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ABSTRACT. The apical sodium-dependent bile acid transporter (ASBT, SLC10A2) facilitates the entero-
hepatic circulation of bile salts and plays a key role in cholesterol metabolism. The membrane topology
of ASBT was initially scanned using a consensus topography analysis that predominantly predicts a seven
transmembrane (TM) domain configuration adhering to the “positive inside” rule. Membrane topology
was further evaluated and confirmed by N-glycosylation-scanning mutagenesis, as reporter sites inserted
in the putative extracellular loops 1 and 3 were glycosylated. On the basis of a 7TM topology, we built

a three-dimensional model of ASBT using an approach of homology-modeling and remote-threading
techniques for the extramembranous domains using bacteriorhodopsin as a scaffold for membrane
attachment points; the model was refined using energy minimizations and molecular dynamics simulations.
Ramachandran scores and other geometric indicators show that the model is comparable in quality to the
crystal structures of similar proteins. Simulated annealing and docking of cholic acid, a natural substrate,
onto the protein surface revealed four distinct binding sites. Subsequent site-directed mutagenesis of the
predicted binding domain further validated the model. This model agrees further with available data for
a pathological mutation (P290S) because the mutant model after in silico mutagenesis loses the ability to
bind bile acids.

The enterohepatic circulation effectively conserves the selectively on the basolateral (sinusoidal) domain of hepato-
human bile acid pool. Vectorial transport of conjugated bile cytes and is the protein principally responsible for bile acid
acids in hepatic and intestinal membranes is achievedtransport from portal blood into the hepatocy&. ASBT
efficiently by two related sodium-dependent bile acid and Ntcp share 35% identity and 63% amino acid sequence
transporters (SBATS).The intestinal transporter, apical similarity and an almost overlapping hydropathy profile, and
sodium-dependent bile acid transporter (ASBT, SLC10A2) similar transmembrane (TM) topologies have been suggested
(1—3), is expressed on the apical membrane of ileocytes and(5). At the present time, however, a definitive ASBT
cholangiocytes4). ASBT is a 41-kDa glycoprotein, consist- membrane topology remains controversial and needs further
ing of 348 amino acids, functional as a monomer, although clarification. Topography of polytopic integral-membrane
there is evidence that dimers of approximately 90 kDa also proteins can be studied by various techniques such as in
occur §). The liver Na-dependent taurocholate-cotrans- vitro and in vivo translation of constructs containing trans-
porting polypeptide, Ntcp (SLC10A1)%( 7), is localized membrane segments (TMS#),(N-glycosylation-scanning

mutagenesis1), and epitope localizatiorl().
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Ficure 1: Schematic representation of TMS locations predicted by each of the 15 models and the consensus-scanning method. Light gray
bars indicate predicted TMS regions for the 15 models and for the 7 TMS regions predicted by 100% (28/28) of the consensus-scanning
scenarios. Midpoints of these 7 TMSs averaged over all 28 scenarios are residues 41, 79, 139, 173, 205, 236, and 297. Two additional white
bars with midpoints at residues 105 and 240 indicate TMSs predicted by only 60.7% (16/28) and 10.7% (3/28) of the consensus-scanning
scenarios. Black bands represent TMS approximate midpoints.
that are linked by merely two extramembranous amino acids. On the basis of a 7TM topology, we built a homology
The amino acid length of TM3 and TM4 would indicate a model utilizing the membrane attachment points of bacterio-
f-sheet conformation for these segments to span the lipidrhodopsin (BR) as a scaffold. The experimental data pre-
bilayer membrane; a combination afhelices ang3-sheet sented here further confirm the existence of a 7TM topology
TM segments is uncommon for polytopic membrane proteins, for ASBT and suggest possible ligand-binding domains in a
prompting further investigation. three-dimensional (3D) homology model that may be used

To differentiate effectively between a seven and a nine for further mutagenesis studies and rational inhibitor design.
TM model for ASBT, we report an N-glycosylation-scanning
mutagenesis approach based on the divergent IocalizatiorﬁXPERlMENTAL PROCEDURES
of specific protein segments within the two hypothetical ~ Materials.®H-Taurocholate (50 Ci/mmol, TCA) was from
models (Figure 2). Because N-glycosylation occurs only on American Radiolabeled Chemicals, Inc. (St. Louis, MO).
the luminal side of the endoplasmic reticulum, this method Sulfo-NHS-LC-Biotin was from Pierce (Rockford, IL).
has been used successfully to localize extracellular domainsUnlabeled TCA and other reagents were from Sigma (St.
of receptors, channels, and transporté. (After confirming Louis, MO). Restriction enzymes and cell-culture supplies
that wild-type human ASBT contains one N-linked glycos- were obtained from Life Technologies, Inc. (Rockville, MD).
ylation site (GIA%, we engineered the N-glycosylation COS-1 cells were obtained from the American Type Culture
consensus sequenddXS/7 into a biologically functional Collection (CRL-1650) and maintained and propagated in
aglyco-ASBT (N10D mutant). Our data show that the newly DMEM containing 10% fetal calf serum, 4.5 g/L glucose,
introduced consensus sequences at residues 1118 and 100 units/mL penicillin, and 10Qug/mL streptomycin.
266—272 can be glycosylated, strongly supporting a seven Calnexin antibodies were obtained from StressGen (Victoria,
TM helical model of ASBT. BC, Canada).
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Ficure 2: 7TM versus 9TM membrane topology model for ASBT and the strategic locations of the inserted new N-glycosylation sites.
Site A, B, and C indicate the approximate locations of the engineered N-glycosylation sites. Their exact positions are delineated in Table
1. EL, extracellular loop; IL, intracellular loop; NT, N terminal; CT, C terminal; and TM, transmembrane domain. Numbers indicate the
putative residues on the membrane border.

