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ABSTRACT. The ileal apical and liver basolateral bile acid transporters catalyze thael&@zendent uptake

of these amphipathic molecules in the intestine and liver. They contain nine predicted helical hydrophobic
sequences (H1H9) between the exoplasmic N-glycosylated N terminus and the cytoplasmic C terminus.
Previousin vitro translation andn »ivo 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-SBSGE 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- and the antibody-determined cytoplasmic location of the C
pathic bile acids, uptake occurs from the intestinal lumen terminus exclude a model with an even number of membrane
via the apical ileal sodium-dependent bile acid cotransporter segments3, 4). Membrane insertion algorithms and experi-
and is delivered via the portal vein to the liver. The bile mental data have predicted either a seven transmembrane
salts then enter hepatocytes via the basolateral sodium-sequence with two long extra-cytoplasmic loops containing
dependent cotransporter (SBABNd then are secreted into  the 3rd and 8th hydrophobic sequences in the seven segment
the bile. The ileal bile acid transporter (IBAT) is a target model (Figure 1A) or a nine transmembrane segment model
for drugs designed to inhibit bile acid uptake and thence (Figure 1B). There is experimental support for each of these,
lowering of cholesterol by stimulation of &-hydroxylase depending upon the techniques uséet§).

activity (1, 2). The ileal and hepatic N#bile acid transporters The topogenic properties of individual hydrophobic seg-
are polytopic integral membrane proteins, which share 35% ments of the bile acid transporters were analyzed in vectors
identity and very similar hydrophobicity profiles. Their containing an N-terminal cytoplasmic anchor and a C-
secondary structure is therefore likely to be very similar.  tarminal glycosylation flag using aim uitro transcription/

A definition of the two-dimensional structure of these translation system with dog pancreatic microsonigsyy.
transporters is important for understanding of the mechanismThese vectors have been used to determine the topography
of transport of these bile salts. The membrane topographyof several proteins, such as-Rand B-type ATPases, G7
of this family of transporters that contains nine hydrophobic receptors, and Na/H and NaH@Q@ransporters §—12).
segments (Figure 1) has been difficult to establish becauseDepending upon the protein, this approach often provided
different algorithms and different experimental approaches an accurate Secondary structure such as for ATPase of
have provided conflicting data. The N-terminal glycosylation Helicobacter pylori the CCK-A receptor, and the Na/HGO
cotransporterq, 10, 12) or gave results contrary to the known

* Supported in part by U.S. Veterans Administration and NIH Grants &rrangement of transmembrane segments such as fog-the P
DK46917, 53462, and 58333. type ATPases, the gastric H,K-ATPase, and the ER Ca-

*ThO Whtl)m dCOFTreISP%ndeijglOSggggg;; Fadfifgigegiz SESW ATPase 8, 13). The method can also give misleading data
gs?%rzglrjw(t: gdedrgés:ezgtrggzheca I-?&D-Ihﬂal,'s-%l 83 I-Vlmd-al, '+ indicating memk_)ra_ne insertion of a hydrophobic sequence
Sweden. such as am helix in cyclooxygenase that is known from

! Abbreviations: GFP, green fluorescent protein, YFP, yellow the crystal structure not to be membrane-inser&d (
fluorescent protein; IBAT, ileal bile acid transporter; SBAT, sodium/ . . . .
bile acid transporter; SBAFYFP, a fusion protein between SBAT and In this In vitro translation system, seven of the nine
YFP linked to the C terminus of SBAT. hydrophobic sequences (H1, H2, H4, H5, H6, H7, and H9
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Ficure 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 Kyf@oolittle 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 glycosylate®)( 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 obtaines) put is now refuted by the data presented in this paper.

but not H3 and H8) of the bile acid transporter were able to different hydrophobic regions of the proteib)( Alanine
act individually as either signal anchor or stop transfer insertion into H1, H2, H4, H5, H7, and H9 resulted in a
sequences4( 5), suggesting seven transmembrane-inserted loss of transport activity as predicted from the translation of
segments. Recently, results of insertion of N-linked glyco- these individual sequences. All alanine insertions in H3 and
sylation sites into H3, H34, and H8 segments of the cell H8 also abolished taurocholate uptake, suggesting that both
expressed, N-terminal deglycosylated intestinal bile salt of these regions have structures with critical intramolecular
transporter have also been interpreted as evidence for thanteractions. Moreover, these insertions also prevented traf-
seven transmembrane segment model shown in Figure 1Aficking to the plasma membrane. These data were interpreted
similar to thein vitro translation datag). One drawback to ~ as compatible with the putative nine transmembrane model
this model is the exoplasmic orientation of the loop between as shown in Figure 1B but now with the positively charged
H5 and H6 that contains several uncompensated positiveloop between H5 and H6 oriented on the cytoplasmic surface
charges that would be predicted to be cytoplasmic accordingas predicted from the positive inside rute4( 15).
to the positive inside ruleld, 15). Further, these important To try to resolve the contradictory data obtained with
glycosylation site insertion mutants were not transport- different techniques used thus far, we first adaptethaiwo
competent §). translation method previously applied to aquapord)(
However, when H3 and H8 sequences were expressed inGFP-linked constructs were expressed in HEK-293 cells and
context with the neighboring native sequences inithistro analyzed by Western blotting for the presence or absence of
translation system, they were able to insert into microsomal glycosylation of the C-terminal flag. GFP preceded the first
membranes and the H3 and H8 acted as a stop transfer andhembrane inserted sequence of the H,K-ATRasequence
signal anchor signals, respectively. These data led to afollowed by successive hydrophobic segments of the liver
postulated nine transmembrane segment model as shown irbile acid transporter and then the glycosylation reporter
Figure 1B 4, 5). sequence of the H,K-ATPagksubunit. The results for the
Additional data, interpreted as supporting a nine trans- constructs truncated after H1, H2, and H3 respectively
membrane segment model, were obtained by using alanineindicated that all three are membrane-integrated segments.
insertion scannings). This method is based on the hypoth- A fusion protein containing either only H8 and or H8/9H9
esis that the addition of an alanine residue in the middle of showed that H9 but not H8 is membrane-inserted. Data for
a transmembrane. helix will disrupt important structural  longer truncated constructs beginning with +H34 were
associations with neighboring membrane segments by changdifficult to interpret.
ing the position of the adjacent helices (6). Thereby, the To avoid the problems encountered with the expression
function of a membrane transporter is expected to be of truncated protein or inactive mutants, we expressed a full-
inhibited. Transport activity and plasma-membrane traffick- length C-terminal YFP fusion protein in HEK-293 cells. The
ing of the transporter expressed in HEK-293 cells was YFP-linked bile acid transporter protein was located on the
determined in the mutants with alanine insertions into the plasma membrane, as easily seen by fluorescent confocal
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A cio cHO l H1
MEAHNASAPF NFTLPPNFGK RPTDLALSVI LVFMLFFIML SLACTMEFSK 50

