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The Na '-dependent uptake system fi~r bile acids in the ileum from rabbit small intestine was characterized using brush-border 
membrane vesicles. The uptake of [3H]taurochelate into vesicles prepared from the terminal ileum showed an overshoot uptake 
in the presence of an inwardly-directed Na~-gradicnt ([Na +]u~t > [Na+]i,), in contrast to vesicles preparcd from the jcj,mum. 
The Na+-dependent [3H]taurocholate uptake was cis-inhibited by natural bile acid derivatives, whereas cholephilic organic 
compounds, such as phalloidin, bromosulphophthalein, bilirubin, indocyanine green or DIDS - all interfering with hepatic 
bile-acid uptake - did not show a significant inhibitory effect. Photoaffinity labeling of ileal membrane vesicles with 3,3-azo- and 
7,7-azo-derivatives of taurocholate resulted in specific labeling of a membrane polypeptide with apparent molecular mass 90 
kDa. Bile-acid derivatives inhibiting [3H]taurocholatc uptake by ileal vesicles also inhibited labeling of the 90 kDa polypeptide, 
whereas compounds with no inhibitory cffcct on ilcal bilc-acid transport failed to show a significant effect on the labeling of the 
90 kDa polypeptidc. The involvement of functional amino-acid side-chains in Na+-dependent taurocholatc uptake was 
investigated by chemical inodification of ileal brush-border membrane vesicles with a variety of group-specific agents. It was 
found that (vicinal) thiol groups and amino groups arc involved in active ileal bile-acid uptakc, whcreas carboxyi- and 
hydroxyl-containing amino acids, as well as tyrosine, histidine or arginine arc not essential for Na +-dependent bile-acid i;ansport 
activity. The irreversible inhibition of [3H]taurocholate transport by DTNB or NBD-chloride could be partially reversed by thiols 
like 2-mercaptoethanoi or D'IT. Furthermore, increasing concentrations of lauroeholate during chemical modificatim~ with 
NBD-chloride were able to protect the ileal bile-acid transporter from inactivation. These findings suggest that a membrane 
polypeptidL~ of apparent M~ 90000 i~ a component of the active Na ~-dependent bile-acid reabsorption system in the terminal 
ileum fro~l rabbit small intestine. Vicinal thiol groups and amino groups of the transport system are involved in Na +-dependent 
transport i~=qctivity, whereas other functional amino acids arc not essential for transport activity. 

Introduction 

Bile acids are acidic sterols synthesized from choles- 
terol in the liver. They undergo a biological recycling 
with the involvement of liver, terminal ileum, kidney 
and blood [1-5]. After synthesis in the liver, the bile 
acids are secreted into bile, emptied into the small 
intestine where they are absorbed and gain entry to the 
liver via the portal circulation. The uptake processes 
for bile acids in the ileum, the liver and the kidney are 
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Na+-dependent and a cotransport of Na + and bile 
acids is assumed [3-11]. The respective binding pro- 
teins for bile acids during enterohepatic circulation in 
blood [12], hepatocytes [13-20], cytosot of hepatocytes 
[20,21] and ileocytes [22], brush-border membranes of 
ir.tz~ihle [23L25] and kidney [26], as well as basolateral 
membranes of intestine [27] and kidney [28] have been 
identified by affinity labeling using (photo)reactive 
bile-acid derivatives [13,18,29-32]. 

The bile acids, reabsorbed in the ileum and recircu- 
lating to the liver, inhibit in a feedback mechanism the 
conversion of cholesterol to bile acids by modulating 
the activity of cholesterol-7a-hydroxylase [33]. Hence, 
the interruption of the enterohepatic circulation of bile 
acids is a very attractive principle to lower elew~ted 
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serum cholestero! levels by stimulation of bile-acid 
synthesis [34]. The ileal Na +-dependent bile-acid trans- 
port system shows a remarkable substrate specificity 
[4,5,23,35-41], recommending this transport system as 
a putative pharmaceutical target for the treatment of 
hypereholesterolemia by interruption of the enterohep- 
atic circulation with specific inhibitors of bile-acid 
transport. Since the specificity of a transport system is 
caused by a specific interaction of amino-acid side- 
chains of the transport protein with definite epitopes 
of the respective ligand molecule, knowledge of these 
interactions essential for molecular recognition is of 
great importance for the development of transport 
inhibitors. Therelk~re, in the present study, we have 
characterized the Na'-dcpendcnt bile-acid reabsorp- 
tion system in rabbit ileum and have idenlificd by 
chemical modificatkm the anlinooacid side-chains e:~- 
sential for the functionality of the Na+-dependent 
bile-acid transporter. 

