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ABSTRACT. Mammalian sodium/bile acid cotransporters (SBATS) constitute a subgroup of the sodium
cotransporter superfamily and function in the enterohepatic circulation of bile acids. They are glycoproteins
with an exoplasmic N-terminus, seven or nine transmembrane segments, and a cytoplasmic C-terminus.
They exhibit no significant homology with other members of the sodium cotransporter family and there
is limited structure/function information available for the SBATs. Membrane-impermeant methanethio-
sulfonates (MTS) inhibited bile acid transport by alkylation of cysteine 270 (apical SBAT)/266 (basolateral
SBAT) that is fully conserved among the sodium/bile acid cotransporters. The accessibility of this residue
to MTS reagent is regulated by the natural substrates, sodium and bile acid. In experiments with the
apical SBAT, sodium alone increases the reactivity with the thiol reagents as compared to sodium-free
medium. In contrast, bile acids protect the SBATs from inactivation, although only in the presence of
sodium. The inhibition and protection data suggest that cysteine 270/266 lies in a sodium-sensitive region
of the SBATSs that is implicated in bile acid transport.

Sodium/bile acid cotransporters (SBATsye among the  that are transported, the apical SBATs being significantly
molecular components of the enterohepatic circulation in more restricted to translocation of the natural bile acids while
mammals responsible for reabsorption of bile acids from the the basolateral SBATs also transport a variety of organic
intestinal lumen, the portal blood, the bile duct, and the anions (4).

kidney (1, 2). Two homologous SBATs are found in The human apical SBAT was recently demonstrated to

mammals, one with apical localization in ileal/renal entero- faijitate sodium/bile acid translocation in an electrogenic
cytes and in the bile duct cholangiocytes and another that ISprocess with a 2:1 stoichiometr§®). The same stoichiom-

trafficked to the basolateral sinusoidal membrane of hepa- gry for jon/substrate movement has previously been observed
tocytes. Apical and basolateral sodium/bile acid cotransport- 4" 5 number of sodium cotransportetss), implicating a
ers have been cloned from a number of species including .o mmon mechanism for energy coupling in the solute

hamstgr, rat, rabbit, mouse, and.humaﬁll). The_y sharg translocation process by this membrane transporter family.
~35% identity and have very similar hydrophobicity profiles |, 5 4gition, both the sodium/glucose cotransporter (SGLT1)

indicating a common SBAT core str.ucture that has a and the SBAT have been suggested to bind the transported
glycosylated N-terminus, seven or nine transmembrane o o in a sodium-dependent manna,(18). Regions
segments and a cy_topla_smlc C-ter_mlnlJt—(13). However, important for recognition, binding, and translocation of the
there are substantial differences in the range of substratesSBAT substrates have yet to be identified

T Supported by USVA SMI and NIH Grants DK46917, 53462, Selective amino acid reagents have previously been used

413(%11 anhd 17294. § hould be add 4 at Memb to address the involvement of specific amino acid side chains
O whom corresponaence shou € aadressead a emprane; : : :
Biology Laboratory, West Los Angeles VA Medical Center, 11301 in bile acid transport by the apical and basolateral SBATSs

Wilshire Blvd., Bldg. 113, Rm 324, Los Angeles, CA 90073. Tel (310) (19, 20). It was demonstrated that thiol-selective reagents
268-4672; fax (310) 312-9478; e-mail gsachs@ucla.edu. inhibited sodium-dependent bile acid transport in rat hepa-

zzsct'r-afzgﬂgctge VA Greater Los Angeles Healthcare System.  tqcytes and that both thiol- and amino-specific modifiers

1 Abbreviations: SBAT, sodium/bile acid cotransporter; SGLT, inactivated bile acid uptake in ileal brush-border vesicles.
sodium/glucose cotransporter; TMS, transmembrane segment; PAGE Increasing concentrations of bile acids protected the trans-

