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ABSTRACT: We report the involvement of transmembrane domain 4 (TM4) of hASBT in forming the
putative translocation pathway, using cysteine-scanning mutagenesis in conjunction with solvent-
accessibility studies using the membrane-impermeant, sulfhydryl-specific methanethiosulfonate reagents.
We individually mutated each of the 21 amino acids in TM4 to cysteine on a fully functional, MTS-
resistant C270A-hASBT template. The single-cysteine mutants were expressed in COS-1 cells, and their
cell surface expression levels, transport activities [uptake of the prototypical hASBT substrate taurocholic
acid (TCA)], and sensitivities to MTS exposure were determined. Only P161 lacked cell-surface expression.
Overall, cysteine replacement was tolerated at charged and polar residues, except for mutants I160C,
Y162C, I165C, and G179C (e20% TCA uptake versus the control). TCA uptake was significantly inhibited
by MTSES and MTSET for N164C, T167C, S168C, A171C, V173C, and P175C. Interestingly, all of
these residues were clustered along one face of the putative R helix. TM4 mutants were not sensitive to
equilibrative (12 mM) sodium concentrations, thereby ruling out a direct role of TM4 in sodium
translocation. Our results demonstrate that primarily the cytosolic half of TM4 is highly solvent-accessible
and plays an important role in ASBT function and substrate translocation. Consistent with the existing
experimental data, a three-dimensional model for the orientation of TM4 is proposed.

The apical sodium-dependent bile acid transporter (ASBT)
and Na+-taurocholate co-transporting protein (NTCP) are
members of the solute carrier (SLC) 10A family, representing
the major components in the active transport of bile acids
across mammalian cell membranes. ASBT (SLC10A2) is a
39–41 kDa transmembrane glycoprotein, highly expressed
in the ileocytes, cholangiocytes, and the kidney (1–3), and
plays a pivotal role in maintaining the bile acid pool through
enterohepatic circulation (4–8). Transport of bile acids by
ASBT is facilitated by sodium symport in an electrogenic
process with a 2:1 Na+/bile acid stoichiometry (9). Inherited
mutations in human ASBT (hASBT)1 result in primary bile
acid malabsorption syndrome (PBAM), suggesting that
hASBT is the primary mechanism for intestinal reabsorption
of bile acids (6). hASBT has seven transmembrane helices
as confirmed by glycosylation and epitope insertion scanning
mutagenesis (10, 11).

Expression of hASBT is under the control of hepatocyte
nuclear factor HNF1R and is also regulated by bile acids
through activation of nuclear farnesoid X receptor (FXR)
using a negative-feedback control (12–14). Accordingly,
interruption of the enterohepatic circulation of bile acids by
inhibiting intestinal bile acid reabsorption via ASBT has been
employed as a viable approach for cholesterol-lowering
therapy (15). The decrease in bile acid reabsorption upregu-
lates bile acid synthesis by hepatic cholesterol 7R-hydroxy-
lase (16), thereby effectively reducing plasma cholesterol
levels (17–20). Owing to its molecular promiscuity, hASBT
is a viable intestinal prodrug target (21); for example,
conjugation of the drug acyclovir to a bile acid using a valine
linker resulted in a 2-fold enhancement in acyclovir bio-
availability (22). Despite the pharmacological significance
of hASBT, there is limited structural information available,
thus hampering the rational design of drugs and prodrugs as
substrates. Our laboratory has taken a systematic approach
using a combination of computational techniques and mo-
lecular biology to unravel protein–substrate and protein-cation
interactions to further define their binding and translocation
mechanisms. Using a homology model to determine putative
ligand-binding domains, we found that transmembrane
domains 3, 4, 6, and 7 were likely candidates for substrate-TM
interactions. Indeed, we recently demonstrated that trans-
membrane domain (TM) 7 forms an amphipathic R helix,
which forms part of the bile acid permeation pathway (23).
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In the same study, hydroxyl-containing amino acid side
chains within TM7 were suggested to form the bile acid
binding site(s) via hydrogen-bond formation with bile acid
hydroxyl groups.

