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ABSTRACT: Drug intervention that prevents reabsorption of circulating bile acids by the apical (ileal) sodium/
bile acid cotransporter (ASBT) may be a promising new therapy for lowering of plasma cholesterol.
2164U90 is a benzothiazepine-based competitive inhibitor of bile acid transporkKwithlues of~10

and 0.068M for the homologous human and mouse apical transporters, respectively. Hybrid human
mouse and mousehuman transporters were engineered to identify regions involved in this 150-fold
difference in the inhibition constant for 2164U90. A mou$eiman chimera with only the most C-terminal
hydrophobic domain and the C-terminus of the transporter originating from the human variant was found
to have a sensitivity to 2164U90 inhibition similar to that of the human transporter. Conversely, ahuman
mouse hybrid transporter encompassing the same C-terminal region from the mouse sequence but now
inserted into the human sequence demonstrated the greater inhibition seen with the mouse wild type
ASBT. Amino acid substitutions, individually or in combinations, of six candidate nonconserved residues
between mouse and human transporters in this C-terminal domain showed replacements of Thr294 by
Ser and Val295 by lle to be responsible for the difference in the sensitivity toward 2164U90 seen between
the species. The hamster apical SBAT encompassing Ser/lle in these positions shared the lower sensitivity
to 2164U90, as seen with the human ASBT, even though it is identical to the mouse SBAT in the remaining
four positions of this region. In addition, the rat ASBT which is identical to the mouse ASBT in this
domain also had the high sensitivity to 2164U90 inhibition found for the mouse ASBT. Methanethio-
sulfonates (MTS) are known to inactivate the sodium/bile acid transporters through alkylation of a cysteine
in the most C-terminal hydrophobic domai).(Inactivation of the human ASBT due to MTS modification

of cysteine 270 was shown to be largely abolished when the transporter was preincubated with 2164U90,
suggesting that the binding of this benzothiazepine is in the vicinity of position 270. Thus, the domain
containing the two most C-terminal putative transmembrane regions of the SBAT$$&reviously

shown to constitute part of the binding pocket for bile acids, interacts also with the bile acid transport
competitive inhibitor, 2164U90.

Bile acids are important in control of cholesterol homeo-  Bile acids are preserved in circulation between the liver
stasis. Cholesterol is the precursor for bile acid synthesis inand the small intestine by a number of polytopic membrane
the liver, and bile acids are important detergents in solubi- proteins and intracellular carrier proteins. Reabsorption of
lizing cholesterol in bile as well as in the gut. Interruption bile acids from the intestinal lumen, the portal blood, the
of the enterohepatic circulation of bile acids in the small bile duct and the kidney is facilitated mainly by sodium/
intestine causes a compensatory increase in conversion obile acid co-transporters (SBATsB)( Two homologous
cholesterol into bile acid in the liver. Drug intervention that SBATs are found in mammals, one type with an apical
prevents reabsorption of bile acids by the ileal SBAT distribution in ileal/renal enterocytes and bile duct cholan-
potential therapy for lowering of serum cholester2). ( giocytes and another that is trafficked to the basolateral
sinusoidal membrane of hepatocytes. Apical and basolateral
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53462, 41301, and 17294. number of species including hamster, rat, rabbit, mouse, and
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polyacrylamide gel electrophoresis; MHBSS, modified Hanks balanced SBATS being selective for translocation of mainly the natural
salt solution; ChCl, choline chloride; kDa, kilodalton; MTS, meth- e acids while the basolateral SBATs also transport a
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sulfonate; SPA, scintillation proximity assay; TCA, taurocholic acid; Variety of organic anions. The same trend holds for SBAT
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Ficure 1. 2164U90 ((®5R)-3-butyl-3-ethyl-5-phenyl-2,3,4,5-
tetrahydro-1,4-benzothiazepine 1,1-dioxide).

the ileal or the liver SBATs have been identified6).
Overall, the ileal (apical family) SBATs from different
species exhibit~73% identity (85% similarity), and they
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pcDNA3 vector from Invitrogene. Samples of-2 ulL of

the Dnal digested PCR products following the QuikChange

protocol were transformed into JM109 by electroporation

using Bio-Rad'’s electropulser at 1.5 kV, 800 ohms, and 25
uF. Plasmids were purified using anion exchange columns
(Qiagen, Chatsworth, CA), and all mutations were verified

by dideoxy sequencing.