DO:%/aCf%ﬂ?mide gﬁé?'ecﬁfﬂphoreﬁis;_'Z'HBa%mOdifiﬁd Hat‘ﬂ_ks' bl?lanﬁed porter from inactivation, suggesting functionally important
salt solution; , choline cnloride; , methanetniosulronate; ey H .
MTSES, (2-sulfonatoethyl)methanethiosulfonate; MTSET, [2-(trim- positions for the residues being reacted. However, to date,

ethylammonium)ethyllmethanethiosulfonate; SPA, scintillation proxim- none of these residues has been specifically identified. In
ity assay; TCA, taurocholic acid; GDCA, glycodeoxycholic acid; the case of thiol reagents, given that there are 13 and 14

pCMB, p-chloromercuribenzoate; pCMB®;chloromercuribenzene- i ; i
sulfonate; NEM,N-ethylmaleimide; DTNB, dithiobis(2-nitrobenzoic cysteines in the human apical and basolateral transporter,

acid); DTNP, dithiobis(nitropyridine); NBD-chloride, 7-chloro-4-ni- ~ F€Spectively, it is particularly important to use impermeant
trobenz-2-oxo-1,3-diazole; PAO, phenylarsine oxide. reagents and such reagents then allow definition of the critical
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cysteine(s) by site-directed mutagenesis in a transport assayCytostar-T 96-well plate, or a clone with stable expression
Here we have used two charged and therefore outside-0f the human apical SBAT was used. The stable clone was

face-specific thiol-modifying reagents, MTSET and MTSES,

obtained by calcium phosphate transfection (Invitrogen Corp.,

in combination with site-directed mutagenesis of the human Carlsbad, CA) of HEK 293 cells plated on 100-mm diameter
apical and basolateral sodium/bile acid cotransporters totissue culture dishes (20g of DNA/dish) with subsequent
identify the lumenally accessible cysteine(s) responsible for (60 h posttransfection) selection with 7aQ of geneticin/

inactivation by this group of compounds. We found that an
alanine substitution of cysteine 270 (human apical SBAT)/

mL. This concentration was maintained until single colonies
appeared. Selected clones were then transferred to 12-well

266 (human basolateral SBAT) abolished the major part of plates and grown to confluence prior to a further split into

the MTS inactivation. Furthermore, the accessibility of this

two 24-well plates for screening of taurocholate uptake in

site to the reagents is influenced by the presence of theone plate and for maintenance in the other. The clone
translocated solutes. Sodium alone increases the MTSexhibiting the highest transport activity was selected and used

sensitivity of the apical SBAT, while bile acids are protecting
the transporters from inactivation, although only in the

for further studies.
Transiently transfected HEK 293 cells were monitored for

presence of sodium. The data suggest that these cysteinetaurocholate uptake 2448 h posttransfection as above. After

lie in a region involved in transport of bile acids by the
SBATS.

EXPERIMENTAL PROCEDURES

the transport assay, COS-7 and HEK 293 cells were lysed
in 0.2 M NaOH, and after the pH was neutralized by addition
of 1 volume of 1.5 M Tris-HCI, pH 6.8, the total protein
was measured by the Bradford assay (Bio-Rad). The ap-
proximate expression levels of the human apical and baso-

Site-Directed Mutagenesis, Cloning Procedures, and DNA |ateral SBATs were typically detected by Western blotting

SequencingSite-directed mutations in the apical and baso-

lateral human sodium/bile acid cotransporters were intro-
duced by the use of the QuikChange kit from Stratagene.
Mutant oligonucleotides for the cysteine to alanine substitu-
tions were constructed using the Primer Select software and

purchased from Gibco Life Technologies. cDNA for the
SBATs was a kind gift of Dr. Paul Dawson, Wake Forest
University, and the individual SBATs were cloned into the
pcDNAS3 vector from Invitrogen for use as a template in the
PCR mutation reaction. Aliquots {22 uL) of the Dnal-
digested PCR products following the QuikChange protocol
were transformed into JIM109 by electroporation with Bio-
Rad’s electropulser at 1.5 kV, 8d0, and 25uF. Plasmids

of 10 ug of total cell lysate separated on a precast 1.5 mm
10% Tris/glycine gel (Novex) and then transferred to
poly(vinylidene difluoride) (PVDF) membrane (Millipore
Immobilon-P, 0.224M). The primary antibodies for both
the apical and basolateral SBAT were affinity-purified
polyclonal antibodies from rabbit raised against the C-
terminal sequences CEPESSFYKANGGFQPDEK (apical
SBAT, QCB Inc.) and GNGTYKGEDCSPCTA (basolateral
SBAT, kind gift of Drs. Ben Shneider and Meenak-
shisundaram Ananthanarayan, Mt. Sinai Schools of Medi-
cine). The secondary antibody was a goat anti-rabbit
horseradish peroxidase- (HRP-) with conjugated polyclonal
antibody from American Qualex. Detection was made using

were purified on anion-exchange columns (Qiagen, Chat- the ECL-Plus enhanced chemiluminescence reaction from

sworth, CA) and all mutations were verified by dideoxy
sequencing.