In the present study, we used the substituted cysteine
accessibility method (SCAM) to examine the possible role
of TM4 in the formation of the hASBT substrate transloca-
tion pathway. TM4 is an appealing target for the following
reasons: (1) TM4 contains one of the most conserved protein
sequences within SLC10A2 with high sequence identity and
homology (>90%) among a large number of species, ranging
from human to fish (Figure 1); (2) TM4 contains a negatively
charged residue along with five polar residues that can
potentially be involved in hydrogen-bonding interactions; (3)
helix projections of TM4 yielded a distinct polar face of the
helix that may be solvent-accessible (Figure 1); (4) Ala
mutants of V160, L163, and V166 in SLC10A1 (corresponds
to G166, L169, and L172 in SLC10A2) exhibited markedly
reduced TCA uptake, suggesting a highly ordered secondary
structure (24); (5) TM4 contains an functionally silent,
inherited mutation (A171S) with a 28% population frequency
(25). Thus, TM4 constitutes an attractive target that may
reveal valuable insight into ASBT function. Indeed, our data
indicate that TM4 is a relatively solvent-accessible trans-
membrane helix with a cytoplasmic half that poorly tolerates
cysteine mutations, suggesting their importance in hASBT
structure and function.

EXPERIMENTAL PROCEDURES

Materials. [3H]-Taurocholic acid (50 Ci/mmol) (TCA) was
purchased from American Radiolabeled Chemicals, Inc. (St.

Louis, MO); MTS reagents MTSES and MTSET were
purchased from Toronto Research Chemicals, Inc. (North
York, Ontario, Canada); sulfo-NHS-LC biotin was purchased
from Pierce Biotech (Rockford, IL); and taurocholic acid and
glychodeoxycholic acid (GDCA) were purchased from Sigma
(St. Louis, MO). Cell-culture media and supplies were
obtained from Invitrogen (Carlsbad, CA). All other reagents
and chemicals were of highest purity available commercially.

Cell Culture. The monkey kidney fibroblast cell line,
COS-1 (CRL-1650), was obtained from American Type
Culture Collection (ATCC; Manassas, VA). Cells were
grown and maintained in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum, with
high glucose, and penicillin and streptomycin (Invitrogen)
at 37 °C in a humidified atmosphere with 5% CO2.

Site-Directed Mutagenesis and Transient Transfection. The
pCMV vector containing cDNA of the hASBT-C270A
construct was used to incorporate site-directed mutations
using the Quick Change site-directed mutagenesis kit from
Stratagene (La Jolla, CA), according to instructions of the
manufacturer. Mutagenesis primers integrating cysteine
substitutions of each individual residue in TM4 were custom-
synthesized and purchased from Sigma Genosys (St. Louis,
MO). Plasmid purification was accomplished using a kit from
Qiagen (Valencia, CA) with verification of amino acid
replacement for all mutants performed by DNA sequencing
using a 3700 DNA analyzer (Applied Biosystems, Foster
City, CA) at the Plant-Microbe Genomics Facility of The
Ohio State University. Transient transfections in COS-1 cells
were performed using the Lipofectamine Plus reagent (In-
vitrogen) and after 48 h processed for [3H]-TCA uptake,
Western blot analysis, and cell-surface biotinylation. R-In-
tegrin, an integral plasma membrane protein, was used as a
positive control in all immunoassays. The specificity of the
biotinylation reaction was verified by the fact that no band
could be detected when COS-1 cells transfected with wt-
hASBT, and mutants were subjected to all labeling steps in
the absence of sulfo-NHS-LC biotin. To ensure that the
biotinylation agent did not have access to the intracellular
environment because of membrane disruption, additional
immunoblotting for the abundant ER protein calnexin was
performed using a specific anticalnexin monoclonal antibody;
as expected, upon biotinylation, no bands for calnexin were
detected (data not shown).

Uptake Assay and Inhibition Studies. Cells transfected with
native hASBT and mutant plasmids were used 48 h post-
transfection to determine the uptake activity. Initial rates of
ligand uptake were determined in transfected COS-1 cells
incubated in modified Hanks’ balanced salt solution (MH-
BSS) at pH 7.4 uptake buffer containing 5.0 µM [3H]-TCA
at 37 °C for 12 min. We have previously determined that
this uptake period ensures linear steady-state kinetics in
conjunction with an optimal signal-to-noise ratio for subse-
quent [3H]-TCA analysis via liquid scintillation count-
ing (10, 23, 26). Uptake was halted by a series of washes
with ice-cold DPBS at pH 7.4 containing 0.2% fatty acid
free bovine serum albumin (BSA) and 0.5 mM TCA. Cells
were lysed in 350 µL of 1 N NaOH and subjected to liquid
scintillation counting using a LS6500 liquid scintillation
counter (Beckmann Coulter, Inc., Fullerton, CA) and total
protein quantification using the Bradford protein assay (Bio-