Expression in HEK293 Cell$IEK293 cells grown to 76
80% confluence in Dulbecco’s Modified Eagle Medium (high
glucose, supplemented with 10% fetal bovine serum, 100
units/L penicillin, 0.1 mg streptomycin/l, 2 mMglutamine,

0.1 mM nonessential amino acids, and 1.0 mM sodium
pyruvate) was trypsinized by washing the monolayer with
PBS before adding 0.05% trypsin/53 mM EDTA (Gibco Life
Technologies), and single cells were recovered by centrifu-
gation. Approximately 3« 10* cells in 100uL. DMEM were
then added to each well in a Cytostar SPA 96 w plate. After

demonstrate comparable affinity for the natural substrates, 1 gay, cells were transfected with 0.07§ DNA/well using
bile acids and sodium, when expressed in mammalian cellsthe FUGENESG transfection reagent from Roche Molecular

(4,9, 16, 17).

Biochemicals according to the manufacturer's recommenda-

described18—21). A benzothiazepine compound, 2164U90
(Figure 1), has been shown to efficiently block bile acid
uptake via the ileal transporter in both in vitro and in vivo
models 21, 22). This compound and analogous structures
are competitive inhibitors of the ileal sodium/bile acid
cotransporter, but no information on the site of interaction
between transporter and drug has been presentedl70-
fold difference in theK; values for 2164U90 inhibition of

90—100% confluent in the Cytostar-T 96 well plate, and
[*“C]-taurocholate (NEN Life Science Products, Inc.) uptake
activity was measured using a Micfbscintillation plate
reader (EG&G/Wallac) as described previousBB)(The
HEK293 cells were then lysed in a buffer containing 15%
SDS, 8 M urea, 10% sucrose, 62.5 mM Tris-HCI, pH 6.8,
10 mM EDTA, and 5 mM DTT. The approximate expression
levels of the transporter constructs were then determined by

the human and mouse ileal sodium/bile acid cotransporter\yestern blotting of~10 ug total cell-lysate separated on a

provided an opportunity to define the region of interaction

precast 1.5 mm 10% Tris/glycine gel (Novex) and then

between inhibitor and protein. Chimeric constructs containing electrotransferred to PVDF membrane (Millipore Immobilon-
different regions of the two transporters were used along with p 0.22,M). The efficiency of the transfer was verified by
Site'directed mutag.eneSiS and two .aminO aCidS in the mousq:oomassie Staining of the membrane prior to immunoblot-
transporter, threonine 294 and valine 295, as compared toting. The primary antibody for detection of the apical SBATs
serine and isoleucine in the human transporter appearyas an affinity-purified polyclonal antibody from rabbit

responsible for the 150-fold shift in th§ of the inhibitor.

EXPERIMENTAL PROCEDURES
Reagents.2164U90 ((&,5R)-3-butyl-3-ethyl-5-phenyl-

raised against the human ASBT C-terminal fragment,
—CEPESSFYKANGGFQPDEK (QCB Inc.). The secondary
antibody was a goat anti-rabbit-HRP conjugated polyclonal
antibody from American Qualex. Detection was with the

2,3,4,5-tetrahydro-1,4-benzothiazepine 1,1-dioxide) was syn-ECL-Plus chemiluminescence reaction from Amersham/

thesized at AstraZeneca, Thalal.
Construction of Hybrid Transporters, Site-Directed Mu-
tagenesis, and Cloning Procedurddl transporter chimeras

Pharmacia.
Measurement of Kinetic Parameters for Taurocholate
Transport and 2164U90 Inhibition. Japp Values for tauro-

were made by a two-step PCR method fusing the humancholate uptake by the ASBTs were monitored as described
and mouse ASBTSs at desirable positions encompassing highpreviously (). In short, transiently transfected HEK293 cells
homology between the transporters. Hybrid transporters grown in Cytostar 96w SPA plates were incubated with 50
starting with the mouse ASBT sequence and ending with uL 5—40 uM of “C-taurocholate (10 Ci/mol), and the
human ASBT sequence were linked by overlapping PCR accumulation of““C was recorded real-time in a Micy®-
primers at the following positions (mouse sequence under- plate reader. The instrument was set at 1 min repetitive

lined): MH C1, IKRPWG; MH C2, IDGDMD; MH C3,
KAKIIL; MH C4, WYRCRT. The corresponding human
mouse chimeras were fused at the following: HM C3,
KAKIIL; and HM C4, WYRCRT (human sequence under-

readings, and the initial accumulation was followed for 10
min total at room temperature (10 data points). Uptake rate
was defined as the slope of plotting CPM versus time. Using
a similar protocol, 2164U90 inhibition was detected at 50

lined). Site-directed mutations in the apical mouse sodium/ uM *“C-taurocholate, and the amount of intracellit& at
bile acid co-transporters were introduced by the use of the steady-state accumulation~0 min) was fitted to the