Amersham/Pharmacia.
Kinetic Characterization of Wild-Type and Mutant SBATS.

Expression in COS-7/HEK 293 Cells and Measurement ApparentKy, values for taurocholic acid and sodium were

of Transport Actiity. On day 0, COS-7 cells grown to 70
80% confluence in a 6-well tissue culture plate (Costar) in
Dulbecco’s modified Eagle medium (high glucose, supple-
mented with 10% fetal bovine serum, 100 units/L penicillin,
0.1 mg of streptomycin/L, and 2 mM-glutamine) were
transfected by 2:,g of DNA/well by use of the FUGENEG
transfection reagent from Roche Molecular Biochemicals

monitored by measuring initial rates of uptake at varying
concentrations of the respective substrate. The sodium
concentration was kept constant-at37 mM while theK,

was determined for'f{CJtaurocholic acid (10 Ci/mol) and
the sodium dependence was measured atM( *C]tau-
rocholic acid (0.6uCi/mL). The data were fitted to the
Michaelis—-Menten equation by nonlinear regression with the

according to the manufacturer's recommendations. On dayenzyme kinetic software Enzfitter for MS-DOS (Robin J.
1 the transfected cells were trypsinized by washing the Leatherbarrow, Elsevier-Biosoft, 1987).

monolayer with 2x 2 mL of 0.05% trypsin/53 mM EDTA
(Gibco Life Technologies) with a subsequent 5 min incuba-

MTS Inhibition.Stock solutions of the MTS reagents were
made in distilled HO just prior to experiment. All experi-

tion at room temperature. The cells were then resuspendednents were performed in Cytostar-T SPA 96-well plates.

in 5 mL of DMEM and aliquots (10@L, ~10° cells) were
transferred to the desired number of wells in a 96-well
Cytostar-T scintillation proximity assay (SPA) plate (Am-

These plates contain scintillant in their base, allowing real-
time measurement of radioactivity accumulated in the
adherent transfected COS-7 and HEK 293 c@ls 22). The

ersham/Pharmacia) shown to be suitable for measuremengffect of the methanethiosulfonate reagents on transport

of solute accumulation in cell monolayei&l( 22). On day
2—3 (48-72 h posttransfection), cells were -9000%
confluent in the Cytostar-T 96-well plate and uptake of
[*“C]taurocholic acid (NEN Life Science Products, Inc.) was
measured on a Micfd scintillation plate reader (EG&G/
Wallac).

The HEK 293 cells were transiently transfected at-70
80% confluence with the FUGENEG reagent directly in the

activity was monitored either by adding the MTS simulta-
neously with 50uM [*“C]taurocholic acid (0.3.Ci/ml) in
MHBSS/NaCI or after 5 min of preincubation at various
concentrations of the MTS reagent in B0 of MHBSS +
NaCl or ChCI at room temperature. In the case of preincu-
bation, inhibition was stopped by aspirating off the MTS-
containing medium and the cell monolayers were washed
one time with 50uL of MHBSS/NaCl before 5Q:L of 50
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Ficure 1: MTSET and MTSES inactivation of the human apical and basolateral sodium/bile acid cotransporters. Panels A and B show the
uptake of 5quM [4CJtaurocholate (0.&Ci/mL) by transiently SBAT-transfected HEK 293 cells ) (0.1 mM, () 1.0 mM, and @) 10

mM MTSET and MTSES, respectively, compared to cont®).(Taurocholate accumulation in the HEK 293 monolayers was monitored

in 96-well Cytostar-T SPA plates with = 3 (meanst SD).