H2 | H3
IEAHLWKPKG |LB.IALVB.QYG IHPLTAFVIb KVFRLKNIEE LATLVCGCSP 100

o H3 ® H4
GGNLSNVFS|L, AMKGDMMLSI VMTTCSTFCA LGMMPLLLYI YSRGIYDGDL 150
l HS Hé6
KDKVPYH@IV ISLVLVLIPC TIGIVIKSKR PQYMRYVIKG [GMIIILLCSV 200
H6 | H7
AVIVLSAINV] GKSIMFAMTP [LLIATSSLMP FIGFLLGYVI] SALFCLNGRC 250
HS H9
RRTVFMETGC QNVQLCSTIL NVA.E1PPEVIG PLFFFP‘LLYH IFQLGEGLLL 300
H9
TATFWQYEKF KTPKDKTKMI YTAATTEETI PGALGNGTYK GEDCSPCTA 349
B H1 MEA...AHL (1-53)
H2 MEA...GKV (1-82)
mMMaHK {SBAT H3  MEA..LAM (1-112)
H4 MEA...SRG (1-144)
\ H5 MEA...KSK (1-179)
H6 MEA...VGK (1-212)
H7 MEA...SAL (1-243)
H8 MEA...PPE (1-277)
H9 MEA...CYE (1-308)

Ficure 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.

microscopy, and was able to transport bile salts at the samemay therefore provide the flexibility necessary for transport
level as wild-type proteing, 18). These intact cells were  of these large amphipathic molecules.

then subjected to limited tryptic digestion to define exoplas-

mic-accessible lysines or arginines. After separation of the MATERIALS AND METHODS
fragments on SDSPAGE and accurate analysis of the Vector and Plasmid Constructiohe mammalian ex-
relative MW of these fragments on Western blots by using pression vector, pEGFP-HK M0O/MgA; was constructed by
the anti-GFP antibody that also recognized YFP, five ligating the HK MO/M1# construct {3) into pEGFP-C3
luminally exposed tryptic cleavage sites were identified. This (Clontech) between th&hd and EcoRI sites. Sequences
analysis yielded a specific model of the plasma-membrane-coding for human SBAT successive truncation mutants were
inserted basolateral liver bile salt transporter, where the first cloned into theBglll/Hindlll linker region of pEGFP-HK

six hydrophobic segments are membrane-inserted, H7 andvi0/M1-3 between the first 139 amino acids from the N
H8 are exoplasmic, and H9 is membrane-inserted. Hence,terminus of the rabbit H,K-ATPasg-subunit (M0/M1) and
according to this method of analysis of the intact, functional 177 C-terminal amino acids of the rabbit H,K-ATPase
transporter, the liver bile acid transporter contains seven S-subunit containing five N-linked glycosylation siteg (
transmembrane segments. However, contrary to previousflag). Each SBAT truncated sequence (H1,-H42, and
predictions, it is the 7th and 8th hydrophobic sequences thatH1—H3) began at the SBAT start codon and ended at the
are not membrane-integrated. The sequence and hydropathgnd of each of the putative membrane-spanning regions of
similarity of the apical ileal bile salt transporter suggests that SBAT, which were identified using programs based on a
it would have similar membrane topography. The 7th and hidden Markov model, TMHMM 19), HMMTOP (20), as