FIGURE 1: Secondary-structure model of hASBT, residues of TM4,
and protein sequence alignment of TM4 of ASBT from different
species. (A) hASBT topology model with putative R-helical
arrangement of TM4 residues 160–180 within the plasma membrane
in net projection. (B) ClustalW alignment of 12 members of the
SLC10A2 family, indicating conserved amino acid residues. The
top group demonstrates the protein alignment of species commonly
used in pharmacological testing, whereas the lower group denotes
additional eukaryotic species. An asterisk (/) indicates a strongly
charged group; a colon (:) signifies a single fully conserved residue;
and a period (.) indicates a weakly conserved group.

Role of TM4 of hASBT in Bile Acid Transport Biochemistry, Vol. 47, No. 12, 2008 3607



Rad, Hercules, CA). Uptake activity was calculated as
picomoles of [3H]-TCA internalized per minute per milligram
of protein.

MTS Inhibition Studies. Sensitivity of mutants to charged,
membrane-impermeant MTS reagents was assessed by pre-
treatment of transiently transfected COS-1 cells with either
1.0 mM MTSES or MTSET for 10 min at room temperature.
After MTS treatment, cells were washed twice in DPBS
(Sigma, St. Louis, MO) and [3H]-TCA uptake was measured
as described above. Because of the short aqueous half-life
of these MTS reagents, all solutions were freshly prepared
prior to each study. Untreated controls with buffer in the
absence of MTS reagents were run in parallel. Cell viability
was determined using the live/dead assay (Molecular Probes,
Inc., Eugene, OR) as per instructions of the manufacturer.

Sodium ActiVation Assay. Determination of [3H]-TCA
uptake in the presence of 12 mM [Na+], reflecting an
equilibrative [Na+] resulting in no net inward Na+ flux, was
conducted for each mutant (uptake conducted as described
above; choline chloride used as equimolar NaCl replacement)
to assess the degree of Na+ sensitivity for each mutant
transporter. The ratio of TCA uptake at 12 mM versus 137
mM [Na+] was calculated for each mutant. Typically, Na+

ratios equal to 1 signify little measurable effect of extracel-
lular [Na+] on transport activity, while fractions less than 1
imply greater necessity for physiological [Na+] to ensure
proper function of a mutant transporter.

Substrate Protection Assay. The effect of substrates on
MTSES/MTSET labeling was determined in transfected
COS-1. Cells were washed twice in 1× phosphate-buffered
saline (PBS) at pH 7.4 followed by incubation with GDCA
(0–200 µM) for 3 min at room temperature followed by co-
incubation with 1.0 mM MTSET or MTSET for 5 min (27).
After pre-incubation treatments, cells were washed twice in
MHBSS at pH 7.4 and additionally equilibrated for 15 min
at 37 °C in this buffer followed by determination of 5 µM
[3H]-TCA uptake as described above. All control wells were
treated identically.

Computational Analysis. Solvent accessibility within hAS-
BT and regions around TM4 was calculated using a previ-
ously developed three-dimensional model for hASBT (11).
The SiteID subroutine within the SYBYL software suite
(version 6.9; Tripos Associates, St. Louis, MO) was em-
ployed to determine binding pockets. Local clefts are detected
in SiteID by an atom-based solvent-accessibility method. The
Grid algorithm was used to detect deep pockets and cavities
within the hASBT protein. The grid was specified using a
1.0 Å resolution and 2.0 Å protein film depth. All other
parameters were set to default values, except for the
minimum population of grid points in a cluster, which was
set to 15. The inner core of the protein was rendered
accessible to the solvent from both the extra- and intracellular
environment. Thus, the results represent the total solvent
accessibility, and only clusters pertaining to TM4 are shown
in Figure 7. Images were rendered within the biopolymer
module within SYBYL.

Statistical Analysis. Uptake and MTS reagent inhibition
data were analyzed for statistical significance using the two-
tailed, unpaired Student’s t test or one-way analysis of
variation (ANOVA) with Dunnett’s posthoc test; data were
considered statistically significant at p e 0.05.