Antibody Preparation. Rabbit polyclonal

antiserum
was raised against the C terminus of human ASBT
(S FQETNKGFQPDER*). Cys was added to the N
terminus to allow conjugation to the carrier protein keyhole
limpet hemocyanin (KLH). IgG was purified from rabbit
serum by Protein A-agarose affinity chromatography.
Site-Directed MutagenesidMutations were introduced
using a QuickChange kit from Stratagene (La Jolla, CA).
The pCMV5 vector containing hASBT cDNA was a kind
gift of Dr. Paul Dawson, Wake Forest University (Winston-

used as a template for the introduction of novel N-

glycosylation sites. Additional Ala-substituted mutations were

introduced at residues identified by both docking studies and

multiple sequence alignment for their potential involvement

in substrate binding (Figure 9). Transient transfections in
COS-1 cells were conducted using the LipofectAMINE
PLUS reagent (Invitrogen, Carlsbad, CA) and after 48 h

processed for TCA uptake assays, Western Blot analysis,

and cell-surface biotinylation3f. The specificity of the

biotinylation reaction was verified by the fact that no band

Salem, NC). Mutagenesis primers were synthesized by could be detected when COS-1 cells transfected with wild-
Operon (Alameda, CA). Plasmids were purified using a type (Wwt)ASBT were subjected to all labeling steps in the
absence of Sulfo-NHS-LC-Biotin. To ensure that Sulfo-NHS-
LC-Biotin is indeed a membrane-impermeable reagent in our

purification kit from Roche (Indianapolis, IN). All mutations

were verified by DNA sequencing.

The endogenous N-glycosylation site (&)nof human
wild-type ASBT was eliminated by the mutation N10D to

experimental protocol and specifically labels proteins on the
cell surface, parallel studies were carried out followed by
simplify interpretation. The resultant mutant plasmid was immunoprecipitation using anticalnexin. No biotinylated



Membrane Topology and Structure of ASBT Biochemistry, Vol. 43, No. 36, 200411383

calnexin could be detected (data not shown), whereas thisoptimization. Amino acids 2932 of the N-terminal were
abundant protein was easily detectable in control experimentssuperimposed on amino acids4 of the TM model, which
with whole-cell lysate. were then removed, and a connection was made between
Consensus Topography Analysis of Primary Sequence.Asr?®and Il€°. Hydrogen atoms and Kollmann charges were
Putative membrane-spanning regions for the human ASBT added to all atoms before initiation of refinement procedures.
(hASBT) were identified by a consensus prediction algorithm A similar procedure was carried out for connecting the
using simple majority voting and statistical analysis of 9 C-terminal protein segment.
individual TM topology prediction methods for eukaryotic Structure-Refinement Protocdlhe model with frozen TM
proteins: TMPred, TopPred2, DAS, TMAP, MEMSAT 2, domains was energy-minimized until the conjugate gradient
SOSUI, PRED-TMR?2, and the hidden Markov model-based was <0.1 kcal mott A-1, The structure was further refined
programs TMHMM 2.0 and HMMTOP 2.0. Where available, using a simulated annealing protocal9 with minor
input parameters were varied to generate additional predictionmodifications. The structure was heated to 1500 K followed
scenarios. TopPred2 was implemented with the “positive- by 10 ps of constant temperature molecular dynamics
inside rule” (L4), the Kyte-Doolittle, and GES scales, to  simulation at 1500 K. A total of 10 structures was extracted
evaluate the validity of topology models derived from the from the trajectory by sampling every 1 ps. Each structure
hydropathy analysis. TMAP predictions were generated both was cooled to 300 K in 50 ps, followed by 50 ps of constant
with the single hASBT sequence and with a multiple temperature molecular dynamics simulation at 300 K.
sequence alignment of human, hamster, rat, and rabbit ASBTHydrogen bond lengths were constrained using the SHAKE
sequences. Even though it has been well-established that thalgorithm. The resulting structures were fully energy-
N terminus of ASBT is extracellular, HMMTOP predictions minimized. Of the 10 structures obtained, 4 were considered
were generated with default parameters and by specifyingbiologically relevant. The other 6 structures were rejected
that the N terminus is positioned as both cytosolic and based on the movement of ELs into the TM region. The
extracellular. Additionally, TMPRED generated two models average structure of the 4 final results was taken and the
for ASBT topology, one with eight TMSs and one with seven obtained structure was submitted to 50 ps of a constant
TMSs. In sum, a total of 15 models were generated. Then, temperature molecular dynamics simulation at 300 K.
a consensus-scanning approach initially investigated by Ikeda In Silico MutagenesisiVong and colleague8) previously
and colleagueslt) was employed to determine the most identified a dysfunctional ASBT isoform in a patient
probable TMS for ASBT. Because each individual method diagnosed with Crohn’s disease. DNA sequencing and
has it strengths and weaknesses, the consensus-scanningpmparison to WtASBT revealed a single-T transition
approach was shown consistently to have a20% higher resulting in a proline to serine substitution at amino acid
accuracy of prediction for eukaryotic proteins compared to position 290. In transfected COS-1 cells, the single amino
the single best prediction method5. acid change abolished TCA transport activity but did not
Homology Modeling of Membrane Attachment Points and alter the synthesis or subcellular distribution of the trans-
Extracellular Loops (ELs)The crystal structure of BR at  porter, indicating that this polymorphism directly affects the
3.0 A (16) was used as a scaffold for modeling the attachment transporter function. To further confirm the physiological
points for extracellular regions in ASBT. For consistency validity of our model, we simulated the P290S point mutation
and visualization purposes, only the TM domains of ASBT in our ASBT 3D model by in silico mutagenesis, substituting
were modeled using BR as a template, substituting all ASBT S for P using standard bond distances and angles.
amino acids for BR residues. Amino acid residues of Protein Subsequently, the mutant protein was subjected to a molec-
Data Bank (PDB) entry 1AT916) were replaced by their  ular dynamics protocol as described above in the refinement
predicted TM-domains corresponding residues within ASBT. procedures.
All other residues were removed from the file. The obtained Ligand Docking. To identify potential protein motifs
TM model was minimized until the root-mean-square (rms) involved in the affinity and transport of natural ligands by
value of the conjugate gradient wa®.1 kcal/(mol A). To ASBT, we employed an automated docking routin€)(
improve side-chain conformations, a molecular dynamics AutoDock version 2.4 uses a Monte Carlo simulated an-
simulation was carried out (for 50 ps at 300 K), with fixed nealing approach to probe the surface of a macromolecule
TM backbone atoms. ELs were modeled using the Sybyl with a small ligand, while an energy scoring function reports
LoopSearch routine. the interaction (docking) energy. Cholic acid, a natural bile
Fold Prediction for N- and C-Terminal DomainBrotein acid substrate of ASBT was used as the probe ligand in the
domains that lacked significant homology with PDB entries, docking protocol. A positive and negative control were used
namely, the N- and C-terminal domains of ASBT, were in these studies; the NMR structure of ileal lipid binding
predicted via remote homology threading using THREADER2 protein (ILBP, PDB 1EAL) 20), a well-characterized
(17). All command line options were kept at default, except cytosolic bile acid binding protein, was used as a positive
the number of possible paths, which was set to 120 insteadcontrol template, whereas the dysfunctional mutant P290S
of the default 60. The results were sorted byscores of served as a negative control. Ranked cluster analysis was
pairwise and solvation energies, allowing for the percentage performed to identify positive interactions between the ligand
of sequence and structure matched (column 13 in the standaréind macromolecule.
THREADER2 output file). All folds with aZ score> 2.7
(significant) andZ score> 2.5 (borderline significant) were RESULTS
investigated for biological significancel®). The three Consensus Scanning bars a 7TM hASBT Topology
structures with the highestZ score were selected for Adhering to the “Positie Inside” Rule A total of 9 topology
incorporation in the final model and subjected to energy prediction programs generated a total of 15 models (Figure
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1m)0§:| ngglsl)prsg;ggggageéwﬁ\ig Zr?gdagorfl:ﬂef,(évﬂgeii 1Tab|e 1: Sequences and Design of Mutagenesis Primers
although TMS overlap effectively indicatea 7 or 8 TMS AWt PNSCVDNATY
topology (Figure 1). The first intermodel variation appears ccg aac agc tgt gtg gac aat gea aca gtt tg
at the N terminus (residues—B0), where only TopPred Il 10