8th hydrophobic sequences are also in the region of bindingshown at the bottom right panel in Figure 2. A second set
of the bile salts in the ileal variant and also the region of of GFP-linked sequences was constructed containing only
binding of ileal transport inhibitorss( 18). This large region H8 and H8 and H9.
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The SBAT-truncated sequences were constructed by PCRabsence of glycosylation of the subunit N-glycosylation
using the pcDNA3.L{) vector containing cDNA for the  sites.
human liver basolateral bile acid transporter as a template PNGase F Treatment To Determine Glycosylation Status.
(5). PCR primers were designed using the Primer Select A 10 uL aliquot of the membrane fraction was diluted to 20
software. Sense primers for all PCR reactions wéftabked uL in 50 mM Tris (pH 7.8), 19%3-mercaptoethanol, and 1%
with a Bglll site, and all antisense primers contained the Nonidet P-40 (final concentrations) and incubated after
Hindlll site at the 3end. The PCR products were purified adding 1uL (1000 units) of PNGase F fd. h at 37°C. A
using Resin/Wizard minicolumns digested with the restriction control sample was run without the enzyme. This proved
enzymesBglll and Hindlll and then gel-purified (1.2%  the presence of glycosylation in the constructs.
agarose gel) using the Min Elute Gel Extraction Kit. The  Construction of HEK-293 Stable Cell Lines Expressing
inserts were ligated into the pEGFP-HK MO/NBlvector. SBAT-YFP Fusion Protein.cDNA encoding the fusion
All plasmid constructs were identified by restriction digestion protein between the basolateral SBAT and YFP was con-
analysis and verified by sequencing. structed by inserting a cDNA for SBAT into pEYFP-N1
Expression of the Constructs in HEK-293 Cellie cell vector (Clontech, Palo Alto, CA) so that the YFP would be
line was purchased from ATCC. The HEK-293 cells were located at the C terminus of the human basolateral SBAT as
grown to 70-80% confluence in 6-well plates in Dulbecco’s described befores). HEK-293 cells were grown on 10 cm
modified essential medium (high glucose, supplemented with plates until 20% confluent and transfected with the SBAT
10% fetal bovine serum, 100 units/L penicillin, 0.1 mg of YFP vector using FUGENE 6 Transfection Reagent (Roche).
streptomycin/L, 2 mMcL-glutamine, 0.1 mM nonessential Stable cell lines expressing SBANYFP fusion proteins,
amino acids, and 1.0 mM sodium pyruvate). They were were selected by adding the eukaryotic selection marker
transiently transfected with &g pf DNA/well using the G-418 at a final concentration of 1.0 mg/mL at 24 h after
FUGENESG6 transfection reagent (Roche) according to the transfection. This concentration of G-418 was maintained
instructions of the manufacturer. until single colonies appeared. A total of 180 colonies
Membrane Alkali ExtractionThis was performed to ensure  were isolated, expanded, and grown in the presence of 0.25
that the segments analyzed were truly membrane-integratedmg of G-418/mL of media in 24-well plate. Two clones,
The membrane fraction was isolated according to previously with the highest expression of SBATYFP, were selected
described method4.7), with minor modifications, using an  and expanded for further studies. The cells were shown to
alkaline flotation step to identify truly membrane-integrated be functional using a proximity assay for Ndependent‘C
fragments and to remove spurious membrane-associated butaurocholate uptake in confluent monolayessZ1).
not integrated peptides. Briefly, transiently transfected HEK- ~ Confocal Microscopy StudiesCells stably expressing
293 cells were washed in phosphate-buffered saline and therSBAT—YFP were grown until becoming confluent on glass-
homogenized in TEEA buffer (pH 8.0) containing 20 mM bottom microwell dishes (MatTek Corporation). Confocal
Tris-HCI, 1 mM EDTA, 1 mM EGTA, 1 mM phenylmeth-  microscopic images were acquired using the Zeiss LSM 510
ylsulfonyl fluoride (PMSF), and protease inhibitor cocktail, laser-scanning confocal microscope using LSM 510 software,
followed by centrifugation (10 min at 10QD The super- version 3.2.
natants were centrifuged at 100@0fdbr 30 min, and the Tryptic Digestion of SBATYFP Protein and Western Blot
resulting particulate fraction was extracted with 100 mM-Na  Analysis of the Digestion FragmentslEK-293 cells ex-
CO; (pH 12.0) on ice for 30 min. A total of 1.25 and 0.25 pressing SBATYFP were grown in T-25 flasks until
M sucrose were overlaid on the alkaline mixture followed becoming confluent, rinsed twice with PBS at pH 7.2
by centrifugation at 1000@0for 60 min in a Beckman  (GIBCO, Invitrogen), and digested by incubating cells with
ultracentrifuge. The fraction collected at the 0.25 and 1.25 0.5 mL of HBSS buffer containing 0.05% trypsin and 5 mM
M sucrose layers and the interface between the 1.25 M EDTA—4Na solution in (GIBCO, Invitrogen) at 37C for
sucrose layer and the alkaline mixture was recovered as thel0 or 60 min in a CQ@incubator. This low concentration of
membrane fraction and stored a70 °C prior to SDS- trypsin was used to avoid overdigestion and penetration of
PAGE. the protease to the inside surface of the plasma-membrane-
SDS-PAGE and Western Blot AnalysiSamples were  expressed transporter. Control cells were incubated for 60
mixed with 2x sample buffer containing 0.1 M Tris-HCl at  min in the same buffer but without trypsin. After incubation,
pH 6.8, 4% SDS, 20% glycerol, and 594mercaptoethanol  14.5 mL of DMEM media (Mediatech, Cellgro) containing
with bromophenol blue as a marker. The samplesi(®ug soybean trypsin inhibitor (1 mg/mL) was added to stop the
of protein/lane) were separated on 10% Tris/glycine SDS trypsin digestion. We used low concentrations of trypsin
gels and then transferred to PVDF membranes. The recom-0.05%) and relatively short incubation times and subse-
binant proteins were detected by incubation with a mouse quently high concentrations of trypsin inhibitor to ensure that
anti-GFP antibody. Alkaline phosphatase (AP)-conjugated only surface cleavage occurred and that trypsin did not
goat anti-mouse was used as a secondary antibody. Theenetrate the membrane. To stop digestion and prevent
immunoblots were developed with AP buffer (100 mM Tris, cleavage during and following extraction and the analytical
100 mM NacCl, and 5 mM MgGlat pH 9.5) containing 0.3%  procedures, a 30 volume of the cell culture media contain-
nitro-blue-tetrazolium solution (w/v) and 0.15% 5-bromo- ing fetal bovine serum and soybean trypsin inhibitor were
3-indolyl-1-phosphate solution (w/v) according to the in- added at the end of incubation. After inhibition of tryptic
structions of the manufacturer. The anti-GFP antibody allows activity, cells were separated from the supernatant by a short,
clear identification of glycosylated subunits in contrast to low-speed centrifugation to remove cells possibly damaged
the anti-transporter antibodies available, which are much lessduring incubation with trypsin. The cells were collected and
specific, enabling clear conclusions as to the presence orspun down at 10apfor 1 min. The cell pellet was washed
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Ficure 3: Analysis of the membrane topology of SBAT lyvivo 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 (MOM1) then sequential hydrophobic segments of the basolateral liver bile salt transporter terminating in a partial
177 amino acid sequence of the H,K-ATPgssubunit 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 SBAGE. All recombinant proteins were treated withouf (©r 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.