QuikChange kit from Stratagene. Mutant oligonucleotides

for the various substitutions were constructed using the

Primer Select software and purchased from Gibco Life

Technologies. cDNA for the human, mouse, rat, and hamster

SBATs was a kind gift of Dr Paul Dawson, Wake Forest
University, and the individual SBATs were cloned into the

equation
y = 100%/(1+ (X/ICg)")

and IGy curves were generated, wherés percent activity
of control atx uM of 2164U90 whiles represents a slope
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factor. Stock solutions of 2164U90 were made in DMSO 100 T T T T T T T T
yielding a final concentration of 1% DMSO in the assay. L 4
Data fitting was done using the GraFit 4 software.
Inhibition by Methanethiosulfonates in the Presence of
2164U90.CHO cells with stable expression of the human
apical (ileal) sodium/bile acid transporter were grown to
confluence in the Cytostar SPA plates, and the inactivation
due to alkylation by 10 mM MTSET was detected as reduced
accumulation of 5Q«M 4C-taurocholate in MHBSS/NacCl.
The stock solution of the MTS reagent was made in distilled
water immediately prior to the experiment. Cells were
allowed to equilibrate with 2@M 2164U90 in 1% DMSO
for 5 min prior to adding the MTSET, and the cells were
exposed to the reagent for 1 min. Subsequently, the mono-
layers were washed with 5. MHBSS/NaCl/1% DMSO/ 100
0.1% BSA (99% fat-free) and allowed to reequilibrate in
the same medium for 10 min before adding t@-tauro- 80
cholate. The CHO cell line expressing the human ASBT was
a kind gift of Dr Paul Dawson.

>
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RESULTS
40 .

2164U90 Inhibition of Human and Mouse Apical Sodium/ L
Bile Acid CotransportersNon-linear fitting of data from 20
initial accumulation of 5-40 uM 4C-taurocholate to the
Michaelis-Menten equation:

0=V x [SI(Ky+ [S]) 0 20 “0
[TCA](uM)

as shown in Figure 2, panel A, yieldéqgl, values of 9.4+ 120
1.2 and 13+ 4.3 uM for the human and mouse ASBTS, B i L L L "
respectively. All data points represent the mean value of six 100
wells. The IGy/K; values for inhibition of the ASBTs were
determined from measurements of initial uptake and/or
steady-state levels at varying concentrations'tE]ftauro-
cholate and 2164U90 (shown in Figure 2, panel B)slC
values were calculated by fitting the data to the Michaelis
Menten equation, and the correspondikgvalues were
determined by applying the Michaeti$lenten equation 20
modified for competitive inhibition Kinetics:

80

60

% of control

40

0
Ki= IC5/([SI/K,— 1) 00001 0001 001 01 1 10 100

. . . 2164U90] (uM
As can be seen in Figure 2, panel B, tievalues obtained : 1M
for 2164U90 inhibition of taurocholate accumulation in the Ficure 2: Kinetic constants for taurocholate transport and 2164U90

inhibition. (A) ApparentK,, values for taurocholate transport by
HEK293 cells were~10 and 0.068:M for the human and the human®) and mouse4) apical sodium/bile acid cotransporters

mouse transporters, respectively. This 150-fold difference angiently expressed in HEK293 cells were determined 20
in the K; values is not due to any difference in substrate in MHBSS containing 137 mM NacCl. Initial uptake rates for
affinity between the two ASBTs as shown in Figure 2, panel accumulation of the different concentrations ¥fJ]-taurocholate
A (20 Ci/mol) were fitted to the MichaelisMenten equation resulting

' e . in Km, appvalues of 9.4 and 18M for the human and mouse ASBTS,
2164U90 Inhibition of MouseHuman Hybrid ASBTs respectively (solid lines). (B) 1§ values for 2164U90 inhibition