uM [YC]taurocholic acid (0.3Ci/mL) in MHBSS/NaCl was is the differences in affinity and specificity for substrates or
added and the uptake assay was started. The effect of thenhibitors previously observed for the apical and basolateral
natural substrates on MTS inactivation was demonstrated bySBATs (L4). As the rate of hydrolysis of the methanethio-
preincubation of the cells in MHBSS containing sodium or sulfonates is high under the selected conditions with varying
choline chloride and/or bile acid. Glycodeoxycholic acid half-lifes of ~10 (MTSET) to 20 min (MTSES)23), it is
(GDCA) at varying concentrations was allowed to equilibrate difficult to estimate the exact concentration of the reagents
with the cells for 3 min prior to addition of the MTS reagent. during the time course of inhibition. Therefore no attempt
In all protection experiments, the cells were washed twice was made to calculate kinetic parameters for the inactivation
with 50 uL of MHBSS/NaCl and incubated with this medium  of the SBATs by MTS. However, second-order rate constants
for 15 min at 37°C after the MTS reaction. After reequili- for MTS modification of thiols as high as 181! s ! have

bration the MHBSS/NaCl medium was removed, 80 of been reported for disulfide formation with easily accessible
50 uM [*C]Jtaurocholic acid (0.3(Ci/mL) was added, and  cysteines23). This ensures that reaction is complete within
uptake was measured in the Cytostar plate. the incubation time used here.

Graphical Representation of the SBAT 2D Modtake- Cysteine to Alanine Substitutions in the Basolateral

like diagrams used to display part of the human basolateral Transporter: Inactiation due to Methanethiosulfonatd@e
SBAT sequence were created with the Viseur program gjte of MTS inactivation of the human basolateral SBAT was
(release 2.35) designed by Campagne et al., which isgoyng py generating a series of cysteine to alanine substitu-
available at the Viseur home page (http://www.Ictn.u- tions. These were selected in the highly conserved region
nancy.fr/wseu.r/wseur.html). Modifications of the diagrams preceding and partially including the eighth transmembrane
were made with the Adobe Photoshop software. segment in the nine-TMS topography predicted by some
RESULTS algorithms and recently supported by in vitro translation
experimentsX3). The sensitivity to MTSET for the cysteine
MTS Inhibition of the Wild-Type Human SBAFgure 1 to alanine mutants is shown in Figure 2 that also illustrates
shows the effect produced by the positively and negatively their positions according to the seven- and nine-TMS
charged MTSET and MTSES, respectively, éfCJtauro- topography models. As can be seen in the lower panel of
cholate accumulation in HEK 293 cells expressing the human Figure 2, the replacement of the fully conserved cysteine
apical and basolateral SBATs. The basolateral SBAT ex- 266 with an alanine abolished the inactivation of the
hibited higher sensitivity with both reagents tested and 10 basolateral SBAT by 1 mM MTSET while individual
mM MTS resulted in complete inhibition of taurocholate substitutions of cysteines 245, 250, and 260 with alanine in
uptake while the apical SBAT is only partially inhibited at the region did not influence MTS inactivation. Consequently,
this concentration. A possible explanation for this observation the corresponding cysteine residue in the apical SBAT was
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Ficure 2: Cysteine to alanine substitutions in the highly conserved region preceding and/or including putative TMS 8. The site for inactivation
by the MTS reagents was initially searched for by cysteine to alanine replacements in the basolateral transporteB Téftoi. The

upper panel displays the positions of the cysteines investigated according to both possible 2D models for the SBATs. The lower panel
shows the effect of 1 mM MTSET on the uptake of @@ [“C]taurocholate (0.&Ci/mL) into HEK 293 cells transiently transfected with
constructs coding for the individual cysteine to alanine substitutions in the basolateral SBAT. Taurocholate uptake was measured in Cytostar-T
SPA plates withn = 3 (meanst SD).

also substituted by an alanine, and both the apical Cys270 K ap Values for Sodium/Taurocholate Transporte
and basolateral Cys266 to alanine mutants were furtherKp appValues for taurocholate and sodium were determined
characterized. as a measure of the functional effect of the cysteine to alanine
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Ficure 3: Saturation kinetics for taurocholate uptake into HEK
293 and COS-7 cells transiently transfected with wild-type and
cysteine 270/266 to alanine mutant SBATs. Appar€ptvalues

for taurocholate translocation were determined at@th MHBSS
containing 137 mM NaCl by monitoring the initial rates for
accumulation of the indicated concentrations 'd€Jtaurocholate
(20 Ci/mol). Curves represent the best fit to the Michaelienten
equation withKy, sppvalues of 8.3 and 8.6M for the apical (upper
panel) and basolateral (lower panel) SBATS, respectively (insets).
The correspondinm appvalues for the apical and basolateral SBAT
C270A and C266A mutants were 6.1 and 10M. Experiments
with the apical SBATs (upper panel) were performed with
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The values for maximal uptake rates obtained in various
experiments with wild type and mutated SBATSs correlated
well with the approximate expression levels of the transport-
ers estimated from Western analysis (data not shown). Thus,
no major change in the kinetic behavior of the wild type
versus the cysteine-to-alanine substituted SBATs was de-
tected, suggesting that Cys270/Cys266 is not essential for
function. This contrasted with the effect of these mutations
on inhibition by the MTS reagents.