RESULTS

An alignment of amino acid residues 160–180 of the
human ASBT sequence with 11 known orthologues dem-
onstrates its high conservation with 17 of 21 residues
maintaining identity or strong sequence similarity among a
range of evolutionarily diverse species (Figure 1B). In this
study, we used the hASBT mutant encoding a cysteine-
scanning scaffold, in which a MTS-sensitive cysteine at
position 270 was changed to alanine. This scanning scaffold
exhibits transport activity similar to wild-type hASBT (26)
and was used to construct cysteine mutants for each
individual TM4 residue (Table 1).

To define the potential effects of point mutations on the
cellular distribution of C270A mutants, they were transiently
transfected into COS-1 cells. The membrane distributions
of these mutants were confirmed by plasma membrane
biotinylation, immunoblotting, and densitometric analysis of
the developed bands (Figure 2). Individual cysteine mutants
were expressed at varying concentrations in COS-1 cells
necessitating normalization of the uptake data to protein
expression levels, allowing us to directly compare the uptake
activities of the mutants with the C270A transporter scaffold
(control) (Figure 3). Cell-surface expression was observed
for 20 of the 21 mutants, with the exception of P161C, which
faces the cytosolic part of the TM4. This mutant was
expressed at levels below detection limits both at the plasma
membrane as well as in whole-cell lysate preparations (data
not shown), suggesting that the mutation may alter protein
stability, folding, or synthesis. Conversely, we hypothesized
that altered transport activity of the cell-surface-expressed
mutants could not be ascribed to synthesis or trafficking
defects but simply reflect mutation-induced changes in
hASBT affinity for its substrate, taurocholic acid.

The relative transport activity of each mutant, as measured
by [3H]-TCA uptake, was normalized to whole-cell protein
expression as well as cell-surface expression (densitometric
analysis) (Figure 3) to account for variability in transfection
efficiency in COS-1 cells. In addition to the dysfunctional

Table 1: Cysteine-Scanning Mutagenesis of TM4a

residue number amino acid change codon change

160 Ilef Cys ATTf TGC
161 Prof Cys CCCf TGC
162 Phef Cys TATf TGC
163 Aspf Cys GATf TGC
164 Asnf Cys AACf TGC
165 Ilef Cys ATAf TGC
166 Glyf Cys GGTf TGT
167 Thrf Cys ACAf TGC
168 Serf Cys TCTf TGC
169 Leuf Cys CTGf TGC
170 Valf Cys GTTf TGC
171 Alaf Cys GCTf TGC
172 Leuf Cys CTCf TGC
173 Valf Cys GTTf TGC
174 Valf Cys GTTf TGC
175 Prof Cys CCTf TGC
176 Valf Cys GTTf TGT
177 Serf Cys TCCf TGC
178 Ilef Cys ATTf TGT
179 Glyf Cys GGAf TGC
180 Metf Cys ATGf TGC

a cDNA encoding cysteine-scanning scaffold C270A of hASBT was sub-
jected to site-directed mutagenesis with cysteine replacements. Residue
numbers in the table refer to the amino acid numbering for hASBT.
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mutant P161C, amino acid substitution at I160C, Y162C,
I165C, and G179C resulted in minimal (e20%) functional
activity. Furthermore, mutants N164C, L169C, L172C,
V176C, and M180C showed a significant reduction (e80%)
in [3H]-TCA uptake. Overall, the effects of cysteine substitu-
tions within the cytosolic half of TM4 were relatively more
pronounced compared to substitutions within the exoplasmic
half of the TM.

Because hASBT is a sodium-dependent transporter with
an apparent 2:1 Na+/substrate stoichiometry (9), we next
evaluated the effects of sodium withdrawal on the bile acid
uptake activity of hASBT TM4 mutants. The activity of each
mutant at 12 mM Na+ (equilibrative concentration) was
compared to the activity at its physiological concentration
(137 mM) and normalized to the sodium sensitivity of the
C270A scaffold (Figure 4). Five mutants showed significantly
lower Na+ activation ratios compared to C270A, including
D163C, the only charged residue in TM4. It is interesting to
note that residues D163, A171, P175, and S177 were not
affected significantly by cysteine substitution at physiologic
[Na+] but revealed a significant reduction in substrate uptake
at equilibrative [Na+]. An exception is residue L172, which
displayed reduced uptake rates at both sodium levels.