Materials and Methods 

Materials 
Photoaffinity labeling was carried out with the 

sodium salts of (7,7-azo-3a,!2a-dihydroxy-5/3[3/3- "~ H]- 
eholan-24-oyl)-2-aminoethanesullbnic acid (spec. act. 
20.25 Ci/mmol) and (3,3-azo-7a,I 2a-dihydroxy-5/J[7/J- 
~H]cholan-24-oyl)-2-aminoethanesulfonie acid (spcc. 
act. 1.3 Ci/mmol) synthesized as described [29-31]. 
[aH(G)]Taurocholic acid (spec. act. 2.1 Ci/mmol) and 
D-[U-14C]glucosc (spec. act, 258,5 mCi/mmol) were 
purchased from NEN Du Pont (NEN Division, Drei- 
eich, Germany). Acrylamide, N,N'-methylenebis- 
acrylamide, dieth~lpyroearbonate (DEP), 5,5'dithio- 
bis-(2-nitrobenzoic acid)(DTNB), fluorescein isothio- 
cyanate (FITC), N-acctylimidazole (NAIl, 7-chloro-4- 
nitrobenz-2-oxo-l,3-diazole (NBD-chloridc), phenylar- 
sine oxide (PAP), p-chioromercury-benzoate (PCMB), 
phenylglyoxal (PGO), phenylboronic acid, iodoacet- 
am)de, phenylmethylsulfonic acid (PMS), mercury-ll- 
chloride, 2,4,6-trinitrobenzenesulfonic acid (TNBS), 
N,N '-dicyclohexylcarbodiimide (DCCD), bile acids and 
marker proteins for the determination of molecular 
weights were from Sigma (Miinchen, Germany). Serva 
Blue R-250 and all other materials for electrophorcsis 
were from Serva (Heidelberg, Germany). Cellulose ni- 
trate filters for transport measurements (25 mm diame- 
ter, 11.45/zm pore size ME 25) were from Schleicher& 
Schiill (Dassel, Germany) and scintillators Quickszint 
501,361 and Unisolve I from Zinsser Analytic (Frank- 
furt, Germav.y), The kits (Merekotest) for the determi- 
nation of the activity of the marker enzymes amino- 
peptidase N, ~,-glutamyltransferase and alkaline phos- 
phatase were from Merck (Darmstadt, Germany). All 
other substances were obtained from the usual com- 
mercial sources and were of analytical grade. 

Methods 
Preparation of brush-border memhrane t'esicles. 

Brush-border membrane vesicles from the ileum and 
the jejunum of male white New Zcahmd rabbits 
(weighing 2.5-3 kg) were prepared by the Mg-'+-pre - 
cipi~.ation method [42] as described previously 
[24,43,~4]. The entire small intestine was removed and 
divided into ten segments of equal length, numbered 
1-10, proximal to distal. Segments 7-111 were used for 
the preparation of ileal brush-border membrane vesi- 
e!es and segments 2-5 for the preparation of jejunal 
brush-border membrane vesicles. The brush border 
membranes were enriched {17.2 +_ 4)-fold with regard 
to aminopeptidase N (EC 3,4.11.2), (16.6 + 7.3)-fold liar 
y-glutamyltransferase (EC 2.3.2.2) and 114.4 + 4)-fl~ld 
for alkaline phosphatase (EC 3.1.3.1) Immediately af- 
ter preparation, the vesicles were stored in liquid nitro- 
gen witho,~t loss of transport and enzymatic activity h~r 
at least 4 weeks, The intactness of the vesicles was 
determined by nlcasuring Na'-dcpendent i)-glucose 
uptake after 15 s of incubation; usually the overshoot 
uptake at 15 s was greater than 20-fold. The enzymatic 
activities of aminopeptidase N, 7-glutamyltransferase 
and alkaline phosphatase were determined with Mcr- 
ekotest N kits and protein was determined according to 
Bradford [45] using the Bio-Rad assay (Bio-Rad, 
Mi.inchcn, Gernlany). 

Transl~ort ttwasurenwnts. Uptake of radiolabelcd 
substrates by brush-border membrane vesicles was de- 
termined by the membrane filtration method [42] as 
described previously [24,43,44]. Typically, the transport 
reaction was initiated by adding Ill #1 of the vesicle 
suspension (Ill0 #g of protein) equilibrated with 10 
mM Tris-Hepes buffer (pH 7.4), 311(~ mM mannitol to 
t)(I /.tl of incubation medium containing the radioac- 
tively labeled substrate kept at 3II°C. The composition 
of the incubation medium for measurements in the 
presence of a Na +-gradient usually was 10 mM Tris-HCI 
(pH 7.4), 100 mM NaCI, l(10 mM mannitol and in the 
absence of a Na~-gradient 10 mM Tris-HCI ~pH 7.4), 
100 mM KCI, 1011 mM mannitol. For measurement of 
taurocholate uptake, these media contaiqcd 51) tsM 
11).75/.tCi) [~H]taurocholate and for glucose uptake 19 
#M (I ttCi) o-[U-14C]glucose. At desired time-points, 
the transport reaction was terminated by the addition 
of I ml of ice-cold stop solution 111) mM Tris-Hepes 
(pH 7.4), 151) mM KCI). The entire content was pipet- 
ted onto the middle of a prewashed, prechilled filter 
kept under suction with the aid of a vacuum controller. 
The filter was rinsed immediately with 5 ml of ice-cold 
stop solution and then solubilized in scintillator Quick- 
szint 361. The radi.3activity remaining on the filter was 
counted with standard liquid scintillation techniques. 
After correction of medium radioactivity bound to the 
filter in the absence of membrane vesicles and eventual 
chemiluminescence, absolute solute uptake was calcu- 
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lated and expressed as nmol /mg protein. All experi- 
ments were performed in triplicate and uptake wducs 
are given as mean _+ S.D. 

Chemical modification o]" ileal brush-border mem- 
brane t'esicles. Ileal brush-border membrane vesicles 
(5(1 #1, 10 mg/ml,  5(10 #g of protein) were incubated at 
20°C for 1 h with 5(111 #1 of 1(1 mM Tris-Hepes buffer 
(pH 7.4), 300 mM mannitol containing the respective 
amino-acid modi~ing ~!gents in the concentration range 
of 10-* M to 19--" M as described [46,47]. For the 
preparation of these solutions some of the agents at 
first were dissolved in ethanol (TNBS, PITC, NBD- 
chloride, DCCD, phenylboronic acid) or DMSO 
(DTNB, PAP, FITC, PGO) and were then diluted with 
buffer; in each case, the concentration of the organic 
solvent was less than 5% and the uptake into control 
vesicles was measured in the presence of the same 
concentration of the respective organic solvent. Chemi- 
cal modification with DEP was performed as described 
[46,47]. After I h of incubation the reaction was stopped 
by addition of 35 ml of ice-cold 10 mM "l'ris-Hepes 
buffer (pH 7.41, 3110 mM mannitol and membrane 
vesiclc~ were collected by centrilhgation at 48000 × g 
lbr 3(1 rain. After resuspension of the membranes in 35 
ml of the abovementioned buffer the centrifugation 
was repeated. The vesicles were resusp,:-~ded in buffer 
to a concentration of 10 mg/ml  and used immediately 
for the transport measurements. 