Effect of the MTS Reagents on Taurocholate Transport
by the Cys270/266 to Ala Mutant§he mutants with the
fully conserved Cys270/266 substituted with an alanine were
expressed in COS-7 and/or HEK 293 cells and the inactiva-
tion by the MTS reagents was compared to that observed
for the wild-type SBATSs. Figure 4 shows the reduction in
taurocholate transport found in the Cys270/266 SBATS after
a 5 min preincubation with 10 mM MTSET or MTSES in
MHBSS/NaCl and at room temperature. The insets in Figure
4 show the MTS sensitivity of the wild-type SBATs under
the same conditions. As can be seen, both the apical and
basolateral SBAT mutations generated a large decrease in
the sensitivity to 10 mM MTS. The effect was more
pronounced for the basolateral SBAT due to the higher MTS
sensitivity seen with the wild-type transporter. There is still
a reduction in the taurocholate uptake capacity of the mutants
observed after exposure to the MTS reagents, perhaps due
to slow access of these compounds to other cysteines or a
general cellular effect. Clearly however, mutation of Cys270/
Cys266 is effective in a large reduction of inhibition by the
MTS reagents.

MTSET Inactiation in the Presence of the Natural
SubstratesFrom the above, MTS alkylation of the fully
conserved Cys270/266 is responsible for the major fraction
of inhibition of bile acid transport by the human SBATS. It
was of interest to determine if these cysteines were present
in a functionally important region by a protection or
sensitization assay by comparing inhibition in the presence

transiently transfected HEK 293 cells, while the basolateral SBATs or gbsence of the transported substrates, dtabile acids.

(lower panel) were expressed in COS-7 cells. Taurocholate uptake

was detected in Cytostar-T SPA plates with= 3.

replacements in both transporters. Initial rates'¢€Cfau-
rocholate accumulation in HEK 293 or COS-7 cells were

measured for the apical and basolateral wild-type and mutant

SBATSs at varying concentration of sodium or taurocholic
acid. Figure 3 shows the plots of initial rate versus
concentration taurocholic acid measured at 137 mM.Na
The data were fitted by nonlinear regression to the Michae-
lis—Menten equation and the wild-type apical and basolateral
SBATs were found to hav& app Values for taurocholate
transport of 8.3 and 8,4M, respectively (insets). In a similar

To detect an effect of the presence or absence of sodium
on MTS inhibition, HEK 293 cells stably expressing the
human apical SBAT were preincubated with 5 mM MTSET
for 5 min in MHBSS containing 137 mM sodium or choline
chloride. The results of Figure 5A show a significant increase
of inhibition of taurocholate transport when the MTSET is
allowed to react with the apical transporter in the presence
of 137 mM sodium chloride as compared to sodium-free
medium (137 mM choline chloride). Hence, sodium interac-
tion with the transporter increases the accessibility or
reactivity of cysteine 270 to MTSET.

To determine effects of the presence of bile acids on MTS
inhibition, 3 min of preequilibration with 10, 50, and 100

manner, the apical and basolateral SBATs with substitutions#M GDCA in MHBSS with 137 mM NaCl prior to the

of the fully conserved Cys270 (apical) and Cys266 (baso-
lateral) by alanines ha& values of 6.1 and 10.zZM,
respectively. Furthermore, the apparkptvalues for sodium
activation were similar for both wild-type and mutated
basolateral SBATs (data not shown) with half the maximal
transport rate reached a20 mM Na'. The corresponding
experiment comparing the apical wild-type and mutant
transporters revealed a small shift in the appakgnvalue

for sodium activation from~14 mM (wild type) to~7 mM
(C270A).