To determine the residues of TM4 that would likely be a
part of the substrate translocation pathway, we assessed the
solvent accessibility of the individual, cysteine double
mutants in the presence of different MTS reagents. Only
those mutants that retained significant functional activity
(Figure 2) were subjected to MTS treatment. Thus, 16 active
TM4 cysteine mutants were probed with 1.0 mM of the polar,
membrane-impermeant MTS reagents, MTSET and MTSES
(Figure 5). Residues N164, T167, S168, A171, V173, and
P175 were significantly affected by co-incubation by MTS
reagents and are likely participants in bile acid transport and/

or modulation. As a logical next step, we probed the
specificity of the observed MTS labeling and inhibition by
performing the MTS incubation reaction in the presence of
a natural hASBT substrate, GDCA. This would indicate
whether the MTS-labeled residue lies within a functionally
relevant region involved in bile acid translocation. Thus, to
determine the competitive effect of the presence of bile acids
on MTS inhibition, pre-equilibration with 0, 50, and 200 µM
GDCA in HBSS prior to the addition of positively charged
MTSET or negatively charged MTSES was carried out
(Figure 6). Mutant N164C showed 40% reduction in [3H]-
TCA uptake in the presence of MTSES, which could not be
reversed by co-incubation with GDCA. On the other hand,
MTSES incubation inhibited [3H]-TCA uptake of S168C to
25% of the control (absence of MTS), which was restored
fully by pre-incubation with GDCA. However, this effect
was not observed when S168C was incubated with positively
charged MTSET; although MTSET inhibited uptake activity
merely 20%, this was not ameliorated by GDCA. [3H]-TCA
uptake by mutant A171C was reduced to 75% of the control
in the presence of MTSET, which was fully restored to
control levels by the competitive protective effect of GDCA.
Other mutants that were initially MTS-sensitive (i.e., T167C,
V173C, and P175C; Figure 5) were not significantly pro-
tected by GDCA against MTS-induced uptake inhibition
(data not shown).

To further illustrate the relative positioning of TM4
residues, we used a previously developed and validated
homology model for hASBT (11). The SiteID program
within SYBYL was used to probe solvent accessibility of
the amino acid residues residing in the inner core of the
protein, which can potentially play a key role in substrate
translocation. Of the 10 clusters generated, clusters pertaining
to TM4 had molecular volumes of 199, 57, and 12 Å3

(clusters 2, 3, and 6) (Figure 7). Two major clusters visual-
ized as orange (199 Å3) and yellow (57 Å3) predominantly
line the hydrophilic face of the TM, suggestive of a highly
accessible pathway. These data indicate that TM4 in com-
bination with other TMs may play a significant role in the
substrate translocation process.

DISCUSSION

Despite its critical role in bile acid and cholesterol
homeostasis, the bile acid transporter hASBT has not been
fully characterized at the molecular level. Hence, there is
paucity of information on the specific amino acid residues
that interact with substrates and cations during the translo-
cation cycle, and a systematic approach is necessary to study
the residues involved. Thus far, studies by our laboratory and
others have suggested an intricate role for various charged
residues in substrate and sodium ion interaction (11, 27–29).
Furthermore, we have reported that TM6 promotes helical
flexibility, owing to the presence of Pro and Gly residues
(30), whereas TM7 plays a structural role in substrate
translocation (31). Recent studies on extracellular loop 3 (28),
which interconnects TM6 and TM7, found that this protein
segment contains sodium-sensing residues in addition to
substrate interaction sites. The present study provides
compelling evidence in support of the functional relevance
of TM4 in the uptake of bile acids by hASBT; furthermore,
TM4 may partly line the substrate permeation pathway.

FIGURE 2: Expression of TM4 C270A mutants in COS-1 cells. Cell-
surface biotinylation and Western blot analysis of these transporters
were performed by transfecting COS-1 cells with the individual
mutants. At 48 h post-transfection, the COS-1 cells were biotiny-
lated with sulfo-NHS-LC biotin for 30 min at room temperature.
Immunoprecipitation was carried out followed by Western blot
analysis using affinity-purified rabbit anti-hASBT antibody and was
visualized using goat antirabbit horseradish peroxidase (HRP)-
conjugated secondary antibody. Glycosylated (top) and unglyco-
sylated (bottom) bands of hASBT were detected in the biotinylated
samples. Lysates were also probed with anti-R-integrin (150 kDa)
antibody to allow semiquantitative analysis of hASBT band density.
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To identify residues responsible for bile acid and/or Na+

interaction within TM4, we performed systematic mutagen-
esis of all 21 residues spanning this transmembrane region.
Each individual amino acid residue was mutated to Cys,
using the relatively MTS-insensitive C270A scaffold (27),
followed by SCAM analysis. All TM4 C270A double
mutants were expressed at the plasma membrane, except
P161C. All functionally inactive mutants (Figure 2) resulting
from Cys substitution were evolutionarily conserved (Figure
1B), suggesting their critical role in ASBT function.