predicts a TMS. A second variation is a TMS (residues255 N10D PNS CVDDIA TV
280) predicted only by HMMTOP. The third and most ccg aac age tgt gtg gac gat gea aca git tg
interesting incongruous region (residues-820) is a highly
hydrophobic region that is sufficiently long to encompass 2
TMS. This region contains the widest Spread in pTEdiCtEd cca gag agc aaa gaa aat gga acg gag cca gag
TMS midpoints among the 15 models.

Analogous to the 7TM topology initially reported by Wong
and colleaguesl], the consensus topology presented here
adheres to the “positive inside” rul@4). The total charge B NIOD GTA SNILAYWVDG
for the extracellular portion of the proteinis3: N terminus gga act gee tec aat atc ttg gee tat tgg gtc gat gge
(—=3), EL1 (—3), EL2 (+3), and EL3 (0). Whereas, the
cytosolic domains contribute to a net positive charge-6f
IL1(+3), IL2 (0), IL3(+1), and C terminus (0). Interestingly,
a previously reported 7TM model by Oelkers and colleagues N10D DG D*MDL SVS

wt PES KENGTE P E

N328D PES KED®GTE P E
Cca gag agc aaa gaa gac gga acg gag cca gag

Site A G TA SN"I SN°Y S VDG
gga act gcc tec aat ate tee aac tat teg gte gat ggc

(21) [subsequently refuted by Hallest al. Q)] violated this gat ggc gac atg gac ctg age gte age

rule, |Iluitrat|ng the need for multiple topography analysis Site B DG DMN LS VS

approac es. . . gat ggc gac atg aac Ctg age gtC age
N-Glycosylation Mutagenesis Supports a 7TM Topography

for ASBT.hASBT contains two N-linked glycosylation NIOD G MQN“TQLCSTTI VQ

epitopes at Ast and Asi#?8 (Figure 2). Two single mutants ggg atg cag aac acg cag cla (gl tce acc ate git cag

(N10D and N328D) and one double mutant (N10/328D) were Site C GMQN“T SLAN'STTIVQ

prepared (Table 1A) and transfected in COS-1 cells, along ggg atg cag aac acg feg cta aat tec ace atc gtt cag

with wtASBT. wtASBT (lane 2) is detected mainly in two
equally stained bands (Figure 3A), both the unglycosylated €  E281A  cte tec tic act cct gea gaa cte aat gte gta ttc ac

(38 kDa) and glycosylated (41 kDa)_formS_’ WhiCh can be E282A  c tec ttc act cct gag gee cte aat gtc gta ttc ac
removed completely after treatment with tunicamycin (TNM,
lane 3). The mobility of N10D (lanes 4 and 5) is identical E282D  cte tec tte act cct gag gac ctc aat gtc gta tic acc

to that of the wt treated with TNM, whereas N328D (lanes
6 and 7) migrates identical to wt with or without TNM _ _
treatment. In addition, the mobility of the double mutant N10/  *(A) Primers for the removal of the endogenous N-glycosylation