twice with PBS buffer. Cells were lysed by incubation with ER lumen, and therefore, the first transmembrane sequence
500uL of 0.15 M NaCl in 15 mM Tris at pH 8.0 with 1%  acts as a “type lll” reverse signal anchor sequence and is
Triton X-100 and 4 mM EGTA. Cell lysates were clarified inserted into the ER membrane in anMC.y orientation.

by centrifugation (15008 for 5 min). Samples containing  To keep the native orientation of the SBAT segments in the
20 uL of supernatant mixed with 16L of SDS-containing constructs, we inserted SBAT sequences, truncated after H1,
sample buffer were loaded onto SBBAGE 10-20% H2, etc. after the cytoplasmic N-terminal anchor region (MO)
gradient gels and analyzed by Western blotting similar to and the first transmembrane segment (M1) of the rabbit H,K-
the procedure described above, with SEFSAGE using ATPasea subunit. The reporter tag, the C-terminal region
monoclonal anti-GFP antibody. The monoclonal anti-GFP of the-subunit H,K-ATPase containing five N-glycosylation
antibody was obtained from Boehringer Mannheim and reactssites, was at the end of the expression vector (Figure 2,
equally well with YFP. The secondary antibody was a goat bottom). To provide an epitope for detection with Western
anti-mouse HRP-conjugated antibody. Detection was with blot analysis by using the antibody against GFP, we began
the ECL chemiluminescence reaction kit. The calibration of each construct with the EGFP sequence. The topological data
the relative MW was performed in each experiment using were inferred from the location of the reporter tag relative
Sigma MW standards, and the image reflects at least fourto the luminal side of the ER. Glycosylation gfflag will

separate experiments. result in an increase in the apparent molecular mass of
Uptake of Na-taurocholateThis was done as previously —approximately 14 kDa on SDSPAGE electrophoresis. The
described in detail by measuring the uptake'4@-tauro- use of a monoclonal anti-GFP antibody provided very clear

cholate in the absence and presence of i&ng a proximity ~ Western analysis patterns as to the presence or absence of
assay for determination of the radioactivity transiting a glycosylation of the C-terminal glycosylation flag in contrast
confluent monolayer of HEK-293 cell$) to the less specific polyclonal antibody generated against the

Materials. All materials were analytical-grade or higher. transporter§).
All enzymes were from New England Biolabs. pEGFP-C3  The C-terminal truncated sequences were inserted into the
plasmid was from Clontech, Palo Alto, CA. The PCR GFP vector. The exact sequence of each construct is shown
products were purified using Resin/Wizard minicolumns in the table on the lower right of Figure 2 along with the
from Promega, Madison, WI, and Mini Elute Gel Extraction vector sequence for this set of experiments in the intact cells.
Kit from QIAGEN, Chatsworth, CA. HEK-293 cells were The results obtained with various constructs show that all
grown in medium from Life Technologies. The FUGENEG ecombinant proteins were expressed as being glycosylated
transfection reagent, phenylmethylsulfonyl fluoride (PMSF), pecause of the two N-terminal sites of SBAT, which have
and protease inhibitor cocktail were obtained from Roche 4 extra-cytoplasmic location (Figure 2). The third available
Molecular Biochemicals. Proteins were separated on tricine gite on SBAT was not glycosylated in any construct tested.
gradient gels and transferred to PVDF membranes from when theg flag was translocated into the ER lumen, these
Millipore (Immobilon-P, 0.22uM). The ECL chemilumi-  recombinant proteins had additional bands on Western blot
nescence reaction kit was obtained from Pierce. because of the additional glycosylation of the reporter
sequence. This is illustrated by expression of the MOM1
RESULTS vector shown in Figure 3A, where the glycosylation of the
Two suggested 2D models of the bile acid transporters £ flag resulted in a large upward shift of MW reversed by
are shown in parts A and B of Figure 1 and were derived PNGase treatment. As seen below, PNGase treatment
from a Kyte-Doolitle hydrophobicity plot22), usingan 11 'emoved all glycosylation from any of these translated
amino acid moving average. The putative transmembraneProducts. Alkali extraction ensured that the expressed
segments of the nine transmembrane segment model preSOnstructs were truly membrane-integrated.
dicted by a new HMMTORP algorithm are labeled as H1, H2, = H1. Expression of the protein truncated after the H1
etc. The bile acid transporters belong to the membranesequence produced a protein glycosylated only on the two
proteins whose glycosylated N terminus is targeted to the N-terminal sites of SBAT present in this construct. Thus,
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B