Uptake of the prototypical substrate for hASBT, TCA, was
significantly reduced for 9 of 21 Cys mutants (not including
P161C). Interestingly, the majority of the affected mutants
fall within the cytoplasmic half of the transmembrane
segment (amino acids 160–165), and these residues are
affected to a greater extent than the residues closer to the

exofacial half of the TM (Figure 3). Amino acid position
167 is poorly conserved across species, containing either a
Thr or Ile residue (Figure 1B). Our data indicate that Cys
replacement is also well-tolerated, suggesting that this
position and perhaps its neighboring residues do not fulfill
a critical role in hASBT function. Helical wheel analysis of
TM4 indicates that residues significantly affected by mutation
alone occupy one distinct “face” of the R-helical TM
projection predicted by computational methods (Figure 7A).
Furthermore, this face is predicted to be adjacent to at least
two solvent-accessible pockets, which are positioned between
transmembrane domains 3, 4, and 5 (Figure 7B). Importantly,
the largest solvent-accessible pocket lines the cytosolic half
of TM4, which is in agreement with our experimental data
and suggests significant solvent accessibility of the cytosolic
region.

Interestingly, the substitution of proline residues with
cysteine at two different locations within TM4 resulted in
contrasting effects on substrate uptake. Whereas the uptake
of taurocholate by the P175C mutant was not significantly
affected (Figure 2), P161C failed to express at the plasma
membrane, suggesting its putative role in protein structure,
folding, or stability. A possible explanation for the divergent
roles of Pro residues in TM4 may be attributed to their
relative localization within the transmembrane helix. Protein
structural studies have shown that, at the extremes of the
transmembrane region, proline residues may induce helical
termination or initiation, whereas proline residues located
centrally within TM segments could introduce a kink or bend,
whose degree is influenced by the surrounding tertiary protein
structure (32–34). Therefore, P161 may be critical for helix
termination or initiation, whereas P175 may form a kink in
the transmembrane segment; however, the absence of such
a kink may not significantly alter substrate access and/or
handling by the transporter protein. Interestingly, both proline
residues line the same face in the putative R-helical arrange-
ment of TM4 (Figure 7A) along with the only functionally
inactive residues Y162, 1165, and G179.

Because of the essential role of Na+ as a cosubstrate for

FIGURE 3: Uptake activity of TM4 mutants of C270A-hASBT in COS-1 cells. (A) Uptake was carried out at 5 µM [3H]-TCA. Results are
given as a percentage of the mutant uptake relative to C270A. Each bar is the mean ( standard error (SE) (n ) 3). (B) Averaged densitometry
analysis of the surface expression of the cysteine mutants normalized to the internal marker R-integrin and represented as a percentage of
C270A expression. (C) [3H]-TCA uptake activity after normalization for the average hASBT cell membrane expression. An asterisk (/)
denotes statistical significance (p < 0.05).

FIGURE 4: Sodium activation studies of functionally active single-C
C270A mutants. COS-1 cells transfected with TM4 Cys mutants
were incubated in uptake medium (5 µM [3H]-TCA) containing a
low (12 mM) and saturated (137 mM) sodium concentration for
12 min at 37 °C. Each bar represents the sodium sensitivity compare
to that of C270A and is represented as mean ( SE (n ) 3). An
asterisk (/) represents significantly different observations (p < 0.05).
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hASBT function, we sought to determine the effects of
mutation at physiological and equilibrative sodium concen-
trations. We identified five residues (D163, A171, L172,
P175, and S177) that were affected in their ability to transport
taurocholate at low sodium concentration (Figure 4). Not
surprisingly, D163, the only negatively charged residue
within TM4 was affected by a decrease in positive-ion
concentration. Overall, the observed effects may be attributed
to conformational changes brought about by the residues to
form or maintain structures involved in Na+ interaction.