328D (lane 8) is similar to that of N10D. Cell-surface sites. The numbers indicate the endogenous N-glycosylation sites. (B)
’ Primers for the introduction of the strategic N-glycosylation consensus

expression was ascertained by biotinylation (Figure 3B). sites. The numbers indicate the inserted potential N-glycosylation sites.
Densitometric analysis suggests that the band intensity Ofitalics indicate the mutations. Site A is located between residue 113
N10D was roughly equal to the combined intensity of the and 116 in EL1; site B is located on residue 124 in EL1; and site C is
two bands of WtASBT (parts A and B of Figure 3), located between residue 266 and 270 in EL3. (C) Primers for amino
suggesting that deglycosylation may not significantly alter 2¢id Substitutions in putative binding domain 1.
the total or membrane-surface expression. Cell-surface
expression of N328D is comparable to that of the wt and hASBT N10D mutant (Figure 2). In the 7TM model, the
N10D, because the densitometric ratio between the ASBT inserted potential N-glycosylation sites are in EL1 (site A
and calnexin bands (Figure 3C) is equal to that of WtASBT. = N*3SNYS!8 and site B= N'?4.S) and EL3 (site C=
N10D retained 48% of the wt TCA uptake activity (Figure N2°TSLNST?7); in the 9TM model, however, these sites
3C). N10/328D was comparable to N10D, whereas the singlewould be present in IL1 and TM8 and not accessible to
mutant N328D was comparable to the wt. Kinetic analysis N-glycosyl transferase.
revealed thaKr was identical for wt and N10D (118 1.9 Site A mutants have a high molecular-weight band
and 12.8+ 2.1 uM, respectively), whereasha.x was (Figure 4) corresponding to glycosylated hASBT. This
significantly reduced by 50% (312% 12.8 and 156.5t band is absent after preincubation with TNM, suggest-
6.7 pmol min! mg protein?, respectively). ing successful glycosylation of A& or Asnt'6 by insertion
When taken together, our data suggest that (1)!Asn of a consensus sequence at site A. Site B mutants are
is the only N-glycosylation site in ASBT and the removal unglycosylated in the presence and absence of TNM.
of the sugar moiety may not influence transport activity According to a 7TM model, Asi*localizes extracellularly
and (2) Asd?® is not an N-glycosylation site nor is it on EL1 and could be glycosylated. However, the active site
likely located in a functionally important region. This is of oligosaccharyl transferase has a sharp distance threshold
in good agreement with the cytoplasmic location of the C above the membrane, and N-glycosylation rarely occurs if
terminus. the EL is shorter than 30 residues or if the acceptor site is
N-Glycosylation-Scanning Mutagenesis Suggests a 7TMwithin 10 residues of the membrar&. Although EL1 and
Topology.To distinguish between a 7- and 9TM topology, EL3 contain 31 and 33 amino acid residues, respectively,
we engineered N-glycoslyation sites at strategic locations in Asn*?* is just 6 amino acids away from the putative

E282K  ctc tec ttc act cct gag aag ctc aat gtc gta ttc ac
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Ficure 3: ASBT has only one N-glycosylation site occurring at
Asnl10. (A) N-glycosylation of ASBT. Transient transfection was
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Table 2: Comparative Modeling of the EL and IL ASBT Domains
percent rms net
domain residues bestfit homology value charge
EL1 99-129 1CPC:K/Ser127 41.6 0.42 -3
EL2 181-190 1ZYM:B/Alall2 34.2 0.23 +3
EL3 254-286 2MMZ:D/Ala71 50.0 031 -1
IL1 51-72 1GSE:B1/Aspl01 41.6 0.25 +3
IL2 150-159 6TAA:Ala302 394 0.25 0
IL3 216—-226 1BHF:A/Thr425 41.9 024 +1

a Loopsearch Subroutine in Sybyl 6.3 was used to identify sequence
homology against structures in the Protein Data Bank. Results were
scored by their rms values and percent homolddrotein with the
best possible fit is indicated by its PDB entry code, followed by the
chain identification code and the first amino acid residue of the sequence
used to replace the target sequence in ASBT.

suggesting that protein folding and sorting was not affected.
When taken together, the fact that both site A and C are
capable of incorporating a sugar moiety confirms their
extracellular localization as predicted by the 7TM model.

Homology Modelig. An initial BLAST search of ASBT
segments against the PDB, using the WU-BLAST routine,
retrieved, as expected, no significant hits. Experimental data
suggested that ASBT contains 7 TM domains, thereby
sharing topological (but not mechanistic) similarity with the
7TM-domain photoreceptor BR. Sequence alignment of the
170 putative ASBT TM residues against BR TM regions
using the Multalin routine revealed that 15.3% (26) of all
residues were highly conserved ¢ 90%) and 75.3% (128)
of residues were significantly conserved (569N < 90%),
indicating that BR is not an ideal scaffold for modeling
ASBT TM regions but can provide suitable attachment points
for modeling the extracellular protein domains (Table 2,
Figure 5).

PROCHECK 23) was used to calculate quality assessment
data and Ramachandran scores for the model (Table 4). This
was compared to structural data of other key membrane
proteins determined by crystallography (e.g., aquaporin,
KcsA), NMR (sodium channel), or homology modeling

performed as described in the Experimental Procedures. The(Glutl). Tables 4 and 5 show that the ASBT structure is at

transfected COS-1 cells were incubated at°@7for 48 h in the
presence ) or absence-) of N-glycosylation inhibitor TNM.
Lysates were subjected to SBBAGE, electroblotted onto PVDF

membrane, probed with rabbit anti-hASBT antibody, and visualized

by a chromogenic Western Blotting kit (Vector Lab). (B) Cell-

least as good as or, in some cases, better than experimentally
determined structures.

Modeling of the N- and C-Terminal Folds Reals High
Structural Similarities Mutational studies on the glucose

surface expression of WtASBT and mutants detected by streptavidin-transporter, SGLT1, demonstrate that extracellular terminal
conjugated alkaline phosphatase after cell-surface biotinylation, §omains play an essential role in initial substrate binding

immunoprecipitation, electrophoresis, and blotting. Arrows indicate L . .
the expected molecular weight of glycosylated (41 kDa) and (24), and a similar importance has been ascribed to the

unglycosylated (38 kDa) ASBT. (C) Blots from B were stripped terminal protein domains of other transporters. Obtaining a
and probed with anti-calnexin. (D) Uptake activity of ASBTs from satisfactory model for this pivotal protein domain is impera-
which the endogenous N-glycosylation consensus sites have beerjve. No sequence homology of the N- or C-terminal domains
removed3H-Taurocholate uptake in COS-1 cells transfected with with any structure in the PDB was retrieved using WU-