For the investigation of the reversibility of the inac- 
tivated bile-acid transport system by thiol-modifying 
agents, brush-border membrane vesicles (15(I #1, 1.5 
mg of protein) were suspended for | h at 20°C either in 
(a), 1 ml of 10 mM Tris-Hepes buffer (pH 7.4), 3(1(I mM 
mannitol; (b), 1 ml of the above buffer containing 10 -4 
M NBD-chloride, or (c), 1 ml of abow: buffer contain- 
ing 1(1 ~3 M DTNB. After dilution of these incubation 
mixtures with 35 ml of ice-cold buffer IV (10 mM 
Tris-Hepes (pH 7.41, 3(1(I mM mann(toll, vesicles were 
collected by centrifugal.ion at 48(100 × g  for 31) min at 
4°C and resuspended in 2(10/zl of buffer IV each. 41)/xl 
(300 #g of protein) of these modified brush-bo~der 
membrane vesicles were incubated for 1 h at 20°C in 
1.5 ml either of buffer IV, 10 mM 2-mercaptoethanol 
in buffer IV, 10 mM DTT in buffer IV, 10 mM cysteine 
in buffer IV or 10 m~,l glutathioni: in buffer IV. After 
dilution with 35 ml of buffer IV, collection of the 
vesicles by centrifugation at 48000 × g for 30 min and 
resuspension in 40 p~! of buffer IV, the uptake of 
[3H]taurocholate was measured. 

For the investigation of a possible protective effect 
of bile acids on the inactivation of the ileal bile-acid 
transporter by thiol-modifying agents, brush-border 
membrane vesicles (60 txl, 600 t~g of protein) were 
incubated for 60 min at 20°C in 500 ~1 of buffer IV 
containing 0, 0.5, 1, 1.5, 2 or 2.5 mM taurocholate. 
After dilution with 35 ml of ice-cold buffer IV the 

membrane vesicles were collected by centrifugation at 
48000×g  for 30 rain and resuspended in 60 ml of 
buffer IV. One half of this suspension was added to 
5(10 /xl of buffer IV containing I mM NBD-chloride, 
2% DMSO, the other half as control to 500 #l buffer 
IV, 2% DMSO. After incubation for l h at 20°C, 
~lddition of 35 ml of buffer IV and collection of the 
vesicles by centrifugation the 1 min uptake of 
[3H]taurocholate was measured. 

l'hotoaffinity labeling. Photoaffinity labeling with 
photoreactive bile acids was performed as ~lescribed 
previously [!2,14,25,29-31]. Typically, 25 #l of brush- 
border membrane vesicles (250 #g of prot,:in equili- 
brated with buffer !V), were added in the dark to 175 
#l of 10 mM Tris-Hepes buffer (pH 7.4), 100 mM 
NaCI, 100 mM mannitol containing the radiolabeled 
photoreactivc 3,3-azo- or 7,7-azo-dcriv~ltives of tauro- 
cholic acid and the putative non-radioactively labeled 
inhibitors. After 5 rain of preincubation, the suspen- 
sions were irradiated Ior 10 rain at 351) nm in a Rayo- 
net Photochemical Reactor RPR-10(I (The Southern 
Ultraviolet Company o, Hamden CT, USA) equipped 
with 16 RPR 35011 A lamps. Afterwards, the suspen- 
sions were diluted with 1 ml of ice-cold buffer IV and 
centrifuged for 30 min at 48000 × g. The supernatant 
was carefully removed and the membranes were solubi- 
iized in 50 p.I of 62.5 mM Tris-HC! buffer (pH 6.8), 2% 
SDS (w/v), 10% glycerol (v/v), 5% 2-mercaptocthano! 
(v/v), 0.001 Bromophenol blue (w/v) and submitted to 
SDS-PAGE. 

Gd electrophoresis. SDS-PAGE was carried out in 
vertical slab gels (20× 17 ×0.15 cm) using an elec- 
trophoresis System LE 2/4  (LKB Pharmacia Biotech- 
nologie, Freiburg, Germany) as described [25,48]. After 
staining with Serva Blue R 25(I, the gels were scanned 
with a densitometer CD 50 (DESAGA, Heidelberg, 
Germany) and the individual lanes were cut into slices 
of 2 mm thickness. Each slice was solubilized with 250 
/xl of tissue solubilizer Biolute S overnight and after 
addition of 4 ml of scintillator Quickzint 5(11 the sam- 
ples were counted for radioactivity. 