However, the effects of an altered sodium concentration is
minimal, and therefore, the effects are likely indirect in
nature. On the basis of our present data, we propose that
there is no direct role for Na+ interaction with TM4.

To further probe the predicted solvent accessibility of the
respective hASBT mutants, we performed SCAM analysis
by incubating each individual Cys mutant with membrane-
impermeable MTS reagents prior to performing uptake
studies. Visualization of the MTS inhibition data on a helical
wheel projection of TM4 (Figure 7A) demonstrates that five
of six MTS-accessible residues are clustered together along
one face of a putative TM4 R helix. Our previous SCAM
studies with TM6 and TM7 revealed that the exofacial side
was predominantly solvent-accessible (30, 31). However,
contrary to expectations, amino acid residues within the
cytosolic to middle regions of TM4 were highly affected
upon MTS exposure (Figure 5). This would suggest that the
substrate permeation pathway is either tortuous or that helical
tilt of individual transmembrane domains is a contributing
factor to forming a substrate-accessible pore. Our results
further demonstrate that a positive charge introduced as a
result of MTSET incubation was better tolerated than the
addition of a negative charge by the MTSES reagent (Figure
5), suggesting that TM4 favors a electropositive environment,
which may be required for the interaction with negatively
charged moieties on natural bile acid analogues. Although
MTSES and MTSET modified the protein with opposite

FIGURE 5: Effect of MTS reagents on [3H]-TCA uptake activities
of the TM4 cysteine-scanning mutants. At 48–72 h post-transfection,
COS-1 cells expressing Cys mutants were treated with (A) 1.0 mM
MTSES or (B) 1.0 mM MTSET for 10 min at room temperature.
Cells were washed and incubated in uptake medium containing 5
µM [3H]-TCA for 12 min at 37 °C. Individual controls for each
mutant were treated with uptake buffer. Results represent the
percentage of TCA uptake activity retained. Each bar is the mean
( SE (n ) 3). An asterisk (/) indicates values significantly different
from individual controls (p e 0.05).

FIGURE 6: Effect of GDCA on the affinity of (A) MTSES or (B)
MTSET for TM4 cysteine mutants. COS-1 cells transfected with
hASBT, C270A, and the TM4 cysteine mutants were pre-incubated
for 3 min with GDCA (up to 200 µM) prior to 5 min of incubation
with 1.0 mM MTSES or MTSET at room temperature. The cells
were washed twice and equilibrated in uptake buffer for 15 min.
[3H]-TCA (5.0 µM) uptake was measured at 37 °C for 12 min.
Control wells with no MTS or no GDCA were treated similarly.
Each bar is displayed as a percentage of the C270A control (no
MTS reagent), and each bar is the mean ( SE (n ) 3).
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charges, they affected S168C to a similar extent, suggesting
that modification at this position is independent of the
electrostatic environment. An apparent lack of inhibition for
the solvent-accessible cytosolic half by MTSET but not
MTSES may indicate size-restricted access, which could be
attributed to the differences in molecular volume of MTSET
(∼109 Å3) versus MTSES (∼90 Å3).

Another mutant that demonstrated significant inhibition
only by MTSES is N164C (Figure 5), which is situated close
to the transmembrane-cytosolic interface; furthermore, its
inactivation by MTSES could not be ameliorated by co-
incubation with GDCA (Figure 6). Whereas we cannot

exclude the possibility that a small fraction of MTSES may
permeate the lipid bilayer, we believe it is unlikely that
N164C inactivation occurs via cytosolic access to this residue
for the following reasons: (1) the residues adjacent to N164,
i.e., G166 and D163, are not affected by either MTS reagent;
(2) permeation of MTSES, which bears a negative charge at
physiological pH, across the lipid bilayer is presumably low,
whereas the fraction that may eventually reach the cytosol
would immediately react with abundantly present cytosolic
proteins. Therefore, we speculate that access to N164C by
MTSES may occur via a small solvent pocket accessible only
to this relatively small MTS reagent (Mw ∼ 220 Da). This