D ey s v BLAST (data not shown), incicating hat homology model
given as a percentage of the mutant uptake relative to the wt (81.3were unfeasible. We used the THREADER2 algorittiv) (

+ 5.7 pmol mirr! mg proteirr?). Each bar is the meah standard to predict protein folding of terminal domains (Table 3).
error of three to four different measurements. MeekpCMVp. Both 1ERD,0,0 (N terminal) and 1DTR,0,2 (C terminal)
membrane border, explaining its failed glycosylation. Site have a mainlyx, nonbundle structure (CATH classification)
C falls within EL3 according to a 7TM model and within and were used as templates to model the terminal domains.
TM8 according to the 9TM model (Figure 2). Glycosylation The resulting structures for the extracellular N-terminal
is more efficient at this position relative to site A, confirming domain (Met-Val®?) and the cytosolic C-terminal domain
extracellular localization. Cell-surface biotinylation (Figure (Pheé%+Lys®*®) were modeled using MODELLER42%)
4B) confirms that, although none of the mutants were (Figure 6). Recently, Sun and colleagud®)(reported a
functional (data not shown), they were all expressed at the S-turn structure in the C-terminal domain to be required for
cell surface at densities comparable to that of the wt, apical membrane sorting of ASBT. The location of tfiis
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A Mock wt Site A Site C Site B N10D
| | o
TNM - - + - + - + - + -
41 kD3 - s
.”M s a— g a—-—
i 2 o i
B Mock  wt Site A SiteC ~ SiteB  N10D
41 kDa + e - e 72
C Mock  wt Site A Site C ~ Site B N10D
calnexin — -

Ficure 4: Analysis of aglyco-ASBT with the engineered N-glycosylation sites. (A) Representative immunoblotting results on whole-cell
lysates. (B) Cell-surface expression of wt hASBT and mutants. Arrows indicate that N-glycosylation occurs on the inserted site. (C)

Anticalnexin control blots.

Table 3: THREADER Fold Prediction Results for the N- and
C-Terminal Domains

PDB code,
Z chain,
score domain fold target name CATH classification

N Terminal
2.7% 1ERD, 0,0 pheromone er-2
0.89 3MON, A, 0 monellin

maindy nonbundle
not classified yet

0.69 1TME, 4,0 encephalomyelitis virus few structures,
(Da strain) irregular
C Terminal

3.26 1DRT, 0,2 diphtheria toxin repressor maimlynonbundle

2.8 1FXD, 0,0 ferredoxin Il o/, 2 layer sandwich

2.60 1PNR, A,1 repressor hypoxanthinemainly o, nonbundle
purf-operator

aTop threeZ scores (pairwise solvation/energy) for both terminals
are shown. The N-terminal shows a borderline significant hit, and the
C-terminal shows a significant hit.Significant hits.

turn (Asr#*-Phé*d) coincides with a predicted turn in the
a-helical bundling of our C-terminal domain (Figure 6C).
Two Putatve Ligand-Binding Sites Are Identified Using
Simulated Annealing Dockinghe protein surface of ASBT
was probed with its natural substrate, cholic acid, for
energetically favorable docking regions utilizing a simulated
annealing and docking algorithm within AutoDock 2147).
Two specific binding sites were detected (parts A and B of
Figure 7). The first binding site (Figure 7A) is considered
highly significant, because a cluster of three ligands was
reported to form an energetically favorable interaction with
ASBT outside EL3. GléF?and possibly Letf are involved
in the formation of dynamic hydrogen bonds with thex12
hydroxyl group on the ligand, whereas residues in the vicinity
of Asr? on the N-terminal domain are capable of forming
dynamic hydrogen bonds with either the 3- or-fiydroxyl

Table 4: PROCHECK Ramachandran Scores for ASBT and
Various Membrane-Spanning Proteins (Channels, ABC, and Solute
Transport Proteins)

PDB
access Ramachandran plot (%)
namé code ref core allowed generous disallowed

ASBT 83.3 134 3.3 0.0
BACR 1AT9 16 88.3 9.6 2.0 0.0
OPSD 1f88 36 809 17.2 16 0.2
sodium channél 1QG9 37 72.2 27.8 0.0 0.0
AQP1 11IH5 38 70.7 20.9 8.4 0.0
KcsA 1BL8 39 747 241 12 0.0
Glutl® NA 40 815 16.9 1.7 0.0
lac permease 1PV6 42 79.0 19.1 1.4 0.5
G3PT 1PW4 43 85.4 135 1.1 0.0

aASBT, apical sodium-dependent bile acid transporter; BACR,
bacteriorhodopsin (3.0 A); OPSD, opsin photoreceptor (bovine rhodop
sin) (2.8 A); AQP, aquaporin (3.70 A); KcsA, bacterial potassium
channel (3.20 A); Glut, facilitative glucose transportaMR solution
structure ¢ Homology model based on bacterial lac-permease structure
function studiesdE. coli lactose permease (3.50 X)Glycerol-3-
phosphate transporter (3.30 A).

groups (Figure 8). However, previous 3D-QSAR studies
indicate that the 3-hydroxyl group is not essential for
transport by hASBTZ6). Therefore, we speculate Asmay
provide increased affinity for hASBT to substrates containing
a 3- or ©-OH moiety but may not play an essential role in
the overall substrate translocation process. The exact role
of this residue remains to be further defined.

The backbone of L& can form an additional bond with
the ligand @-OH group. Interestingly, thed3 and 12x-
hydroxyl groups on cholic acid were primarily involved in
hydrogen-bond formation with the protein, which cor-
roborates the established structueetivity relationships for
ASBT substrates. It is well-established that at least one
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FicurRe 5: Side- (A) and top- (B) view models for the 3D structure
of ASBT consisting of 7TM domains. Numbering of these domains

Biochemistry, Vol. 43, No. 36, 20041387

Ficure 6: Remote homology threading predictions for the N- (A)
and C- (B) terminal domains of ASBT, illustrated with MOLMOL.