addition of MTSET was carried out. The protective effect
of GDCA saturated at-50 uM and the presence of GDCA
allowed only 20% inhibition of control steady-state ac-
cumulation as compared to the 60% inactivation found in
the absence of bile acid. The same experiment was repeated
in sodium-free medium (137 mM ChCIl) and here there was
no GDCA protection of the transporter from inactivation due
to 5 mM MTSET (data not shown). In another set of
experiments the basolateral transporter was preincubated for
5 min with 1 mM MTSET in 137 mM sodium or choline
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Ficure 4: MTS inactivation of the cysteine 270/266 to alanine mutated SBATS. The effect of 10 mM MTSET and MTSES on taurocholate
translocation was tested for the apical C270A and basolateral C266A mutants and compared with the wild-type transporters. The upper
panel displays the offset of taurocholate accumulation into transiently transfected HEK 293 cells (apical SBAT, left) and COS-7 cells
(basolateral SBAT, right) by 10 mM MTSET. The insets show the corresponding response by the wild-type SBATS. In a similar manner,
the lower panel outlines the inactivation of the mutant versus wild-type transporters by 10 mM MTSES. All experiments were performed

in Cytostar-T SPA plates with = 3 (meanst SD).

chloride. Figure 6 shows that no significant difference in inactivation caused by the bulk and/or charge of membrane-
the inhibition of the basolateral SBAT due to the absence or impermeant methanethiosulfonate sulfhydryl compounds. In
presence of sodium could be detected under these close tahe SBATS, cysteine to alanine substitutions introduced by
saturating conditions for the MTSET reaction (panel A, no site-directed mutagenesis identified the fully conserved
GDCA, versus panel B, no GDCA). In addition, panel A of cysteine 270 (human apical SBAT)/266 (human basolateral
Figure 6 demonstrates the lack of protection from alkylation SBAT) to be the major site of inactivation by these thiophilic
of cysteine 266 when the basolateral SBAT, preequilibrated reagents. Kinetic parameters for sodium activation and
with 50 and 200uM GDCA, is exposed to 5 mM MTSET taurocholate transport were largely unaffected by the cysteine
in sodium-free medium. Figure 6B shows the corresponding to alanine substitutions introduced, showing this residue to
experiment in the presence of 137 mM sodium chloride. The be nonessential but in a functionally important region of the
same concentrations of GDCA now result in 60% and 80% transporter.
of the [“C]taurocholate steady-state accumulation seen with g,y a functional location for these conserved cysteines
th_e cor_1tro|s. Control reactions were preincubated with the i5 shown by the permissive or protective effects of sodium
bile acid but had water added instead of the MTS stock. o pjle acids. The results outlined in Figure 5A demonstrate
Hence, increasing concentrations of glycodeoxycholic acid hat external sodium results in a higher reactivity as compared
in the presence of external sodium protect the basolateralg sodium-free medium for the apical transporter. Bile acid
SBAT from inactivation by MTSET. protects against MTS inhibition only in the presence of
DISCUSSION sod@gm in th_e ext_ernal_ medium (F_igures_ 5B and 6). The
position of this residue is in @30 amino acid long segment
The human sodium/bile acid cotransporters expressed inthat is highly conserved among the sodium/bile acid cotrans-
mammalian cells have been investigated with respect to porters. The amphipathic nature of this segment has made it
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Ficure 5: MTSET inactivation of the apical SBAT: Effect of the Ficure 6: MTSET inactivation of the basolateral SBAT: Protection

natural substrates. HEK 293 cells with stable expression of the Py glycodeoxycholic acid in the presence of ChCl (A) or NaCl
apical SBAT were preincubated with 5 mM MTSET for 5 min in (B). The protective effect of the natural substrate GDCA was tested
the presence or absence of sodium and/or glycodeoxycholic acid.for the basolateral SBAT expressed in COS-7 cells by preincubation
Panel A shows the effect od%C]taurocholate accumulation (50  With S0 or 200uM GDCA prior to addition of 1 mM MTSET.

