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Abstract For the identification of proteins involved in hepa- 
tobiliary transport, the photolabile derivative 7,7-ASLCT 
( (7,7-azi-3a-sulfat~5~holan-24~yl)-2'-aminoethanesulfonate) 
was synthesized. 7,7-ASLCT is taken up into liver and ex- 
creted into bile completely unmetabolized at a rate between 
the excretion rate of SLCT ((3a-sulfato-5~cholan-24-oyl)-2'- 
aminoethanesulfonate) and SCCT ((7a-hydroxy-3a-sulfato-5B 
cholan-24-oyl)-2'-aminoethanesulfonate). The dependency of 
flux rate of uptake into freshly isolated hepatocytes on the 
concentration of 7,7-ASLCT in presence of Na+ (143 mM) and 
with Na+ depletion (1 mM) is best described by the assump 
tion of two simple transport systems, the kinetic parameters 
of which are similar to those of SLCT. As studied in the 
presence of Na+, 7,7-ASLCT and SLCT exhibit a clearly com- 
petitive cross-inhibition of uptake with inhibition constants 
that are similar to the corresponding half-saturation con- 
stants. s Photoaffinity labeling of isolated hepatocytes using 
7,7-ASLCT (400 p ~ )  resulted in the irreversible inhibition of 
the uptake of 7,7-ASLCT and SLCT to similar extents, con- 
firming the kinetic data that 7,7-ASLCT is a true competing 
substrate for the uptake of SLCT. Because in intact rat liver 
7,7-ASLCT and SLCT mutually inhibit their biliary excretion, 
the photolabile derivative shares with SLCT the same path- 
ways in uptake and in excretion. Thus, 7,7-ASLCT should be 
appropriate for the study of hepatobiliary transport of sul- 
fated and taurineconjugated bile salts by photoaffinity label- 
ing.-Dietrich, A, W. Dieminger, S. Mac Nelly, W. Gerok, 
and G. Kun. Synthesis and applicability of a photolabile 
7,7-azi analogue of 3-sulfated taurine-conjugated bile salts. J. 
Lipid Res. 1995. 36: 1729-1744. 
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In the course of their enterohepatic circulation taur- 
ine- and glycine-conjugated bile salts are subjected to 
biotransformations by enteral microorganisms (1, 2). 
Dependent on their structure a substantial part of the 
microbial modified bile salts is passively resorbed in the 
colon and reaches the liver with portal blood. They are 
taken up into the hepatocytes and transformed into 
more hydrophilic derivatives, the biliary excretion of 
which is favored (3-5). Unconjugated C24 bile salts are 

reamidated with taurine or glycine and relatively hydro- 
phobic amidated bile salts may be additionally' trans- 
formed into sulfated derivatives. Sulfation of a hydroxy 
group introduces an additional charge into the bile salt 
molecule and increases its hydrophilic character. This 
way of conjugation is of considerable importance in 
human bile salt metabolism for the detoxication of 
hydrophobic amidated bile salts under physiological 
arid pathophysiological conditions (6- 10). Excreted into 
bile the sulfated and amidated bile salts reach the intes- 
tine, where they are partly reabsorbed in the terminal 
ileum (9,ll-13). The intestinal reabsorbed sulfated bile 
salts are transported back to liver, taken up into the 
hepatocytes, and returned to enterohepatic circulation. 
Transport of sulfated and amidated bile salts is of inter- 
est because of the application of chenodeoxycholate and 
ursodeoxycholate for dissolution of cholesterol gall- 
stones (14-16). A part of the administered bile salts is 
7-dehydroxylated by intestinal bacteria to lithocholate 
(2), so that increased levels of sulfated and amidated 
lithocholic acid in enterohepatic circulation arise from 
therapy ( 14). Although sulfation decreases the half-life 