(C) Visualization of thes-turn structure in the C terminus of hASBT

as observed by Sun and co-workers in rat ASRZ)(

It should be noted that this conformation is further stabilized

by hydrophobic interactions between amino acids on EL3

and the two methyl groups on the sterol backbone.
Dimeric bile acid analogues, where a bile acid carboxylic

acid moiety is coupled via a spacer to the-RBydroxyl group

of a second bhile acid molecule, are high-affinity inhibitors

of ASBT (28). The rationale for using dimeric bile acids

is counterclockwise, viewed from the extracellular side, analogous Was to occupy “more than one transporter site on the ileal-

to the numbering of the TM regions of BR.

hydroxyl group on the sterol nucleus of bile acids is essential,

regardless of its position (3, 7, or 12). Affinity increases by
the presence of two hydroxyl groups but does not signifi-
cantly increase by adding a third moie®7}. The current
binding model confirms this hydroxyl group topology.

bile-salt-transporter complex28). Interestingly, the most
active compound has a 13-atom spacer, which has a
calculated interatomic distance between thlehydroxyl
oxygen atom and the carboxylic carbon atom of 14.2 A (data
not shown). The respective interatomic distance between
cholic acid in site A (Figure 7A) and site B (Figure 7B) is
13.4 A, suggesting that dimeric bile acids could bind

The molecular and electrostatic surface potentials (partssimultaneously to the two sites proposed in our model. These

A and B of Figure 7) suggest the formation of an opening

results can be taken as additional biological validity and

between the N-terminal domain and EL3, referred to as the relevance of this model. It should be noted that the cleft area

“cleft area”. The energetically most favorable binding pocket
for cholic acid (site B) is located within the cleft area between
EL3 and the N-terminal domain (Figure 7B). The carboxylic
acid moiety of cholic acid is capable of forming a stable
interaction with Vat* and Asi#’, and the 3- or @-hydroxyl
groups can form hydrogen bonds with A$and Ala*. The
N-glycosylation site for ASBT (AsK) is located on the
second helix of the N-terminal domain directly opposite EL3
(Figure 5) and facing away from the cleft region. The
orientation of this moiety would suggest that the glycosyl-
ation entity does not play an active role in ligand recognition.

is not longitudinally aligned with the TM core, suggesting
that the binding site does not function as a “channel-like”
selectivity filter and could favor a translational or vectorial
movement of the substrate involving multiple consecutive
binding sites. We speculate that subtle conformational
changes in the protein elicited by either sodium or ligand
interactions would expose consecutive binding sites to the
ligand as it traverses the membrane.

Model Validation: In Silico Mutagenesis of a P290S
Polymorphism Confirms the Loss of Adty of the Mutant.
We next sought to determine whether our model agrees with
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experimentally determined functional and biochemical char-
acteristics. The model was further validated by in silico
mutagenesis by simulating a pathogenic polymorphism that
leads to bile acid malabsorption syndron®d)( To study

the conformational consequences of this polymorphism, we
replaced amino acid residue P¥o with Ser and re-
equilibrated the mutant by subjecting it to constant temper-
ature molecular dynamics simulations. Proline residues are
known to perturb the structure of helices by introducing a
kink between its preceding and trailing segments. It is well-
established that local flexibility of a proline kink can confer
an important role on the proline-containing helix in the
conformational changes related to the function of the protein.
A surface plot of the resulting structure (Figure 7C) indicates
that the conformation of the cleft area between the N-terminal
domain and EL3 has significantly changed, effectively
closing the cleft area and highly modifying binding domain
A for cholic acid. Simulated annealing of cholic acid on the
surface of the P290S mutant resulted in a significantly
decreased binding energy at site A and loss of binding at
site B. These results suggest that binding site B is essential
in the molecular-transport mechanism of ASBT. When these
data are combined, they show that our model can explain
the conformational and functional consequences of a he-
reditary defect leading to bile acid malabsorption.

Model Validation: Site-Directed Mutagenesis of Putati
Binding Domain A Confirms the Importance of Glu282 in
Ligand—Protein InteractionsTo further characterize the role
of putative binding domains in the ASBBubstrate interac-
tion, we performed mutagenesis on relevant amino acid
residues in binding domain A, specifically G (Figure
8). Sequence comparison of rodent and hASBT (Figure 9A)
indicates that hASBT uniquely features a Glu instead of Asp
at position 282. E/D282 is flanked by Glu281, creating a
strong negatively charged pocket. Our docking experiments
strongly suggested a critical role for E282 in ligafotein
interactions. Uptake studies of the mutants in the presence
or absence of sodium (Figure 9B) reveal that E282A or
E282K leads to an inactive protein that is expressed at the
cell surface (data not shown). Substitution of an Asp for Glu
at position 282 reduced activity by 52%. In a mutagenesis
study by Halle and colleaguesl@), a D282E substitution
in the mouse ASBT did not affect TCA uptake activity
compared to that of the wt; however, wt mouse ASBT
reportedly had a 2-fold higher uptake activity compared to

N-terminal hASBT. Interestingly, E281A is not a loss-of-function
FiGURE 7: AutoDock results superimposed onto electrostatic Mutant, as observed with E282A, but appears to have an
surface-potential plots of hASBT. Ligand-binding domains 1 (A, effect on TCA uptake. Although E281 was not predicted to
predominantly bOUI’lq to EL3) an.d2(B,.substrat§-localized within p|ay a role in ||gand interactions, its Charge and close
the cleft area) are visualized using an isopotential surface plot of proximity to a proposed critical residue may have an

th t llular ASBT i . (C) Simulati f | hi . .
Pzeg%érizesotégrted Withrgﬁjéoggd(mgé&%%{m%y?]g%%rg?%ésh%h_electrostatlc resonance effect that would influence the overall

energy binding site between EL3 and the N-terminal domain binding efficiency to a ligand.
undergoes a conformational change preventing the substrates from Kinetic values for wt hASBT (Figure 9C) are in good
entering the cleft region. Electrostatic potential fields were calcu- agreement with those (3.7 uM) reported previously3,