glycosylation of the flag reporter sequence was prevented
by the membrane insertion of H1 in¥Ccy; 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 HIH2 recombinant
protein detected a band with a relative MW corresponding XY
to a protein glycosylated at the two N-terminal sites of SBAT
plus glycosylation of the five N-linked sites on tjfeH,K-
ATPase flag £95 kDa) (Figure 3C). Treatment with PNGase

F shifted the band down to the size of the nonglycosylated — 35
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 Transport activity of SBAT and SBAT-YFP
were still glycosylated as shown by the PNGase F treatment.

Although there is a natural N-glycosylation site at Asn103, 2500
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 thign 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 {

#SBAT
NSBAT-YFP

J{M

2000 1

14C tautocholate uptake (CPM)
3
o

upstream native sequencs).( 1000 ¢

H1—H4. With the addition of the H4 region after H3, no 0 1000 2000 3000
change was observed in the glycosylation pattern obtained Time (s)
with the H1-H3 GFP construct (Figure 3E). Elongation of FiGure 4: (A) Confocal image of HEK-293 cells expressing the

the H4 inserted until Pro155 (not shown) did not change the C-terminal YFP fusion protein of the liver bile acid transporter in
: thex—y andz sections showing almost exclusive expression in the
glycosylation pattern. Hence, H4 does not appear to act as aplasma membrane but with a minor cytoplasmic component in the

transmembrane sequence in this particiaivo translation two upper heavily stained cells as shown by arrows. A similar
system because it was retained on the cytoplasmic side ofcytoplasmic component is shown in taexis particularly in the

the translated product withogitflag glycosylation. H4 had  cell on the left. Most of the protein appears to be expressed in the
behaved as a weak transmembrane segment, when previouslﬁpma‘:t region between the cells, but this is probably due to the

. - . igh degree of infolding of this region of the membrane. (B) Anti-
tested for signal anchor/stop transfer properties in ER YFP Western blot using anti-GFP antibody and alkaline phosphatase

microsomes4, 5). staining of a solubilized extract of the cells expressing the YFP
Subsequent hydrophobic sequence insertions showed thafusion protein with a large intense band corresponding to the

either H5 or H6 but not both were able to membrane-insert. €XPected MW of the fully glycosylated transporter plus YFP. Some
" minor fragments are seen in the region of 29 kDa, presumably

The three longer truncated constructs+i7, H1—H8, and degradation products of the full-length protein. {&}-Taurocholate
H1-H9, did not show C-terminal glycosylation of tfieflag. uptake into HEK-293 cells expressing native transporter and the
Because the location of H5 and H6 was uncertain, the dataC-terminal YFP fusion protein showing identical activity.

on these longer constructs could not be interpreted; therefore,

these data are not shown in Figure 3. Stable Expression of the SBAYFP Fusion Protein.

H8 and H8/H9.When a construct was made containing Given the results ofn vivo translation of the N-terminal
just H8 alone, the major fraction showed glycosylation of GFP-truncated constructs, we decided to express the intact

the3 flag (Figure 3A), suggesting that the H8 segment does C-terminal YFP fusion protein in HEK-293 cells and to
not insert into the membrane (left lane in Figure 3F). The digest this surface-expressed protein under mild conditions.
construct containing the H8/H9 region following MO/M1 of ~ The high specificity of the anti-GFP antibody was used to
the H,K ATPase now did not show glycosylation of the  define the exact positions and hence the accurate relative
flag (right lane in Figure 3F). These data show that H8 does Molecular weights of the exoplasmic tryptic cleavage frag-
not have membrane-insertion properties but that H9 acts asents and therefore cleavage sites.

a competent stop transfer sequence as shown before in the Confocal microscopy (Figure 4A) of the HEK-392 cells

in vitro translation with dog pancreatic microsomds ). expressing this fusion protein, both in tkey andz sections,
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A B Cc D 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
150 — HEK-293 cells provided a band corresponding to a MW of
22 kDa, exactly the predicted MW of this protein.
10— o R e Western blot analysis of the extract from cells expressing
75 — _ SBAT—YFP not treated with trypsin shows a major band
T e i corresponding to the full-length complex glycosylated YFP
a (non-glycosylated protein) N . .
i . 57KDa (22P-349A: 35.9 kDa + YFP) fusion protein at 7585 kDa (lane B of Figure 5). In contrast
SR " 5 52kDa (87N-349A: 28.6kDa + YFP) with the Western blot analysis of SBATYFP shown in
S [— :  43KDa (15863404 21kDa + YFP) Figure 4B, this overexposed image reveals other bands
a6 +—— 7 37kDa(2135-349A: 15.1 kDa + YFP) besides the full-length complex glycosylated protein. The
. . “—8  33kDa(253T-349A: 10.7 kDa + YFP) two bands at 68 and 60 kDa probably reflect the minor
25 — -.“ intracellular retention of the protein in the ER (core- and
S SEEROAGER nonglycosylated protein), as seen highlighted with arrows
in the confocal image of Figure 4A. There are also faint low