uM, 0.3 uCi/mL) after MTS inactivation in MHBSS containing Inactivation is displayed as percent steady-state accumulation of
137 mM NaCl @) as compared to sodium-free MHBSS (137 mm  204M [*Cltaurocholate (0.&Ci/mL) after 5 min of exposure to
ChCl) (®). Control reactions were preincubated in MHBSS/NaCl MTSET in the absence (137 mM ChCl; panel A) or the presence
(®) or MHBSS/ChCI @) in the absence of MTS. The protective (137 MM NaCl; panel B) of sodium compared to control (no
effect of glycodeoxycholic acid is presented in panel B. Cell MTSET present). Experiments were performed in Cytostar-T SPA

monolayers were allowed to equilibrate with®)( 10 @), 50 (a) plates withn = 3.
and 10QuM (@) glycodeoxycholic acid in MHBSS/NaCl for 3 min
prior to the addition of 5 mM MTSET. Control reactions were inaccessible to the reagent. The results are more consistent
!nCUbated with the bile acid but with S_Ubsequent addition Oj(DlH ] with a structure encompassing nine integrated Segments_
gsgggg r-o'lf é\/lp';s {:t?egevr\}}{hﬂl Se?azg?glt;[)\gvere performed N Thege data do not exclude functionally silent alkylation of
4 P B ' cysteines 245, 250, and 260 in an outside loop by the MTS
unclear as to whether it is an extracytoplasmic loop region reagents, but only modification of cysteine 266 inactivates
between TMS 6 and 7, as presented in a seven-TMS topologythe transporter.
model for the SBATs X2), or whether it instead spans the The sodium and bile acid effects on SBAT modification
membrane as TMS 8 in a nine-TMS model. Different by the MTS reagents resembles that previously demonstrated
algorithms for topology prediction support both models but for a cysteine substitution mutant of the sodium/glucose
recent data from in vitro translation insertion scanning of cotransporterX8). It was postulated that part of the mech-
the human apical SBAT favors a 2D structure with nine anism for solute translocation is a conformational transition
membrane-spanning segments)( When the topography induced by sodium binding to the glucose transporter. We
of the seven- or nine-transmembrane segment models isalso observe that sodium increases the accessibility of
compared as illustrated for the basolateral SBAT in Figure cysteine 270 in the apical transporter to MTS inhibition.
2, it can be seen that in the seven-TMS model cysteines 245 Furthermore, the presence of both substrates protected the
250, 260 and 266 are all exposed on the lumenal surface.SGLT1 from alkylation by MTS similar to the data presented
They would therefore all be, in principle, accessible to the here for the SBATs. The sodium-induced bile acid binding
MTS reagents and potential inhibitory sites. Yet, only that can be implied from the effect on MTS inhibition is
mutation of Cys266 affected the MTS inhibition. In the nine- also in agreement with previous data where it was demon-
TMS model, Cys266 is within a membrane segment holding strated that photoaffinity derivatives of various bile acids
a number of hydrophilic residues that could be part of a labeled rabbit ileal (apical) SBAT in brush-border vesicles
substrate binding pocket and consequently allow access toonly in the presence of sodiun 7).
the MTS compounds. The other cysteines are on the The mammalian sodium/bile acid cotransporters have
cytoplasmic face in this model and would therefore be previously been found to be inactivated by thiophilic
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molecules such as NEM, DTNB, DTNP, NBD-chloride,
PAO, pCMB, and pCMBS and it has therefore been

suggested that cysteines are important for substrate binding

and/or translocation8( 19, 20). In particular, pCMBS is
membrane-impermeant and inhibition by this reagent impli-
cates a lumenal cysteine as its site of inactivation. However,
the cysteines modified and responsible for inhibition by any
of these thiophilic reagents were not identified in these
studies.

The MTS reagents have previously been proven to be
useful tools for structure/function investigations of various
polytopic membrane protein24—29). They also appear to
be useful reagents for analysis of structufenction of the

SBATSs. These side-specific methanethiosulfonates can be ;,

used to map functionally important regions in the mammalian
sodium/bile cotransporters after replacment of cysteine 270/
266 with an alanine where inhibition by these covalent
reagents is largely prevented. Then, introduction of cysteines
in putative substrate binding/functional domains in the

cysteine 270/266 to alanine transporters would be detected 15

if MTS sensitivity were reintroduced. Saeki et &) (ecently
found that an alanine substitution of cysteine 51 in the mouse
apical SBAT led to significant loss of activity. Thus, a
cysteine-free transporter, although with favorable substitu-
tions, may not retain enough activity to function as a template
for site-directed chemical labeling of the SBATs. The
simplicity of new mutagenesis protocols with subsequent

expression and transport assay in mammalian cells makes
cysteine scanning with membrane-impermeant methaneth-

iosulfonates an attractive way to obtain further structural and
functional information for the mammalian sodium/bile acid
cotransporters.
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