Several chimeric transporters starting at the mouse ASBT of the human ©) and mouse £) ASBTs were established by
N-terminus and ending with the human ASBT C-terminus monitoring the steady-statet(¢- 60 min) accumulation of 50M

were made to identify the possible regions responsible for *“C-taurocholic acid at varying concentrations of 2164U90. Data
the differentK;-values for 2164U90 inhibition. Figure 3, m‘:rgggﬁgstgvﬁﬁ |2@§(\j/glsfe;e§$282eﬁ dogeé;ll\glef)c,) ?trl]qde ChLLJJrr\T/](;?'I rgﬁéesent
pane_:l A, illustrates the composition of these hybrid transport- .5 o ASBTSs, respectively.

ers in the context of a nine transmembrane segment 2D

model. Fusions between the two ASBTs are made down-50 uM C-taurocholate by the chimeras and wild-type
stream of putative transmembrane regions 1, 3, 5, and 7 intransporters in the transfected cells. The inhibition seen in
this model. All chimeras except for MH C2 demonstrated the accumulation of taurocholate is expressed as the percent
wild-type transport activity as determined from taurocholate of control (vehicle only) maximum. ThEC-counts at steady-
accumulation in transiently transfected HEK293 cells. Figure state accumulation were around 1000 CPM for the human
3, panel B, shows the effect oftdM 2164U90 on uptake of ~ ASBT and the mousehuman chimeras, whereas the mouse
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Ficure 3: 2164U90 inhibition of mousehuman hybrid apical sodium/bile acid cotransporters. Chimeric ASBTs (panel A) were engineered
and tested for 2164U90 sensitivity in transiently transfected HEK293 cells. Panel B shows uptakeMf!80-taurocholic acid in the
presence of ZM 2164U90 expressed as % of control maximum accumulation. The symbols us&d) émenfan ASBT, @) MH C1, (O)

MH C3, ) MH C4, and ) mouse ASBT. The inset displays a Western blot of total cell-lysatel® (ug protein) from respective
experiment with human ASBT (lane 1), MH C1 (lane 2), MH C2 (lane 3), MH C3 (lane 4), MH C4 (lane 5), and mouse ASBT (lane 6).