Ficure 5: Typical (1 = 3) 10-20% SDS gel separation of the MW fragmen'ts and one broad intense band corresponding
intact and 0.05% tryptic-digested membrane fraction of the HEK- to free YFP in this undigested sample, maybe because of
293 cells expressing the YFP fusion protein using Western blot degradation of the protein as it is recycled through the

analysis to detect YFP. Lane A shows expression of the YFP protein endosomal pathway from the plasma membrane. The bands

alone; Lane B shows the blot of the undigested cells; and lanes . >
and D show the effects of tryptic digestion for 10 and 60 min. The pbserved in addition to the fully glycosylated SBAYFP

images are typical of at least four separate digestions. Arrow 1, In this lane are independent of exoplasmic digestion and
the intact fully glycosylated; 2, core-glycosylated; 3, nonglycosy- reflect the fate of the fusion protein when expressed in HEK-
lated fusion protein; 48, progressively shorter fragments of the 293 cells.

digested protein that still contain the C-terminal YFP tag; and 9, [ gnes C and D (Figure 5) represent the typical results of

YFP-containing degradation product present in both undigested and : s : ; )
digested samples. MW are shown, and the MW of the sequences10 and 60 min tryptic dlgestlon of the intact cells. The full
of the bile salt transporter are calculated after subtraction of the 1€Ngth SBAT-YFP remains largely unchanged, showing that

MW of YFP. The fragments increase in intensity with longer trypsin  only a minor fraction of the fusion protein was digested in
digestion and are absent in the untreated cells. The 9th arrow showshe experimental conditions used that were necessary to avoid
YFP protein expressed at the same level as in untreated cells. penetration of trypsin. The heavily stained bottom band
. . ) corresponds to the same level of processed free YFP that is
showed that the majority of the protein is expressed in the ggen i the intact cells not exposed to trypsin. The bands at
plasma membrane particularly in the region of contact gg 4nd 60 kDa are unchanged also, and their molecular
between the cells in a confluent monolayer. The_highlyf_olded weights correspond to core- and nonglycosylated fusion
nature of the two lateral membranes seen in the image ytein, respectively. The unchanged quantity of these bands
probably determines the observed lateral intensity of high jndicates that trypsin did not penetrate the cells at this
expression of the YFP fusion protein. The predominant sgoncentration and time of incubation.
surface localization of the product makes this a suitable Fjye additional bands were detected following tryptic
model for analysis of tryptic cleavage sites with minimal gigestion with molecular weights of 57, 52, 43, 37, and 33
interference from intracellular processing events of an kpa that increased in intensity with increasing time of
artificial protein. Some YFP fusion protein was still intra-  exposure to trypsin and reflect tryptic cleavage of the surface
cellular as shown by the arrows in Figure 4. protein. These were the only bands observed. After subtrac-

Western blot analysis (Figure 4B) of the cell-solubilized tion of the contribution of the C-terminal YFP portion of
extract detected mainly a single band corresponding in MW the protein, these have relative molecular weights of 35.9,
to the N-terminal glycosylated YFP fusion protein of the 28.6,21,15.1, and 10.7 kDa and represent fragments of the
basolateral bile acid transporter. Some small fragments werebile acid transporter.

detected below 29 kDa that could represent cellular degrada- As shown in the sequences presented in Figure 6, the 10.7-
tion products of the intact transporter. kDa MW predicts a fragment containing the amino acids

from Thr253 to Ala349 and thus the hydrophobic sequences
protein was identical to that of the native transporter as H8 and H9 to the C terminus. The tryptic cleavage site is
detected by Na-dependent transport éfC-taurocholate therefore between H7 and H8 (Arg252), placing it on the
€ y P P ' outside surface of the plasma membrane. The 15.1-kDa MW
Tryptic DigestionFigure 5 presents a typical Western blot  pand would correspond to a sequence containing the amino
analysis of the undigested SBAT, and SBAT digested for acids from Ser213 to the C terminus, with H7, H8, and H9
10 min and 1 h and is typical of three experiments. From to the C terminus. Hence, the site between H6 and H7
the known sequence and MW analysis, it is possible to define (Lys212) is also exposed to the outside. There is no band
the site of digestion by trypsin of the surface-expressed that can represent cleavage between H5 and H6; hence, this
protein and to show that under the conditions of these positively charged sequence is on the inside surface of the
experiments, trypsin does not access the cytoplasmic surfacenembrane. The 21-kDa fragment would begin at Gly158 and
of the protein. It is also important that the C terminus is end at the C terminus and thus will contain H5, H6, H7,
retained after digestion to allow identification based on H6, H8, H9, and the C terminus of the transporter. Hence,
staining of the YFP fused to the C terminus of the bile acid this fragment results from cleavage between H4 and H5

As shown in Figure 4C, transport activity by the fusion
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H8-H9-COOH: 253T-349A (10.68 KDa)