Results 

Na +.dependent bile-acid uptake by brush-border mem- 
brane t,esicles fi,~m rabbit ileum 

To determine whether the ileum from rabbits pos- 
sesses a Na +-dependent bile-acid uptake system as the 
rat [3,49] and the guinea pig [4,5], the uptake of 
[3H]taurocholate into membrane vesicles prepared 
from rabbit ileum and jejunum was measured. As shown 
in Fig. 1 (upper panel), ['~H]taurocholate showed a 
rapid uptake into ileal vesicles prepared in a Na ~-free 
medium and incubated in a Na +-containing buffer. The 
uptake of tauroeholate in the presence of an inwardly 
directed Na +-gradient ([Na + ])out = 100 mM, [Na + ]i,, = 
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Fig, I. Na~-dependent uptake of ['~llJtaurocholatc into ileal and 
jejunal brush,border membrane vesicles from rabbit small intestine. 
Brush-border ntembranc vesicles (10/~1, I(){I #g of protein) loaded 
with 10 mM Tris-tlepcs buffer (pH 7,4), ?,(X) mM mannitol were 
incubated at 3()~C with ~}0 #,1 cithcr of 10 mM Tris-Hcpcs huffcr (pH 
7,4), IIXI mM nlannitol, 50 #M (0,75 pCi) ['~llJtazzrocholate contain- 
ing either I(X) mM N~zCI (e) or 100 mM KCI (o) and uptake was 
measured after the indicated incubation timcs, corrected for unspe- 

cific binding of ['~tljtaurocholate to the filter,, 

0 mM) was greatly stimulated (Fig. 1, e) compared with 
its uptake in the total absence of Na + ([K+],,, > [K ~]i,) 
(Fig. 1, o). The uptake occurred with a transient in- 
travesicular accumulation with a maximum after 15 s of 
incubation (overshoot phenomenon), whereas the up- 
take in the absence of Na ~ did not exceed the equilib- 
rium uptake at 60 rain. The equilibrium uptake rates 
after 60 rain of incubation were nearly identical, 
demonstrating that the presence of Na ~ had no signifi- 
cant effect on the binding of taurocholate to the 
brush-border membrane vesicles, as wall as on the 
vesicle volume, in contrast, vesicles prepared from the 
jejunum of the same animals, did not show any Na ~- 
dependence of [~H]taurocholate uptake and no over- 
shoot phenomenon (Fig, 1, lower panel). Fig. 2 shows 
the concentration-dependence of  [~H]taurocholate up- 
take into ileal brush-border membrane vesicles in the 
presence of a Na+-gradient. The uptake of tauro- 
cholat¢ was a saturable process obeying Michaelis- 
Menten kinetics with a maximum uptake rate of 10.7 
nmol /mg per 15 s and a Michaelis-Menten constant 
K m of 36/~ M. 

To determine the substrate specificity of the Na +- 
dependent bile-acid uptake system from rabbit ileum, 
the effect of non-radiolabeled compounds and bile-acid 
de, rivatives on the uptake of [3H]taurocholate by ileal 
vesicles was determined. Fig. 3 shows that natural bile 
acids in the incubation medium led to a concentra- 
tion-dependent inhibition of Na+-dependent [3H]tau- 
rocholate uptake, i,e., uptake under [Na + ]o,t > [Na + ]in 
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Fig. 2. Concentration-dependence of Na~-dependen! ['~ll]tanro- 
chohtte uptake into ileal brush-b~:der nlembrane w:sielcs. Ileal 
brush-border membrane vesicles (10 /.tl, 51) p.g of protein) loaded 
with Ill mM Tris-Hepes buffer (pH 7.4), 301) mM mannitol were 
incubated at 30°C with the indicated concentration o'. ['~H]tauro- 
chohlte dissolved in q0 p,I of 10 mM Tris-ltepes hutter, l(lll mM 
NaCI, IIN) mM mannitol. Uptake was nlcasured f , r  15 s and uptake 
rates are expressed as nmol/nlg protein per ISs, after correction for 
nonspecific flier binding. V,~,~ and K.,-values were obtained from 

the IS]/i '  vs. IS] diagram, 
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Fig. 3, Inhibition of Na'-dependent [';H]taurocholate uptake into 
ileal brush-border membrane vesicles by natural bile acids. Ileal 
brush-border membrane vesicles (10 #l, 100 ~,g of protein) loaded 
with 10 mM Tris-Hepes buffer (pH 7.4), 300 mM mannitol were 
incubated at 30°C with 30 ~1 of l0 mM Tris-Hepes buffer, 100 mM 
NaCI, 100 mM mannitol containing 50 #M (0.75 p, Ci) [~lt]tauro- 
cholate, either in the absence of inhibitors or in the presence of the 
indicated concentrations of the respective bile-acid derivatives. Up- 
take of [-~H]taurocholate was measured for 60 s and corrected for 
nonspecific flter binding, e, lithocholate; o,  cholate; I1, ursodeoxy- 
cholate; n ,  taurolithocholate; o, chenodeoxycholate; o, taurochen- 

odeo~cholale; ×, deoxycholate. 



gradient minus uptake under [K+],,,,, > [K+]i,, gradient 
conditions. The order of inhibitory effect measured by 
a half-maximal inhibition (ICso) on Na+-dependent 
[3H]taurocholate uptake was: chcno(.eoxycholate, tau- 
rochenodeoxycholate > deoxycholate > taurolithocho- 
late > tauroursodeoxycholate > cholatc >> lithocholate. 

Cholephilic orgaMe compounds like bromosul- 
phophthalein, in-docyanine green and bilirubin, the 
pemidc phalloidin from the poisonous mushroom 
Amanita phalloides or the bifunctional anion transport 
inhibitor DIDS - compounds all interfering with hep- 
atic bile-acid transport [17,19,20,50,51] - showed no 
significant inhibitory effect on the Na+-dependent 
[3H]taurocholate uptake as in the rat [35,52], suggest- 
ing different transpor! systems for bile acids in the 
ileum and the liver of rabbits (Fig. 4). 