lated using MolMol, which solves the PoisseBoltzmann equation : : .
and visualizes the electrostatic potential mapped on renderedzg)' The E281A mutant has slightly increasedvalues with

molecular surfaces4(). The proteins were analyzed at pH 7.0, 42% of Wt Jnax values, respectively. The E282R is

considering all Lys and Arg residues protonated and all carboxyl comparable to that of the wt but at approximately half of its
groups dissociated. A charge dfle (e = proton charge) was  J,.. Thus, we could speculate that the reduction in TCA
assigned to the nitrogen of each lysine, anti0.5e was assigned  ntake (Figure 9B) could be attributed to a reduction in the

to each guanidinium nitrogen. The endstandingmino group was . . . .
given a?:harge of-1.0e, a%d the oxygen atomg of allgaspgrtic and Maximal transport velocity. Immunoblotting confirmed cell-

glutamic acid residues as well as the endstanding carboxylate groupSurface expression (data not shown). Therefore, we assumed
have a charge of-0.5e each. that the inactivity of these mutants is not due to synthesis

N-terminal
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FiGURE 8: Representative visualization of putative binding domain 1. ASBT amino acid residues are shown as a tube ribbon plot of the
main-chain carbon atoms; side groups are only shown for those residues that display dynamic intramolecular hydrogen bonds with the
natural ligand cholic acid, namely, Glu282, Leu283, and Asn2. In this representation, Asn2 forms hydrogen bonds witbithalBhough

alternate conformations involvingei#OH were observed.

and trafficking defects but to mutation-induced changes on Hallén and co-workers have presented biochemical data

functionally relevant regions of ASBT. that support a postulated 9TM model over a 7TM mo@el (
13, 32). We applied an N-glycosylation-scanning approach
DISCUSSION to effectively differentiate between the putative 7TM and

ASBT plays an integral role in the enterohepatic circulation 9TM models for ASBT (Table 1 and Figure 2). Our results
of bile acids in the gastrointestinal tract. Its inhibition elicits cl€arly indicate that N-glycosylation occurs at two of the
compensatory hepatic bile acid synthesis from cholesterol, three engineered sites (Figure 3), providing support for a
thereby lowering plasma cholesterol level80) Drug classic 7TM model and challe_n_g_lng a 9TM model. Howeygr,
intervention aimed at blocking ASBT offers a specific We cannot rule out 'ghe pOSS|b|I|ty_that a substrate-sensitive
therapeutic strategy against hypercholesterolemia and related€€ntrant loop domain, as present in the glutamate transporter
cardiovascular diseases, and at present, several AsBT(33), may be responsible for the dynamic coexistence of both
inhibitors are in clinical trials 31). Before rational drug /1M and 9TM models.
design of novel inhibitors can be consistently applied to  N-glycosylation-scanning analysis on NTCP by Haléd
ASBT, molecular insights into its structure must be obtained. colleagues 34) revealed that L265N has a small but
The aim of the current study was to develop a comprehensivesignificant degree of glycosylation. According to the 9TM
3D model of ASBT using a homology-modeling approach. model, this site would be buried within the membrane in

To determine the most suitable template and TM orienta- TM8; contrarily, this site is exposed on EL3 in the present
tion for ASBT homology modeling, it was essential to 7TM model, adequately far away from the membrane to be
confirm its membrane topology. We employed a two-tiered accessible by the glycosylation machinery. Other mutants
bioinformatics and glycosylation-scanning approach to ef- in this study, e.g., E89S and G97N, were not glycosylated,
fectively distinguish between a 7TM and 9TM topology. A and these results are consistent with a classical 7TM topology
recently developed consensus scanning technique was applie@ut not with the 7TM model of Oelkers et a2¥). However,
to predict the membrane topology of ASBTS using 15 negative glycosylation data may be inconclusive at best, and
different computational scenarios (Figure 1). This analysis only positive results can confirm the topological location of
effectively highlights the foundation for the 7TM versus 9TM & protein segment.
controversy; namely, the regions between ASBT residues There are subtle but important differences between the
65 and 120 are sufficiently hydrophobic for most algorithms 7TM model contested by Halkeand colleague9( 21) and
to predict two individual TM segments in this region resulting the model proposed in this study that closely follows the
in an 8TM configuration (Figure 1). Given that prior model by Wong and co-workersl); primarily at the
experimental evidence has confirmed an odd number of TM (putative) membrane entry and exit signal sequences. The
segments, the probable topologies for ASBT are either 7TM data generated by the Hallegroup were evaluated and
or 9TM. A forward scanning approach, which combines all interpreted with respect to the 7TM model of Oelkers et al.
methods and loosely simulates the cotranslational insertion(21) and their own HMMTOP-derived 9TM model of ASBT/
of proteins into membranes, favored a 7TM configuration. Ntcp. Although we agree that their arguments and results
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Table 5: Summary of PROCHECK Quality Assessment Data

stereochemical quality indicators

hydrogen-bond energy bad contacts »~* pooled b, Y 11 HB
structure standard deviation per 100 residues  standard deviation  distribution standard deviation  energy
ASBT 0.8 0.6 13.0 83.3(1) 15.8 (2) 2
BACR 0.55 10 28.1 88.3 (1) 26.3 (4) 1
OPSD 0.83 3.3 16.3 80.9 (1) 16.6 (2) 2
sodium channel 0.84 0 23.3 72.2 (2) 25.2 (4) 2

260 270 280 290 300
Harmster_asht  ALET GLONTQLCST IVOLSE SPEDLNLVETE PLIY SIFQTA