TVSMETGCQNVQLCSTILNVAFPPEVIGPLFFFPLLYMIFQLGEGLLLIAIFWCYEKFKTPKDKTKMI
YTAATTEETI PGALGNGTYK GEDCSPCTA

H7-H8-H9-COOH: 213S-349A (15.09 KDa)

SIMFAMTPLLIATSSLMPFIGFLLGYVLSALFCLNGRCRRTVSMETGCQNVQLCSTILNVAFPPEVI
GPLFFFPLLYMIFQLGEGLLLIAIFWCYEKFKTPKDKTKMIYTAATTEETIPGALGNGTYKGEDCSP
CTA

H5-H6-H7-H8-H9-COOH 158G-349A: (21 kDa)
GIVISLVLVLIPCTIGIVLKSKRPQYMRYVIKGGMIIILLCSVAVTVLSAINVGKSIMFAMTPLLIATSSL
MPFIGFLLGYVLSALFCLNGRCRRTVSMETGCQNVQLCSTILNVAFPPEVIGPLFFFPLLYMIFQLG
EGLLLIAIFWCYEKFKTPKDKTKMIYTAATTEETIPGALGNGTYKGEDCSPCTA
H3-H4-H5-H6-H7-H8-H9-COOH 87N-349A: (28.6 kDa)
NIEALAILVCGCSPGGNLSNVFSLAMKGDMNLSIVMTTCSTFCALGMMPLLLYIYSRGIYDGDLKD
KVPYKGIVISLVLVLIPCTIGIVLKSKRPQYMRYVIKGGMIIILLCSVAVTVLSAINVGKSIMFAMTPLLI
ATSSLMPFIGFLLGYVLSALFCLNGRCRRTVSMETGCQNVQLCSTILNVAFPPEVIGPLFFFPLLY
MIFQLGEGLLLIAIFWCYEKFKTPKDKTKMIYTAATTEETIPGALGNGTYKGEDCSPCTA

H1-H2-H3-H4-H5-H6-H7-H8-H9-COOH 22P-349A: (35.9 kDa)

PTDLALSVILVFMLFFIMLSLGCTMEFSKIKAHLWKPKGLAIALVAQYGIMPLTAFVLGKVFRLKNIE
ANIEALAILVCGCSPGGNLSNVFSLAMKGDMNLSIVMTTCSTFCALGMMPLLLYIYSRGIYDGDLK
DKVPYKGIVISLVLVLIPCTIGIVLKSKRPQYMRYVIKGGMIIILLCSVAVTVLSAINVGKSIMFAMTPL
LIATSSLMPFIGFLLGYVLSALFCLNGRCRRTVSMETGCQNVQLCSTILNVAFPPEVIGPLFFFPLL
YMIFQLGEGLLLIAIFWCYEKFKTPKDKTKMIYTAATTEETIPGALGNGTYKGEDCSPCTA

Ficure 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.

(Lys157), placing this site on the outside surface. The 28.6- seven transmembrane segment model (Figure 1A) and in

kDa band corresponds to the cleavage site (Lys86) betweercontrast to its translation as an individual segmehts).

H2 and H3 beginning at Asn87 and therefore includes H3 H4 did not initiate translocation when tested in the GFP-

to the C terminus. The band with a MW of 35.9 would HKMO1-H1-H45-flag setting. However, alanine insertion

correspond to a cleavage site at the N terminus (Arg21) andmutagenesis in the H4 region had resulted in a total loss of

therefore includes all of the hydrophobic regions of the taurocholate uptake in HEK-293 cells, and it had both signal

protein. The predicted amino acid sequences of the cleavedanchor and stop transfer properties when assayed as an

products are shown in Figure 6. individual fragment in the MO/M1n wuitro translation system
The blue arrows of Figure 2 show the five tryptic cleavage (4, 5). When the construct containing H8 and H89 was

sites found in these experiments. The highly positively expressed in the HEK-293 cells (Figure 3F), no membrane

charged region between H5 and H6 is not cleaved, suggestingntegration was found for H8, but H9 did membrane-insert.

a cytoplasmic location for this region of the transporter,  There are a number of reports where a transmembrane

contrary to the seven transmembrane segment modelssegment does not integrate properly because there appears

proposed previously but consistent with the positive inside to be a need for a downstream hydrophobic seque2ite (

rule (23, 24). Also, none of the arginines or lysines between 29). Various known transmembrane segments such as TM5

H1 and H2 or between H3 and H4 were cleaved. Similarly, and TM6 of the H,K and ER Ca ATPaseg; (L3) also did

no cleavage at the two lysine residues just after H9 was not show any membrane-insertion properties when assayed

observed (Figure 2). These are all located therefore on theas individual segments in the microsomal translation system

cytoplasmic surface of the expressed transporter. using the H,K-ATPase vector. A requirement for downstream
sequences was also observed for the amino-terminal segment
DISCUSSION TM1 of the CFTR that also did not membrane-insert when