PhotoaffiniO, htbe6ng of ik, al brush-border membrane 
resich's 

For the identification of bile-acid binding proteins 
in the brush-border membrane from rabbit ileocytes, 
photoaffirdty labeling experiments using photoreactive 
derivatives of taurocholate carrying a carbene-gener- 
ating diazirino-function at position 3 or 7 of the steroid 
nucleus were carried out. For these studies, brush- 
border membrane vesicles were incubated in media 
containing the tritium-labeled photoreactive bile-acid 
derivatives, subsequently exposed to UV light and after 
washing of the membrane vesicles the membrane pro- 
teins were separated by denaturing SDS-PAGE. 
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Fi~. 4. Effect of cholephilic compounds on Na+-dependent 
[3H]taurocholale uptake by ileal brush-border membrane vesicles. 
Ileal brush-border membrane vesicles (10 p,I, 10(J /zg of protein) 
loaded x~ith 10 mM Tris-l|epes buffer (pH 7.4), 300 mM mannitol 
were incubated with g0/.tl of 10 mM Tris-Hepes buffer (pH 7.4), 100 
mM NaCI, 10(| mM mannilol containing 50 p,M (0.75 mCi) 
[3H]taurocholate, either in the absence of inhibitors or in the pres- 
ence of the indicated concentrations of taurochenodeoxycholic acid 
(x) ,  DIDS (e}, phdliuidi, to+L broi~o~;ulphophthalcin (~),  bi!inH, in 
( n )  or indocyanine green (+). Uptake of [~H]taurocholate was 
measured for 60 s and corrected for unspecific binding to the filter 
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Fig. 5. Photoaffinity labeling of ileal brush-border membrane vesiclu.,, 
fi'om rabbit small intestine with photolabilc deriwltivcs uf lauro- 
chohite. Ileal brush-border membrane vesicles (25 /~1, 250 #g of 
protein) h)aded with 10 mM Tris-Hepes buffer (pl l  7.4), 300 mM 
mannitol ware mixed for 5 rain in the dark with 175 #1 of 10 mM 
Tris.Hepes buffer (pH 7.4), 100 mM NaCI, 100 mM mannitol con- 
taining either 0.49 p,M (2 /LCi) (7,7-azo-3oM2a-dihydroxy-5/313fl- 
• XH]cholan-24-oyl)-2-aminoethanesulfonic acid (top) or 6.6 #M (2 
# Ci) (3,3-azo-7~,12a-dihydroxy-StS[7,8- ~H ]cholan-24-oyl)-2- 
aminoelhanesulfonic acid (bottom) and subsequently irradiated a! 
350 nm for 10 min. After washing of the vesicles, membrane proteins 
were separaled by SD~;-PAGE using 9% gels. The solid lin,: shows 
the densitometer scanning of the polypeptides after staining, whereas 

the dotted lines indicate the distribulion of radioactivilv. 

As shown in Fig. 5 (upper panel), photoaffinity 
labeling of membrane vesicles with the 7,7-azo deriva- 
tive of taurncholic acid resulted in an incorporation of 
the radiolabel nearly exclusively into one polypeptide 
with an apparent molecular mass of 90 kDa and to a 
much lesser extent into a polypeptide with a molecular 
mass of 130 kDa. Irradiation in the simultaneous pres- 
ence of nonlabeled tauroeholate (250 #M) completely 
inhibited the labeling of the 90 kDa polypeptide, 
whereas labeling of the 130 kDa polypeptide as well as 
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TABLE ! 

Effect o]'bih' achls and chtdephilw compounds on photoaj]b~ity hlheling 
of the O0-kDa hih'-acid hhtding proteht in ih'al hrush-borth'r membrane 
cesich's ]?om rabbit small intesthw 

Ileal hrush-ht~rder membrane vesicles (25 p.I. 2511 `ag o1 protein) 
loaded with tO mM Tris-Ilepcs bufli:r (pll  7.4). 300 mM mann)toll 
were mixed fl~r 5 rain in the dark with 175 `al of 111 mM l"ris-llepes 
buffer (pH 7.4). IIII) mM NaCI. IflO mM nmnnitol containing d.4*. ~ 
,aM (2 ,aCt) (7.7azo-3~r.12~Pdihydro.~Y-5~[3/3-3tl]chohm'24"°Y I)-2- 
aminoethanesulfimic acid. either in the absence (control)or presence 
of 2511 ,aM of the indicated substances. After irradiation at 3511 nm 
for I1) rain and ~nl'Pseqtlent SDS-PA(IE. the amotmt of radioactivity 
incorpor;dcd inta tile 9(I-kDa bile-acid binding polypcptidc was 
determined by liquid ..cintilhttion counting. 

('ontpound ~11 incorl~rated into ~; inhibilitm 
q0 kl)a-lWOlcin (dr~nt) 