A Humen_ssbt  AFET GMONT QLCST IVQLSFTPEELNVVETF PLIY STFQLA
Mouss_esbt ALETGMONTQLCST IVQLSE S PEDLNLVETE PLIY TVEQLY
Rabit_asbt ALETGMONTQLCST IVOLSE SEEDLTYVETE PLIY SIFQIA
Faf_ssbt ALETGMONTQLCSTIVOLSF S PEDLNLVETE PLIY TVEQLY
Consensus  ALET GMONTQLCST IVQLSFE S PEDLNLVETE PLIY SIFQLA
120
B
H
g
[
L1
E]
o
3
<
o
(=
T
A
1 1 1 ]
pCMVbeta wt E281A E282A E282D E282K
C —] el
Ky (M) Jimax (pmolmin™-mg protein
wt 11.3£1.9 3125+12.8
E281A  19.6+4.5 131.6+9.0
E282D 123+34 1644+75

Ficure 9: Uptake kinetics of amino acid mutations around putative
binding domain 1. (A) Interspecies multiple protein alignment of
ASBT, highlighting the region between amino acid residues 260
and 300. Note that hASBT differs from all other species at position

proteins (Tables 4 and 5). Of particular note is the strong
structural similarity between the N- and C-terminal domains
in ASBT as predicted by a remote-threading algorithm. The
nonbundleda-helical conformation for these two domains
comprises threet helices connected through two distirftt
turns (parts A and B of Figure 6). Sun and colleagues recently
investigated the structure of the C-terminal domain of rat
ASBT. NMR studies on a 20-mer peptide corresponding to
cytoplasmic rASBT tail revealed a distingtturn conforma-
tion spanning residues N340, K341, G342, and F343. As
shown in Figure 6C, thig-turn conformation coincides with
the predicted conformational turn involving hASBT residues
N340, G341, G342, and F343. These studies provide an
experimental basis for the existence of the tertiary structure
in the C-terminal domain of ASBT. On the basis of threading
analysis, we expect that these structural features would
translate to the N-terminal domain as well.

Next, we determined potential ligargrotein interaction
sites. Two putative binding sites were discovered (parts A
and B of Figure 7). The significance of Glu282 in binding
site A was further investigated using Ala-scanning mutagen-
esis (Figures 8 and 9). Our model confirms the following
experimental observations: (1) E282A constitutes a loss-of-
function mutant, whereas E281A diminishes transporter
affinity, likely because of electrostatic interaction with E282;
(2) A282D rescues ASBT affinity, yet transporter kinetics
are now comparable to hamster ASBT, where an Asp residue
naturally occurs in this position (Figure 9).

The homology model and its putative substrate-interaction
sites are in good agreement with 3D-QSAR studies from our
laboratory 85) and a pharmacophore model by Baringhaus
and colleague26). For example, the pharmacophore model

282 (E instead of D). (B) TCA uptake in the presence (open bars) indicates that the@®-hydroxy group in the cis-oriented ring
or absence (solid bars) of sodium in COS-1 cells transfected with A of the steroid nucleus is not specifically required for

pCMVS5 vector containing the indicated cDNA constructs. Uptake
medium was spiked with BM 3H-TCA (0.2Ci/mmol). Results are

transport 26). Likewise, our model suggests that either the

presented as a percent of transport of the mutants relative to that3- Of 7a-OH moieties of the docked cholic acid ligand may

of the wt (81.34 5.7 pmol mirr! mg proteirr). Each bar is the
mean= standard error of three to four different measurements.
(C) Kinetic transport parameters.

contest the validity of the 7TM model proposed by Oelkers
and colleague<2(l), these same data provide strong support
for the classic 7TM modell) as well as our proposed 7TM
model, in many instances more so than a putative 9TM
model. Contrary to the claim by Halleand co-workers9),
it is of particular importance to note that the classic 7TM
model (Figure 2) strictly adheres to the “positive inside” rule
(—4/4+4 = out/in charge ratio), which can be taken as
additional confirmation of its biological legitimacy.

On the basis of a 7TM topology, we built a homology
model for ASBT using BR as a scaffold for positioning the

form dynamic hydrogen bonds with hASBT Asor alterna-
tive residues in its vicinity. Furthermore, in accordance with
previous models, the d2hydroxyl group can form multiple
hydrogen bonds with hASBT. Another important interaction
point with hASBT of bile acids is a negatively charged side
chain, which has been suggested to fulfill a hydrogen-bond
acceptor function 46). This moiety may interact with
positively charged side chains or strong hydrogen-bond
donating residues. In our model, residues R254 and R256
in binding domain 2 (EL3) are positioned to potentially fulfill
this role. Thus, the advantage of our model over previous
pharmacophore and 3D-QSAR models is the possibility of
proposing specific interactions of the substrate with amino
acid residues in the transport protein. In turn, the model can

extramembranous domains. The resulting structure wasbe utilized to guide the rational design of site-directed
carefully validated by geometrical comparison to comparable mutagenesis experiments.
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The validity of our topology vis-ais previously suggested
7—9TM configurations is further illustrated by the acces-
sibility of membrane-impermeant methanethiosulfonate (MTS)
reagents to Cys residues in ASBT. A fully conserved Cys
residue at position 270 (ASBT) and 266 (Ntcp) was the major
site of inactivation (although this residue is not essential for
bile acid transport function), suggesting that this residue must
fall within the extracellular milieu32). As the 7TM model
indicates, this residue is highly exposed in EL3 (Figure 2).
Mutagenesis of C245, C250, and C260 in Ntcp has minimal
effects on thiol-reactive inhibitior8Q). Although ASBT has
only a single Cys in this region at position 255, our model
indicates that it is near the membrane boundary and would
likely have only limited accessibility toward Cys-modifying
reagents. Assuming that both Ntcp and ASBT have a mostly
similar membrane topology, residues 245 and 250 fall within
TM6, whereas the 7TM model of Oelkers et al. would
position these residues within the extracellular environment
(32). Thus, the accessibility of Cys266 and the inaccessibility
of cysteine residues 245 and 250 to MTS reagents further
illustrate that the 7TM topology model proposed in the
present study is corroborated by biochemical data.

In conclusion, we present a model for the three-
dimensional structure of ASBT that is consistent with
empirical and disease-related data. The localization of
potential substrate-binding sites may aid future development
of more specific therapeutic strategies against hypercholes-
terolemia and related cardiovascular diseases.

[any
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