ASBT had a maximum taurocholate accumulation-G000 brane segments 5 and 7, respectively. Both HM C3 and C4
CPM at steady state (data not shown). ThugM22164U90 are fully active when expressed transiently in HEK293 cells,
abolished most of the taurocholate uptake in the cells as seen in Figure 4B (lower panel), which shows the
transfected with a construct encoding the mouse ASBT, while taurocholate accumulation at steady-state (60 min). Figure
the mouse-human (MH) C1, C3, and C4 chimeras and the 4B (upper panel) demonstrates the effect a2 2164U90
human ASBT all had higher, 6680%, taurocholate ac- on uptake of 5uM “C-taurocholate in the HEK293 cells.
cumulation in the presence of inhibitor. This result suggests Both chimeras exhibit the same high sensitivity toward the
that the residues or residues responsible for the difféfent inhibitor as the mouse ASBT and have less than 10%
values for the human and mouse ASBTs reside in the taurocholate accumulation at steady-state. This experiment
C-terminal part of the transporter. Western blots of total cell demonstrates that the C-terminal domain of the transporters,
lysates from the Cytostar plates are shown as an inset instarting at Trp252, contained the amino acids responsible
Figure 3, panel B, demonstrating that all constructs are well for the difference in sensitivity to 2164U90 seen between
expressed mainly as a core glycosylated protein (marked bythe two species.
an arrow) in the SDS-PAGE analysis. The human ASBT  The inset in Figure 4B (lower panel) shows the immuno-
has a somewhat lower molecular weight due to the single blot from cells lysed after the taurocholate uptake measure-
N-linked glycosylation site as compared to the chimeras and ments in the Cytostar plates. All constructs are well expressed
the mouse ASBT that all have twé-linked consensus sites in the HEK293 cells and contain core glycosylated as well
on theirN-termini. The mouse ASBT shows additional bands as some higher glycosylation products (right side arrows).
(marked by the upper arrow) corresponding to higher Lanes 1, 2, and 3 are from the human ASBT, HM C3, and
glycosylation, indicative of a more efficient plasma mem- HM CA4, respectively, and lane 4 shows the mouse ASBT.
brane trafficking of this transporter as compared to the human Constructs containing the C-terminus from the mouse ASBT,
ASBT and the mousehuman ASBT hybrids. This finding HM C3, HM C4, and the mouse wild-type transporter all
is in agreement with the higher end points of taurocholate demonstrate higher steady-state accumulation of taurocholate
accumulation seen with the mouse ASBT. Although the MH as well as more of the protein processed to a complex
C2 chimera protein is expressed and present in the HEK293glycosylation product as compared with the equally expressed
cells, no taurocholate uptake activity was found. human ASBT (left side arrow). Thus, the C-terminus of the
2164U90 Inhibition of HumanMouse ASBT Chimeras. mouse ASBT appears to contain a stronger plasma membrane
Two humanr-mouse hybrid transporters, HM C3 and HM trafficking signal than the human wild-type transporter when
C4, were made to confirm the finding that the region compared in the context of the HEK293 cells.
downstream of Trp252 is responsible for the divergent Identification of Residues Interacting with 2164U%0hen
2164U90 inhibition seen with the human and mouse ASBTSs. the human and mouse ASBT sequences are aligned down-
These chimeras have a N-terminal region from the human stream of Trp252, six nonconserved amino acids are found
ASBT and their C-terminal part from the mouse transporter. (marked by arrows in Figure 5, panel A) and were therefore
Figure 4, panel A, shows the two chimeras in a nine candidates responsible for the difference in 2164U90 inhibi-
transmembrane domain model with the transporter fusionstion. These residues in the mouse ASBT, Leu260, Ser279,
for HM C3 and C4 made downstream of putative transmem- Asp282, Leu285, Thr294, and Val295, were all mutated
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A of 1“C-taurocholate accumulation in transiently transfected
HEK293 cells. All wild-type and mutant SBATSs transport
taurocholate. Figure 6 (panel B) shows the uptake gi/g0
¥C-taurocholate in the presence ofu®1 2164U90 as the
percent of control steady-state levels. The L260F, S279T,
D282E, L285V, S279T/D282E, and S279T/D282E/L285V
mutations in the mouse ASBT had no effect on the affinity
of 2164U90 and all showeHC-taurocholate accumulation
of around 10% or less in the presence il 2164U90.
Only data for the S279T mutant (filled squares) are shown
along with trace for the mouse wild type ASBT (open
B ' T ' T triangles) in Figure 6, panel B, but all of these mutants
(upper) 100 = displayed identical properties. In contrast, substitution of
i mouse ASBT Thr294 and Val295 with the corresponding

% E 80 i ] human ASBT residues, Ser294 (filled triangle) and lle295
'g--é o - | (filled “inverted” triangle), resulted in a downward shift of
< & i | the 2164U90 sensitivity. Individually substitutions of these
EE w0 L B amino acids appear to decrease the inhibition byh\2

Q ° i i 2164U90 from about 90% seen with the mouse wild type
=< ASBT to approximately 50%. In combination, substitutions

)
=]
T

L

of these two residues, Thr294 and Val295 to Ser294 and

lle295 fully “humanize” the mouse ASBT with respect to

2164U90 sensitivity (Figure 6, panel B, filled circles). As

) can be seen in Figure 5 (panel B), the position of residues

123 4 ¢ (min) 294 and 295 is exoplasmic in both 2D models.

. Taurocholate Transport; KappValues for the Mouse ASBT

3000 = n T294S and T2948295| MutantsThe mouse ASBT mutants

were expressed along with the wild-type transporter as

= described above. Figure 7 illustrates the uptake rate versus

2000 ~ N taurocholate concentration with the solid lines representing

i best fits to the MichaelisMenten equation. Thiy, appvalues

were 9.3+ 1.9, 27+ 6.1, and 110+ 49 uM for the mouse

1000 = —T 1 wild type and the mutants T294S/V295! and T294S ASBTS,

- . respectively. The/,, values for the wild type and mutant

0 ! | | transporters investigated depend directly on the fraction of
R & & ® the expressed protein that reaches the plasma membrane and

%q,“ 4\0 \d’ <& vary between transfections and constructs as discussed above.