Abbreviations: 7,7-ASLCT, 7,7-azi-3a-sulfatolithocholyltaurine or 
(7,7-azi-3a-sulfate55&cholan-24-oyl)-2'-aminoethanesulfonate; rsH1-7, 
7-ASLCT, 7,7-azi-3a-sulfatolithocholyl[2'-~H(N)]taurine or (7,7-azi- 
3a-sulfato-5~holan-24-oyl)-2'-[2'sH(N)Jaminoethanesu~onate; DCI, 
direct chemical ionization; EI, electron impact ionization; FAB, fast 
atom bombardment; HPLC, high performance liquid chro- 
matography; HPTLC, high performance thin-layer chromatography; 
LSC, liquid scintillahon counting; M,, molecular weight; SCCT, 
3a-sulfatochenodeo~cholyltaurine or (7a-hydroxy-3a-sulfate5f3- 
cholan-24-oyl)-2'-aminoethanesulfonate; [sH]SCCT, Sa-sulfatocheno- 
deoxycholyl[2'~H(N)]taurine or (7a-hydroxy-3a-sulfate5bholan-24- 
oyl)-2'-[2'~H(N)]aminoethanesulfonate; SLCT, 3a-sulfatolithocholy1- 
taurine or (3a-sulfato-5~holan-24-oyl>2'-aminoethanesulfonate; 
[3H]SLCT, 3a-sulfatolithocholy1[2'"H(N)]taurine or (Sa-sulfato-5b 
cholan-24-oyl)-2'-[2'~H(N)]aminoethanesulfonate; SDSPAGE, so- 
dium dodecylsulfate polyacrylamide gel electrophoresis; TLC, 
thin-layer chromatography. 
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time of stay of a bile salt in the organism, sulfated and 
amidated bile salts may pass through several cycles of 
enterohepatic circulation (9, 13, 17). Sulfated and non- 
sulfated bile salts interfere in hepatic transcellular trans- 
port (18-20) and it is of interest whether the dianionic 
sulfated and the monoanionic non-sulfated bile salts 
interact with the same binding polypeptides in the 
course of their enterohepatic circulation. Interaction of 
bile salts with polypeptides under physiological condi- 
tions may be favorably detected by photoaffinity label- 
ing using appropriate photolabile derivatives (21, 22). 
Therefore, we have synthesized a photolabile 7,’7-azi 
analogue of 3a-sulfated taurineconjugated bile salts and 
have established its suitability for the identification of 
hepatic polypeptides interacting with Sa-sulfated taur- 
ineconjugated bile salts during hepatobiliary transport. 

MATERIALS AND METHODS 

Materials 

Cholic acid, silica gel 60 (40-63 Fm), and silica gel 
plates (Kieselgel60 without fluorescence indicator) for 
TLC and HPTLC chromatography were purchased 
from E. Merck (Darmstadt, Germany). Trypan blue and 
Amberlite XAD-2 (0.3-1 mm particle size, analytical 
grade) were from Serva Feinbiochemica (Heidelberg, 
Germany). Taurine was obtained from Sigma Chemie 
GmbH (Taufiirchen, Germany) and lithocholic acid 
from Ega-Chemie (Steinheim, Germany). Chenodeoxy- 
cholic acid was purchased from Fluka AG (Buchs, Swit- 
zerland). Ursodeoxycholic acid was made available by 
Dr. Falk Pharma GmbH (Freiburg, Germany). Col- 
lagenase “Worthington” CLS I1 with a specific activity 
of 125-150 U/mg protein was obtained from Biochrom 
KG (Berlin, Germany). Silicone oils AR 20 and AR 200 
were obtained from Wacker Chemie (Munchen, Ger- 
many). [2-3H(N)]taurine (750-1500 GBq/mmol) was 
obtained from NEN/DuPont de Nemours GmbH Divi- 
sion (Dreieich, Germany). All other chemicals were of 
the highest quality available from commercial sources. 