('tmtrol 78358 1) 
+ tatirodl~latc 27 S~4 r,.l..l 
+t;luroehenodeoxychohlte 12fill 83. ~) 
¢ taUl'olithoeht~late 8 21111 89.5 
+ laurodeoxyeholate I I 772 8.1.9 
+ cht~l;Ite 31)731 1~11.7 
+ chenodeoxychohtte 17 338 77.9 
+ lit ht~cholale 67122 14.3 
+ lithocholate-3-sull'atc 56853 27.4 
+ phalloidin 85 611 0 
¢ DIDS 72951 6.9 

bilirubin 57542 26.5 
+ bmmosulphophthalein 486119 37A I 
+ indocyanine green 51)349 35.7 
+ i -carnosine 861'~47 1) 
+ glycine 71 286 tLl) 

nonspecifie background labeling remained unchanged, 
demonstrating tile specificity of the 9(| kl)a protein fl~r 
taurocholate (data not shown). Photoaffinity labeling of 
brush-border membrane vesicles with the 3,3-azo iso- 
mer resulted in an similar labeling pattern with promi- 
nent and specific labeling of the 91| kDa protein (Fig. 5, 
lower panel), in order to evaluate the binding speci- 
ficity of the 91) kDa protein, competition photoaffinity 
labeling experiments in the presence of structurally 
different nonradiolabeled bile acids, as well as chole- 
philie compounds were performed. Table I shows that 
bile acids were able to inhibit the labeling of the 90 
kDa protein by photoreaetive tauroeholate analogues 
whereas cholephilic compounds such as phalloidin, 
DIDS, bromosulphophthalein or bilirubin, as well as 
amino acids such as L-proline or substrates of the 
oligopeptide transporter such as L-earnosine or D- 
cephalexin [43,44] showed no or only a moderate effect 
on the extent of labeling, 

Chemical modification of the Na +-dependent bile-acid 
transport ~,stem in brash-border membrane cesicles from 
rabbit ileum 

in order to identify the invoivem,..'nt of distinct amino 
acids of the Na +-dependent intestinal bile-acid trans- 

porter in the uptake process of taurocholate, mem- 
brane vesicles were incubated for l h with different 
group-specific reagents dissolved in appropriate buffers 
in the concentration range of 10-" to l0 -2 M. After 
washing of the vesicles, the initial uptake of 5(i /zM 
[~H]taurocholat.e was measured both in the presence 
and the absence of an inwardly directed Na +-gradient 
([Na+]o,,>[Na~]i,) .  To discriminate between the 
modification of amino acids essential for active bile-acid 
transport and inhibition by nonspecific effects of the 
respective agents, we also measured in each modifica- 
tion experiments the effect on the Na ~-dependent D- 

glucose uptake system, because the amino acids which 
are essential for transport havc bcen determined previ- 
ously [47,53]. 

Since some of the modifying agents had to be dis- 
solved in organic solvents, we at first investigated the 
effect of different concentrations of the solvents ethanol 
and DMSO on the Na~-depcndent uptake of both, 
[~Hltaurochohlte and D-[14C]glucosc. It was flmnd that 
ethanol up to a concentration of 51~; (v/v) had no 
significant cffect on taurocholate uptake, whereas D- 
glucose transport was slightly effected by these etha- 
nol-concentrations in accordance with a previous study 
[54]. DMSO had no effect on both transport systems in 
concentrations up to 6 vol?/~, (data not shown). 

In a first series of experiments, we investigated the 
influence of several thiol-modifying reagents on Na + 
dependent taurocholate uptake. DTNB, NEM, iodo- 
acetamide, HgCI,, PCMB, its well its PMS led to a 
concentration-dcpcqdcnt inactivation of both, the 
Na '-dependent taurocholate transporter its well as the 
uptake system for t)-glucose (Fig. 6, Table !!). The 
mercurials HgCI_, and PCMB were strong inhibitors of 
both transporters with IC.~,-values of 13-t~)" 10 " M, 
whereas a concentration of 3-5 mM DTNB wits neccs- 
sltry for half-maximal inhibition. NEM was a strong 
inhibitor of D-glucose transport and a weak one for 
taurocholate uptake, whereas iodoacetamide had only 
slight inhibitory effects on both transporters. PAO, an 
inhibitor selective for vicinal thiol groups [55] led to a 
nearly complete inactivation of the bile-acid trans- 
porter at eoncentratkms > I mM, indicating the in- 
volvement of vicinai thiol groups. On the other hand, 
thiol reducing agents like 2-mercaptoethanol or D'VI" 
neither inhibited bile-acid transport nor D-glucose up- 
take, excluding the inw~lvement of disulfide bridges in 
[3H]taurodlolate transport. 

The modification of amino groups with agents like 
TNBS or FITC also inactivated the bile-acid transport 
system. NBD-chloride, an agent modifying thiol- and 
amino-groups, resulted in an irreversible inhibition of 
the bile-acid transporter with an IC5, value of about 
8. l0 -4 M. The modification of carboxyi-groups of the 
acidic amino-acids glutamic or aspartic acid with DCCD 
a~d the reaction of hydroxyl-groups in the amino-acids 
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Fig. 0. Effect of thiol- alld llnliltO°t',rollp specific agents on N:t*-tle- 
pendent [~liJlaurochol,tte uptake by ileal bn:sh-lmrder membrane 
vesicles. Ileal I~rush-horder membrane vesicles (10 nlg/nlol) were 
treated with the indicated concentrations of amino-acid-modifying 
agenls for I h at 2(UC :is descrihcd in Materials and Methods. After 
washing, the uptake of 50 ~M (0.75 #Ci) of ['all]taurocholate wits 
measured fi~r 611 s ill the presence of :m inwardly-directed Na '-gradi- 
ent. Uptake is indicated as percentage of the respective control 
values after subtraction of filter background, o, DTNB; o,  NEM; I ,  

PCMB; [3. NBD-ehloride: <>. ligCI2; o, FITC. 
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serine and threonine with PMSF or phenylboronic acid 
left the bile-acid transporter completely unchanged, 
like after modification of tyrosine residues with NAI or 
of histidyl residues with DEP. The results of these 
modification experiments are summarized in Table 11. 