¥ $ & &‘? Therefore, only th&y, appvalues are compared and used for

%

—_—
(=]
z
2]

=

-
1

(CPM)

14C.TCA at steady state

b
FIGURE 4: 2164U90 inhibition of humanmouse chimeras ex- analyzing the effect of amino acid substitutions in the mouse
pressed in HEK293 cells. Hybrid transporters, HM C3 and HM ASBT. The occupancy of positions 294 and 295 is outlined

C4 (panel A), encompassing N-terminal sequence from the humanneayt to the graph displaying the saturation curves in Figure
ASBT and ending with sequence from the mouse ASBT were tested :

for 2164U90 inhibition. The upper part of panel B shows the 7. It can be seen that remqval of the'one met_hyl group in
accumulation of 5Q:M 4C-taurocholic acid in the presence of 2 the T294S mutant resulted in a 9-fold increase inKhepp

uM 2164U90 as the percent of control maximum at the end point. This increase irKpy appis reduced by adding the “missing”
The human ASBTQ®), HM C3 (@), HM C4 ([O), and mouse ASBT  methyl group with the additional valine to isoleucine
Eﬁgr‘]’;’gi glgrt]r?r?:%mtlgsetgfrse;ied Ig]tSETﬁzeQ%\cf:vee!lrs ae?r? g;e g‘r;]té‘l"%’ substitution in the T294S/V295] mutant. The substitution of
displays the control)/levels df‘C-tgurocholic acid atpsteadypstate, TZS_M and V,295 In the mou,se AS,BT to the corresponding
and the inset shows the Western blots of total cell-lysates from the residues serine and isoleucine residues of the human ASBT,
corresponding experiments with human ASBT (1), HM C3 (2), HM S294, and 1295 abolished the higher sensitivity due to
C4 (3), and mouse ASBT (4). 2164U90 inhibition seen in the mouse wild-type transporter
as compared to the human ASBT.
individually or in combination to the corresponding amino  part of the binding interaction for this class of compounds
acid(s) found in the human ASBT sequence. Figure 5, panelas well as the bile acids can therefore be assigned to the
B, shows these positions (indicated by squares) in the contextmost C-terminal exoplasmic surface of the transporters. In
of the putative seven and nine transmembrane segmeniagreement with this hypothesis, this region has recently been
models (human ASBT sequence). It can be seen that onlydemonstrated to be labeled by a 7-azido derivative of
interaction between position 260 and 2164U90 would gener- taurocholate Z4).
ate any topogenic information, as this residue is expected to  2164U90 Inhibition of the Hamster and Rat Apical
be accessible only in the seven transmembrane 2D-model Sodium/Bile Acid CotransporterSigure 8, panel A, displays
The other residues are all likely to be partially or fully an alignment of the human, mouse, rat, and hamster ASBTs
exposed in both putative 2D structures. Figure 6 (panel A) in the H8—H9 region. It can be seen that the hamster ASBT
shows the steady-state levelsg0 min at room temperature) is identical with the mouse ASBT in positions 260, 279, 282,
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A | 8 L1 |

Hum ASBT PWYRCRTVAF ETGMONTQLC STIVQLSFTP EELNVVFTFP LIYSIFQLAF 300
Mouse ASBT PWYRCRTVAL ETGMQONTQLC STIVQLSFSP EDLNLVFTFP LIYTVFQLVF

Khkkkhhkkkh: KhkhkERhhdk krFkAF Rk .k kokhk kkRhkd kkk..wkkE_*

HumASBT AAIFLGFYVA YKKCHGKNKA EIPESKENGT EPESSFYKAN GGFQPDEK 348
MouseASBET AAVILGIYVT YRKCYGKNDA EFLEKTDNEM DSRPSFDETN KGFQPDEK

dk . okk. kk . F.okk.kdhkxk . k. Kk % s, LEE . ok W & % Kk ko

s HS
®
8 5
¥
I 279
§ 282
lumen wo® lumen
285
b 204 " Ee
Sa. 295 ?g
odaly HY 48,
H 7 3 Bl
® YB®YR 117 118
® [F]
BUSERE B coces
cytoplasm -3’.0“3 cOeEwY@CcE®T ?Iﬁ.
8BGO Tenes
gOvess cytoplasm g.o.f@
@@ﬁ.@g FOEGO®

Ficure 5: Alignment of the human and mouse ASBTSs in the-H# region. Arrows in panel A point to the nonconserved residues in the
H8—H9 domain of the human and mouse ASBTs. Panel B shows the positions of the indicated residues in the context of the seven
transmembrane (left side) and nine transmembrane (right side) 2D models for the sodium/bile acid cotransporters.

