulty of interpretation of alanine-insertion scanning.
These are avoided by analysis of the intact C-terminal YFP
fusion protein expressed largely in the plasma membrane.
The resulting seven transmembrane segment model is novel
in that the bile salt and inhibitor-binding region are contained
within the predicted exoplasmic loop containing both H7 and
H8. Their structure seems to be restricted because alanine
insertion into H7 and H8 regions resulted in a loss of
transport activity of the transporter. This finding leads to
the postulate that H7 and H8 are closely associated with the
membrane, perhaps as re-entrant loops (model B in Figure
7), and interact specifically with each other, perhaps to
facilitate bile salt transport.

This tryptic digest approach with a C-terminal tag that is
readily visualized by confocal microscopy and Western
analysis may provide the most reliable means of defining
the topography of plasma-membrane proteins with a cyto-
plasmic C terminus. It is important to emphasize the need

for limited digestion by using low concentrations of trypsin
and rapid inhibition of any residual tryptic cleavage during
lysis and accurate analysis of digested fragments.
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