The bile acid transporters have generally been predicted@ssayed as an individual segme®0)( Because these
to contain seven transmembrane segments with extra-moderately hydrophobic sequences were found to be trans-
Cytop|asmic location of the N terminus and Cytop|asmic membrane Segments in the native proteins, their insertion in
location of the C terminus with two hydrophobic sequences the membrane must be dependent upon the surrounding
located on the outside of the membraBe25, 26). However,  hydrophobic segments and perhaps alsanosivo chaper-
our previous work had suggested that the bile acid transport-ones 81).
ers may have a 2D structure consisting of either nine or seven Thus, this newer N-terminal GFP fusion construct ap-
transmembrane segments with two re-entrant membrane{oroach shows the limitations even in anvivo situation.
associated sequences containing H3 and 41%,(18) but The membrane or flag sequences or the N-terminal GFP
no long extra-cytoplasmic loops. Here, to identify integrated protein used in these vectors may interact with these
membrane segments in @m vivo system, we first tried a  hydrophobic segments during translocon transit of the liver
cell system expressing GFP N-terminal fusion-truncated transporter hydrophobic segments, providing misleading
protein vectors as described in the Materials and Methodsresults.
and in Figure 2, using a H,K-ATPagkglycosylation flag. When the C-terminus YFP fusion full-length bile acid
The transporter sequences inserted into the expression vectairansporter is expressed in the plasma membrane as shown
contained successive hydrophobic segments in their naturaby confocal microscopy, it is functional because it is bile
orientation. The experimental data presented in these studiesalt transport-competent (Figure 4C) and inhibited by inhibi-
demonstrated that expression of the native sequence withtors of this transporter (data not shown). Further, the
truncations after the hydrophobic sequences H1, H2, and H3C-terminal-soluble YFP portion of the fusion protein cannot
generated products that suggest that each of these segmentdfect prior membrane integration of H9, and there are no
is membrane-spanning. Thus, H3 behaved as a membraneether possibly confounding sequences such as the amino
inserted sequence in this vivo system, in contrast to the acids of the H,K ATPase.
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Ficure 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 an
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.

In both untreated and treated cells expressing the SBAT higher trypsin concentrations or a longer time of digestion.
YFP transporter, there is unchanged expression of core- andHowever, smaller fragments corresponding to the trypsin
unglycosylated protein, because of retention in the endo-digestion at Arg252, Lys212, and Lys157 were always
plasmic reticulum. The finding that these are not cleaved present at high levels relative to the larger 28.6- and 35.9-
after trypsin exposure shows the absence of trypsin penetrakDa fragments. These data indicate the greater exposure and
tion into the cells. The presence of free YFP and perhaps higher sensitivity to trypsin of the cleavage sites at Arg252,
the fragment containing YFP and C-terminal portion of Lys212, and Lys157. The conditions chosen were optimal
SBAT in untreated cells suggests internal fragmentation of to reveal all of the cleavage sites indicated in the model and,
the expressed protein perhaps because of the ER-associateat the same time, to avoid penetration of trypsin into
degradation during translation or degradation of the protein cytoplasm. The cleavage of the intact transporter at the N
as it is recycled through the endosomal pathway from the terminus and between H2 and H3, detected as minor bands
plasma membrane. Importantly, the intensity of this band by cleavage of the intact protein, is also consistent with the
stays unchanged after trypsin treatment. This is a clearresults of expression of the fusion proteins containing these
indication that trypsin does not have intracellular access in segments where H1, H2, and H3 performed as membrane-
the cleavage condition used. Otherwise, the intensity of this inserted segments with the N terminus exposed to the outside
band would increase dramatically because of the presencesurface.
of trypsin cleavage sites in the intracellular C terminus of  Notably, there is no evidence of cleavage of any of the
SBAT (Figure 2A). large number of positively charged amino acids in the region

There are no trypsin cleavable residues between H8 andbetween amino acids 177 and 189, strongly suggesting that
H9 (after Arg252) on the outside surface of the protein. With this region is cytoplasmic as predicted by the positive inside
tryptic digestion, the production of two major fragments at rule (23, 24, 31). The fragment appearing at 57 kDa is likely
10.7 and 15.1 kDa provides clear evidence for the access ofdue to N-terminal cleavage at the Arg21 on the N-terminal
trypsin to Lys212 between H6 and H7 and to Arg252 side of H1. The tryptic digest pattern therefore predicts the
between H7 and H8. Hence, both H7 and H8 must be presence of seven transmembrane segments where the
exposed on the exoplasmic surface of the protein. The hydrophobic segments H7 and H8 are not membrane-
fragment at 21 kDa shows that there is access of trypsin tointegrated as shown in the models of Figure 7.

Lys157 just before H5. The 28.6- and 35.9-kDa fragments Whereas the cellular translation of the GFP-truncated
suggest tryptic access to Lys86 just before H3 and Arg21 constructs clearly shows the transmembrane orientation of
before H1, respectively. The band intensities of tryptic H1, H2, H3, and H9 similar to other truncation methods (
fragments at 28.6 and 35.9 kDa were weak (Figure 5). To 5) but then fails to determine the topography of +48,
intensify these bands, we tried different conditions such as the results of tryptic digestion show membrane integration
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of not only H1, H2, and H3 but also importantly a similar for limited digestion by using low concentrations of trypsin
topography for H4, H5, H6, and H9 and an exoplasmic and rapid inhibition of any residual tryptic cleavage during
location of H7 and H8. Hence, the combination of the lysis and accurate analysis of digested fragments.
truncated construct translation vivo for the more N-
proximal membrane segments and tryptic digestion of the ACKNOWLEDGMENT
C-termmal-flagg_ed intact transporter for the more C-proximal  Th4nks are due to Dr. Jeff Kraut and Dr. David Scott for
segments provide compelling evidence for the new seven, 4reful reading of the manuscript.
transmembrane segment model proposed.
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