and 285 while it encompasses the same residues as the humasibility to MTS alkylation was demonstrated to be controlled
ASBT in the 2164U90 sensitive positions 294 and 295. The by the natural substrates, sodium and bile ack8. (Here
rat transporter is identical with the mouse ASBT at all these we have tested the ability of 2164U90 to protect the human
positions. Thus, the hamster and rat ASBTs were expressedASBT from inhibition due to MTSET alkylation. CHO cells
along with the human and mouse ASBTs in HEK293 cells, stably expressing the human transporter were preincubated
and the inhibition of accumulation of M “C-taurocholate ~ with 20 uM 2164U90 with or without MTSET at 10 mM.
by 2 uM 2164U90 was tested in the Cytostar 96 well plate. Figure 9, left panel, shows the subsequent steady-state
Figure 8 (panel B) shows the steady-state levels$*6f accumulation of 5Q«M “C-taurocholate. The presence of
taurocholate as the percent of control and in the presence of20 uM 2164U90 during the MTS reaction protects the
the inhibitor. The hamster and human ASBTs both have transporter, resulting in-70% remaining activity as com-
~90% remaining activity, as compared with thel0% pared with the~40% activity observed with the control. This
accumulation seen with the mouse ASBT in this experiment. protective effect is concentration-dependent and is not
In the same experiment, the rat ASBT demonstrates steady-detectable at 2164U90 concentrations belomML(data not
state levels of!“C-taurocholate at~20% of the control shown). This result suggests that 2164U90 is interacting not
accumulation. This finding provides further support for an only with positions 294 and 295 but also has some overlap
important role of positions 294 and 295 in the interaction with position 270. Such an arrangement is not possible if
between the benzothiazepine 2164U90 and the apical sodiumtysteine 270 is placed as in the seven transmembrane model
bile acid cotransporters. outlined in Figure 5B but, rather, favors a 2D-structure where
Irreversible Inhibition of the Human ASBT by a Side- putative H8 is a part of a binding pocket associated with the
Specific Thiophilic Methanethiosulfonate, MTSET; Protection membrane domain. The bile acid competitive behavior of
of Target Cysteine 270 by 2164U9@ethanethiosulfonates  the inhibitor is also in agreement with the common site for
are small-molecule thiol reagents that rapidly alkylate substrate and 2164U90 with regards to protection from MTS
cysteines25, 26). The human apical and basolateral SBATs alkylation.
have been shown to be inactivated by the charged, exoplas-
mic specific methanethiosulfonates, MTSET and MTSES, DISCUSSION
at cysteine 270 and 266, respectively. (This position is The hypocholesteremic response from molecular interven-
fully conserved among all known SBATs and the acces- tion of the enterohepatic circulation at the level of intestinal
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FisURe 6 Site-directed mutagenesis in the mouse ASBT-H8 inhibitor structure, S0382 (2164U90), developed and reported
region: effect on 2164U90 sensitivity. Nonconserved residues in by Burroughs Wellcome in 1998, 22).
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the mouse ASBT H8H9 domain were substituted with the Here, we demonstrate that conservative amino acid
corresponding human ASBT residue either individually or in substitutions, Thr/Val to Ser/lle, in the H819 region of
combinations. Panel A shows the steady-state levéls @D min) the mouse ASBT result in 150-fold decrease in sensitivity

of accumulation of 5QuM 14C-taurocholic acid for the various to 2164U90, the affinity seen with the human ASBT with

mouse ASBT mutants along with the wild type transporters, all
transiently expressed in HEK293 cells. The inset displays aWesternOnly a small effect on th&r,ap, for the natural substrate.

blot of the lysed cells (1ug total protein) after the experiment ~ Substitution of only the threonine with a serine, however,
with the lanes numbered in accordance to steady-state data. Panedlso causes a significant shift in the substrate affinity,
B shows the uptake of 50M *“C-taurocholic acid in the presence  demonstrating the involvement of this position in the
of 2 uM 2164U90 presented as the % of control maximum recognition of the bile acid as well