The selective inhibition of the Na+-dependent in- 
testinal bile-acid transporter by thiol-modifying agents 
should be reversible by treatment with thiol agents. 
Therefore, ileal brush-border membrane vesicles, 
treated for 1 h with DTNB or NBD-chloride to inacti- 
vate the active bile-acid transport system, were subse- 
quently exposed to various thiol-containing agents. Af- 
ter washing, the initial uptake of ['~H]taurocholate was 
measured and compared with the respective control 
vesicles, which have been exposed to the thiol-contain- 
ing agents alone. Fig. 7 shows that the irreversible 
inhibition of [3H]taurocholate uptake wits nearly com- 
pletely restored by treatment with 10 mM 2-mercapto- 
ethanol. The protective effect of D'VI" and t.-cysteine 
wits significantly smaller, whereas glutathione was inef- 
fective in reversing the inhibition by NBD-chlofidc. 
Presumably steric and electrostatic effects explain the 
high potency of the small and electrically neutral 
molecules 2-mercaptoethanol and DTF in contrast to 
the polar and bulky agents L-cysteine and glutathione. 

TABI.E il 

Effect of atnhm-acid modiJ~'ing agents on Na +-dependent [~H]taurocholate uptake end o-[ U- 14 C/ghwose uptake in brush-t~mh,r memhran; vesicles 
rabbit ih'um 

Ileal brush-border membr:me vesicles were tre.aled with the respective amino-acid modifying agents tot I h at 20%" in the concentration r.'mge of 
10 ~' to 10 2 in the appropriate buffers, as described in Materials and Methods. After washing with 10 mM Tris-I lepes buffer (pl .~ 7.4), 31111 mM 
mann:tel tile uptake of 50 #M [~ll]taurocholate and 19 v,M D-[i'~C]glucose was measured fi~r I rain at 30°C, both in tile presence and the 
absence of an inwaedly-directed N't ~-gradient. i t ' s ,  values were determined afler st,bstraction of tile uptake in the absence of a N;L '-gradient 
from the uptake in the presence of an inwardly-directed Nit Lgradient. 

Reagent Selective hw Inhibition of Na '-dependent Inhibition of Na -dependent 
taurocholate uptake (ICs0-v,'due) o-glucose uptake (IC~0-value) 

IIgCI, SII + + + (2. I11 ~ M) + + + (4.5.10- s M) 
P('MB SIt + + + (5 .10 ~ M) + + + 15.10- ~ M) 
PMS SIÁ + +  (2.5.10 4 M )  + + +  (8 .10  SM)  
NEM SII + + (6.10 -4 M) + + + (3 .10  s M) 
DI"NB SIt + (5 .10  "~ M) + (2.5" 10 3 M} 
h'~doacetamide SIt ( + )  ( > Ill ~ M) ( + )  ( > 10 ~ M) 
PAP vicinal SH + + (8 .10  -4 M) + + (2 '  10 -4 M) 
DTT disulfide ~ ¢ 
2-Mercaptoethanol disulfide ~ ~J 

NBD-chloride SIt, NIl 2 + + + (7.10 -s M) + + + (h. I1) -s M) 
TNBS Ntl 2 ( + )  (8-10 ~M) ( + )  ( > 1 0  2 M) 
FITC NH 2 + +  (6.10 4M) + + +  (8.10 r,M) 
PITC NIt z + + (6. I11-4 M) + (3-10 -3 M) 

PMSF OH ¢ 
DCCD COOH ¢1 (/J 
Phenylboronic acid Serine ~J ¢ 
NAt Tyrosine ~ ¢J t > 10 2 M) 
DEP Histidine ¢J + + + (7 .10  s M) 
PGO Arginine O ( > 10-z M) O 
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In order to investigate whether the cysteine-residues - 
obviously essential for active bile acid transport - are 
located at or near the bile-acid binding site, substrate- 
protection experiments were carried out. Vesicles were 
incubated with increasing concentrations of nonlabeled 
taurocholate tbr 1 h to obtain equilibrium. After wash- 
ing, the vesicles were either treated with NBD-ehloride 
or incubated with buffer alone. After repeated wash- 
ings, the initial uptake of ['~H]taurocholate into the 
membrane vesicles was measured. Fig. 8 demonstrates 
that increasing concentrations of taurocholate were 
able to protect the bile-acid transport system from 
inactivation by NBD-ehloride. These findings are in- 
dicative for the presence of essential cysteine residues 
at the binding si .' for the bile-acid substrates. 

Discussion 

The active transport of polar and charged organic 
solutes across the brush-border membrane of small 
intestinal enterocytcs is mediated by specific mem- 
brane carrier-proteins. Bile-acids are taken up in the 
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Fig. 7. Reversibility of the i,bibiton of the ileal Na'-dependent 
bile-acid transl~wt system by NBD-chloride and DTNB with thiols. 
Ileal brush-lmrder membrane vesicles ( 10 mg/ml) were incubated for 
I h at 20°C either with I0 -~ M NBD-chloride (top) or I0 "~ M 
DTNB thJttom). After washing the memhrane vesicles were treated 
for i h at 2(FC, either with buffer alone or with 10 mM solutions of 
2-mercaplocthanol, DTI', i-c~ysteine or glutathione; for control, 
brush-border membrane vesicles were also incubated with the above- 
mentioned lhiols without chemical modification by NBD-chloride or 
DTNB, After washing the uptake of 50 gM (0.75 gin) [3H]tauro- 
cholate was measured for 60 s in the presence of an inwardly-di- 
rected Na+-gradient, Open bars, uptake into vesicles treated with 
thiols alone. Hatched bars, uptake into vesicles first modified with 