Animals 
Male Wistar rats (Tierzuchtanstalt Jautz, Hannover, 

Germany) weighing 200-250 g were used. The animals 
had free access to standard rat diet Altromin 300 R 
(Altromin GmbH, Lage, Germany) and tap water, and 
were housed in a constant temperature environment 
with natural day-night rhythm. 

Liver infusion experiments 
For the study of the time dependency of biliary excre- 

tion of sulfated and taurine-conjugated bile salts, 
amounts of 0.05 nmol of the respective tritium-labeled 

derivative were dissolved in 0.5 ml of 0.15 M NaCl and 
infused over a l-min period into a peripheral mesente- 
rial vein of rats anesthetized with pentobarbital (3 mg of 
sodium pentobarbital/100 g body weight, i.p.). Bile was 
collected in 1-min intervals beginning 10 min before 
start of injection and the nature of the excreted com- 
pounds was determined by TLC. 

Constant infusion of sulfated and taurineconjugated 
bile salts with tracer doses of the respective tritium-la- 
beled derivative was performed as described (23). The 
rate of infusion was chosen to approximate the maximal 
rate of bile salt excretion into bile. Forty min after the 
onset of infusion, animals also received an additional 
bolus of 0.1 pmol of the second bile salt. 

Isolation of hepatocytes 

Isolated hepatocytes from rat livers were prepared by 
a modified collagenase perfusion method using the 
two-step procedure (24-26) as recently described (22). 
Only hepatocyte suspensions with an ATP content of > 
13.1 nmol/mg protein were used for uptake studies, 
guaranteeing that only results with cell suspensions 
having an adequate ATP level were taken into account 
(27). 

Uptake studies and data analyses 

Uptake of 7,7-ASLCT and SLCT was determined 
using the centrifugal filtration technique through sili- 
cone oil layer as described (22). Initial rates of uptake 
were calculated by linear regression analysis from the 
slope of the linear portion of the time-dependent uptake 
curves, measured in 15-sec intervals. 

Kinetic parameters were analyzed by the nonlinear 
least-squares regression analysis program ENZFITTER 
1.05 (Elsevier-BIOSOFT, Cambridge, UK) in the J-ver- 
sus-A diagram taking all data into account with the same 
weight. In general, uptake and inhibition studies were 
performed five times using a separate preparation of 
cells for each experiment, and each study was analyzed 
separately. The resulting kinetic data are reported as 
means f SEM. Statistic differences were determined by 
Student’s t-test. 

Photolysis and photoaffinity labeling 

Photolysis and photoaffinity labeling were carried out 
in a Rayonet RPR 100 reactor (The Southern Ultraviolet 
Company, Hamden, CT) equipped with 16 RPR 3500 A 
lamps. Ultraviolet absorption spectra were measured 
with a Perkin-Elmer UV/VIS-Spectrometer Lambda 5 
(Perkin-Elmer, ijberlingen, Germany). Photoaffinity la- 
beling of isolated proteins and protein mixtures was 
carried out as described (28). The extent of incorpora- 
tion of radioactivity was determined after SDS-PAGE of 
defined amounts of labeled proteins, usually 20 or 30 
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pg, by liquid scintillation counting either directly after 
electrophoresis or after the staining procedure. For this 
the gel lanes were cut into slices of 2 mm thickness using 
a comb for gel slicing. Radioactivity of each gel slice was 
determined by liquid scintillation counting. Further ex- 
perimental details of photoaffinity labeling of a mixture 
of proteins are given in the legend to Fig. 5. Photoaf- 
finity labeling of isolated hepatocytes that were used for 
uptake studies was performed exactly as described (22). 

Polyacrylamide gel electrophoresis 

x 180 x 2.8 mm) was performed as described (29). 

Protein determination 

Discontinuous SDS-PAGE using vertical slab gels (200 

Protein concentration was determined after precipi- 
tation with 3 M trichloroacetic acid by a modified biuret 
method (30) using chloroform instead of ether to re- 
move turbidity due to lipid. Bovine serum albumin was 
used as the standard. 