FIGURE 7: Computational analysis of hASBT. (A) Helical wheel representation of TM4 of hASBT visualized from the cytoplasmic side of
the TM4. Amino acids are represented by the standard single-letter code. Red open circles indicate residues showing e20% uptake, and
highlighted are the residues that show moderate reduction in TCA uptake upon cysteine substitution. Black arrows indicate solvent-accessible
residues. (B) Solvent-accessibility analysis of hASBT exofacial view. The grid method within SiteID was used to determine accessible
regions of a previously developed homology model of the hASBT. Major clusters are visualized by a colored sphere, and for clarity, only
clusters surrounding TM4 were visualized. The resulting yellow, orange, and green with molecular volumes of 57, 199, and 12 Å3 (clusters
3, 2, and 6) occupy domains spatially favorable to the formation of hydrogen bonds with TM4 amino acids. Amino acid side chains have
been omitted for clarity. (C) Side view of the predicted three-dimensional R-helical arrangement of TM4 residues along its vertical axis.
Top is the exofacial side, and the side chains are shown without hydrogen atoms for clarity. (D) Top view of the arrangement shown in C
from the exofacial side.
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pocket, which may lie adjacent to or in contact with the
substrate permeation pathway would not be accessible to the
relatively larger natural substrate, GDCA (Mw ∼ 468 Da),
resulting in the observed lack of substrate protection.

MTS incubation studies in the presence of the natural bile
acid analogue, GDCA, were performed to determine whether
MTS modification occurs at amino acid residues directly
interacting with substrate (Figure 6). Hallén and colleagues
(27) previously demonstrated protection of wt-hASBT from
inactivation by MTSET (1 mM, 20% of control) by pre-
treatment with 50 or 200 µM GDCA (to 60 and 80% of
control values, respectively). Interestingly, while we dem-
onstrate substrate protection for mutants S168C and A171C,
we do not observe a strict concentration-dependent restoration
of hASBT function in the presence of GDCA. We have
previously demonstrated that MTS sensitivity of wt-hASBT
is primarily due to inactivation of Cys270 (31), a highly
accessible cysteine residue, which lies in close proximity to
sodium and substrate interaction sites. Because the C270A
mutant scaffold is mostly insensitive to MTS treatment, we
do not expect to see a linear correlation between substrate
protection and GDCA concentration based on limited ac-
cessibility of residues that lie deep within the permeation
pathway. Considering that uptake activities of S168C and
A171C were at least partially restored in the presence of
GDCA, we posit that GDCA and MTS reagents access the
same solvent pocket within hASBT protein. Even though
mutation of S168 and A171 to cysteine did not affect uptake
activity (Figure 3), they appear to form part of the substrate
translocation pathway. Their relative importance becomes
obvious when visualizing the respective positions of S168
and A171 on a helical wheel projection of TM4 (Figure 7A),
namely, occupation of the same helical face as the loss-of-
function mutants I165C and G179C. This striking conserva-
tion of R-helical periodicity provides further credence to our
proposed model for TM4 and hASBT.

Previous genotyping studies to determine potential poly-
morphisms responsible for PBAM syndrome, identified a
phenotypically silent A/S171 point mutation with a 28%
allele frequency among control subjects (25). Incidentally,
this otherwise common polymorphism is only present in the
wild-type Danio rerio (zebrafish) asbt sequence (Figure 1B).
As expected, substitution of A171 with Cys, a small, polar
residue with physicochemical characteristics comparable to
Ser, did not significantly alter its function (Figure 3).
However, we found that A171C was moderately affected
(∼80% uptake versus the control) by MTS reagents (Figure
5), indicating high solvent accessibility at this residue; this
was further supported by full restoration of uptake activity
when the MTS reagent was co-incubated with the natural
ligand GDCA (Figure 6). Additionally, we determined
moderate sodium sensitivity for this residue, reaffirming its
importance in substrate translocation. Combined, we hy-
pothesize that A171 may interact with the substrate and could
constitute part of the ligand translocation pathway.

In summary, our data suggest that TM4 has a distinct
helical face that contains residues critical for transport
function and conformational stability. Contrary to expecta-
tions, we found that TM4 solvent accessibility was conserved
to the middle to cytoplasmic region rather than the exoplas-
mic half. TM4 contains two Pro residues that were assigned
divergent functions; whereas P175 may play a role in helical

twisting, P161 is critical for protein stability and folding.
Although hASBT is a sodium-dependent solute transporter,
TM4 does not appear to play a direct role in ion cotransport.
In combination with our previous studies, our present results
provide further insight into understanding the molecular
mechanisms underlying structure and function of hASBT.
These studies may enable strategies for rational drug design
aimed at inhibiting intestinal bile acid reabsorption and/or
cholesterol-lowering therapy.
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