Zgg? #?éfgl'szhge;?’Bb,%'gulgseeigTh#gigﬁgﬂj’:s)e";osuﬁ A number of independent observations identifies the-H8
V295!, (@) mouse ASBT S279T, anchj mouse ASBT. H9 region as important for ligand recognition. Both bile acids
and 2164U90 protect a fully conserved cysteine 270 (human
bile acid reabsorption was first reported in the mid 1960s, ASBT sequence) in a highly preserved amphipathic region
when the bile acid sequestrant, cholestyramine, was intro-of the transporters from MTSET inactivation. Substitution
duced 27, 28). Bile acid drainage as a concept for cholesterol of threonine 294 in the mouse ASBT to a serine causes a
lowering has been further strengthened since then; amongshift in both Knape for taurocholate transport and the
the notable studies is the extensive POSH study where ilealsensitivity to 2164U90 inhibition. In a recent investigation
bypass and cystectomy was proven to be a safe and effectiveoy Kramer and colleague4), it was demonstrated that a
way of lowering total as well as LDL cholesterd9—31). photoaffinity derivative of taurocholate labeled aBkDa
Candidate proteins involved in the flux of bile acid across C-terminal fragment starting in the center of the -H#89
the intestinal epithelium were initially identified by a domain (between position 279 and 297 in the rabbit ASBT
photoaffinity strategy using photoreactive bile acid deriva- sequence). Thus, there is experimental support for a direct
tives 32). In 1994, Dawson and co-workers used an overlap between the binding sites for the bile acid and the
expression cloning strategy to identify the sodium/bile acid competitive benzothiazepine class of inhibitor. Involvement
cotransporter from hamster ileum and thereby set the sceneof positions 294 and 295 in the interaction with 2164U90 is
for a rational investigation of transporter properties and bile also supported by the finding that both the hamster and rabbit
acid transport inhibitors4). A variety of bile acid reabsorp-  ASBTSs, more homologous to the mouse ASBT in the-H8
tion inhibitors with proven efficacy in both in vitro and in  H9 region except for positions 294 and 295, where there is
vivo models have been found§ 19, 21, 22). From such the serine/isoleucine substitution, have the same low 2164U90
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FiGURE 8: Species differences in the inhibition by 2164U90. Human, hamster, rat, and mouse apical sodium/bile acid cotransporters were
all transiently expressed in HEK293 cells, and the uptake giM0"“C-taurocholic acid in the presence o®1 2164U90 was recorded

using the Cytostar SPA plate. Panel A shows the alignment of theH%8region from the various species. Residues being nonconserved
comparing the human and mouse ASBTSs are indicated by arrows, and positions 294/295 are underlined. Inhibition by 2164U90 is displayed
in panel B, where the symbols represe@) human ASBT, [0) hamster ASBT, M) rat ASBT, and £) mouse ASBT.
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Ficure 9: Inhibition due to MTS-alkylation; protection by 2164U90. CHO cells stably expressing the human apical sodium/bile acid
cotransporter were preincubated with 2@ 2164U90 before exposure to 10 mM MTSET for 1 min. Panel A displays the position of the
target Cys270 in the context of the H819 region. Levels of steady-state accumulation ofi0 “C-taurocholic acid after exposure to
MTSET in the presence or absence of /2@ 2164U90 along with controls are shown in left part of panel B. The right panel gives the
retained activities in percent of controls.
sensitivity as the human ASBT (Figure &0f). The rat Any polymorphism in positions 294 and 295 in this region
ASBT that is identical with the mouse transporter in the-H8  could result in differing affinities for this class and perhaps
H9 region has the same higher sensitivity toward 2164U90. other classes of bile acid transport inhibitors, although such
Several instances of polymorphism and mutations of the polymorphism has not yet been found at the two residues
ileal bile salt transporter have been reporté@, 33, 34). that are critical for the differences i reported here. If
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these compounds come into clinical use, differences in

response might enable the discovery of SNP’s in this region.

putative transmembrane H8 being at least membrane associ-
ated and not part of a long exoplasmic loop region (see
Figure 5B). The amphipathic character and preservation of

The suggested location of cysteine 270 (human ASBT
sequence) in the binding region for both bile acids and the 14
bile acid competitive inhibitor, 2164U90, indicates proximity
with positions 294 and 295. This is more in agreement with

H8 makes it an attractive candidate for involvement in

substrate binding and translocation. A recent investigation
of the insertion properties of sequences in the human
basolateral SBAT predicted to be transmembrane gave
support for membrane association of all nine segments,

including H8 (15).

Thus, the benzothiazepine, 2164U90, is a bile acid
competitive inhibitor that interacts with the putative binding
pocket for bile acids in the H8H9 region of the apical

sodium/bile acid cotransporters. These observations add to 21.

the evidence implicating this domain of the ileal bile acid

transporter as being involved in ligand binding, namely, data

that include including MTS inactivatiori), and photoaffinity
labeling by the substrat@4).
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