DTNB or NBD-chloride and subsequently treated with lhiols. 
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Fig. 8. Protective effect of taurocholate on the inactivation of the 
ileal bile-acid transport system by NBD-chloridc. Ileal brush-harder 
membrane vesicles r io mg/ml) were incubated for 60 min at 20°C 
with tIle indicated concentrations of taurocholate. After washing, 
one Imlf of the vesicles was incubated fi~r 60 rain with I mM 
NBD-chloride in buffer, whereas the other half was kept in buffer 
ahme. After washing, the uptake of 50 pM (0.75 /LCi) [311]tmlro- 
ehola:~¢ wlts measured for 60 s. Open bars, nptake into vesicles 
incubated with taurocholate alone, Ilatchcd bars, uptake into vesi- 

cles ~rcated with NliD-chloride in the presence of ta0rocholate. 

ileum against a concentr'Jtion gradient by a Na ~-de- 
pendent transport system which couples uphill bile-salt 
transport to NiL 4-migration. The understanding of ileal 
bile-acid reabsorption on a molecular lev~,q is important 
for the design of potent hansport inhibitors. Such an 
understanding of the transport mechanism and tile 
structure/activity relationships of inhibitors involves 
tile kinetic characterization of the transport system and 
the identification of the amino acids essential for 
molecular recognition, together with the identification 
and purification of the protein components, as well as 
reconstitution and sequencing of the transporter pro- 
reins. 

The Na*-dependent bile-acid transport system in 
the ileum from rabl'it small intestine was characterized 
using brush-border membrane vesicles. ['~H]Tauro- 
cholate accumulated against a concentration gradient 
in the presencc of a Na +-gradient in vesicles obtained 
from tile ileum, whereas no active bile-acid transport 
was found in vesicles prepared from the jejunum. 
Photoaffinity labeling with 3- or 7-diazirino derivatives 
of taurocholic acid resulted in the specific labeling of 
one membrane polypcptide with an apparent molecu- 
lar mass of 90 kDa. The specificity for binding to this 
90 kDa polypeptide correlated very well with the speci- 
ficity for transport: bile acid,'," were able to inhibit both 
transport and photoaffinity labeling and the ranking of 
the inhibitory effect of the different bile-acids deriva- 
tives was also corresponding. Other cholephilic com- 
pounds which interfere with hepatic bile-acid uptake, 
such as phalloidin, bromosulphophthalein, indocyanine 
green or DIDS neither inhibited active ileal tauro- 
cholate transport nor prevented photoaffinity labeling 
of the 90-kDa protein significantly• These findings sug- 
gest that the 90-kDa protein is a component of the ileal 
Na+-dependent bile-acid transport system in rabbit 



ileum. The molecular mass of 911 kDa of the bile acid 
binding protein from rabbit ileum as well as the sub- 
strate specificit3' of this protein is similar to the puta- 
tive ileal bile acid transporter in rats of 99 kDa [23- 
25,35] whose direct involvement in intestinal bile-acid 
reabsorption was shown recently with antibodies [56]. 

To obtain information about the molecular interac- 
tion of specific amino-acid residues in the transport 
protein with the substrate molecule, we have chemi- 
call~ modified the different amino-acid side-chains with 
a variety of group-specific reagents. Only the modifica- 
tion of thiol- and amino functions led to an irreversible 
inactivation of the Na+-dependent [~H]taurocholate 
uptake system. Thiol groups have also been found to 
be essential for Na ~-dependent bile-acid uptake by rat 
hepatocytes [57]. The involvement of thiol groups in 
active bile-acid rcabsorption explains the susceptibility 
of this transport system in photoaffinity labeling exper- 
iments with short-wavelength ultraviolet light [24]. In 
contrast, transport systems without essential cysteine 
residues, such as the oligopeptide/fl-lactam antibiotic 
transporter from rabbit small intestine are extremely 
resistent t'o photolytic damage [44,47]. The basic 
amino-acids histidine and arginine and the acidic 
amino-acids aspartic acid and glutamic acid do not play 
a role as the hydroxy-containing amino acids serine, 
threonine or tyrosine. The inhibition of Na+-depen - 
dent taurocholate transport by PAO indicates the in- 
volvement of vicinal thiol groups. Agents which react 
with primary amino groups like PITC, FITC or TNBS 
also led to an inactivation of the bile-acid transporter, 
suggesting that lysine residues are also essential for 
transport activity. From these experimental findings, 
the structure/activity relationships elaborated by Lack 
[4] can bc modified leading to the hypothesis shown in 
Fig. 9: ( i)  The positively-charged group in the trans- 
porter protein essential fiw coulombic interaction with 
the negatively-charged side-chain of the bile-acid 
molecule presumably is tlae e-amino group of a iysine- 
residue. (2) it may be speculated that (vicinal) cysteinc 

OH 

N " N a  I 
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OH 
Fig. 9. Model for the interaction of bile acids with the ileal bile-acid 

transporter. 
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groups, essential for Na+-dependent transport activity, 
represent the negatively-charged binding site in the 
transporter protein [4] presumably responsible for the 
binding of Na+-ions. 

The susceptibility of the Na~-depcndent bile-acid 
transporter from rabbit ileum to chemical modification 
is very similar to that of the D-gluc0se uptake system 
[47,58,59] with essential thiol- and amino groups; in 
addition to the bile-acid transporter, histidine- and 
tyrosine residues are essential for Na+-dependent D- 
glucose transport activity. The bile-acid and glucose 
transporters also differ in the apparent molecular 
masses with 72 kDa for the glucose transporter [61)] 
and 91} kDa for the taurocholatc transporter. Cloning 
of the intestinal b;le-acid transporter is necessary to 
decide whether the Na4-dependent bile acid and glu- 
cose transporters belong to a common fanlily of trans- 
porters. 
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