Detection of radioactivity 

Radioactivity in organic solvents was determined after 
addition of 4 ml of Quickszint 501 (Zinsser Analytic 
GmbH, Frankfurt, Germany) by liquid scintillation 
counting (RackBeta 1217, Pharmacia LKB, Freiburg, 
Germany). Radioactivity in aqueous solutions and in bile 
was determined after addition of 4 ml of Quickszint 1 
(Zinsser Analytic GmbH, Frankfurt, Germany). Radio- 
activity on TLC and HPTLC plates was detected with a 
radioscanner (Linear Analyzer, Berthold, Wildbad, Ger- 
many). Detection of radioactivity in polyacrylamide gels 
was performed as described (28) using Biolute S (Zinsser 
Analytic GmbH, Frankfurt, Germany) for solubilization. 

Chromatographic methods 

TLC and HPTLC were performed on silica gel plates 
(Kieselgel 60 without fluorescence indicator) using the 
solvent systems ethyl acetate-cyclohexane-acetic acid 
100:40:1 (v/v/v) (solvent system l), ethyl acetate-cyclo- 
hexane-acetic acid 23:7:3 (v/v/v) (solvent system 2), 
n-butanol-acetic acid-water 9:2: 1 (v/v/v) (solvent sys- 
tem 3), and chloroform-methanol-acetic acid-water 
65:24:15:9 (v/v/v/v) (solvent system 4). Bile acids and 
their derivatives were detected on TLC plates by spray- 
ing the dried plates with concentrated sulfuric acid and 
then heating at 120°C for 5 min. 

Column chromatography under normal pressure was 
carried out on 15 x 2.5 cmcolumns of Amberlite XAD-2 
(31). Flash chromatography (32) was performed on 
either 25 x 5 cm of 25 x 3 cm-columns of silica gel 60 
(40-63 pm). 

HPLC of the bile acid p-bromophenacyl esters was 
carried out on an LKB-2150 HPLCSystem (Pharmacia- 

LKB, FreiburdGermany) equipped with a Rheodyne 
injector (Cotati, CA) and a single-wavelength (254 nm) 
W detector. A reversed-phase p BondapackTM Clgcol- 
umn (Waters Associates Inc., Milford, MA), 3.9 mm ID 
x 300 mm, particle size 5 p m  was used with the solvent 
system methanol-water 78:22 (v/v). The flow rate was 
0.7 ml/min at 40°C. HPLC of sulfated and taurine-con- 
jugated bile salts was performed principally as described 
(33), using the solvent system methanol-10 mM phos- 
phate buffer (pH 5.0) 70:30 (v/v) at ambient tempera- 
ture with a flow rate of 0.7 ml/min. Radioactivity was 
detected with a flow-through monitor Ramona 90 
(Raytest, Straubenhardt, Germany). 

Analysis of organic compounds 

Elemental analyses were carried out with a Perkin-El- 
mer 240 analyzer (Perkin-Elmer GmbH, Uberlingen, 
Germany). Melting points were determined with a Biichi 
hostage apparatus (Buchi, Flawil, Switzerland) and are 
uncorrected. Ultraviolet absorption spectra were meas- 
ured with a Perkin-Elmer W/VIS-Spectrophotometer 
Lambda 5 (Perkin-Elmer GmbH, ijberlingen, Ger- 
many). 'H-NMR spectra were measured on a Bruker- 
2.50-MHz-NMR spectrometer (Bruker GmbH, 
Karlsruhe, Germany). Values are in parts per million 
relative to tetramethylsilane as internal standard. Mass 
spectra of unconjugated unsulfated bile salt derivatives 
were recorded with a Finnigan MAT 44s mass spec- 
trometer connected with a data unit SS 2000 (Finnigan, 
Sunnyvale, CA). These bile salt derivatives were ionized 
by E1 (electron impact ionization) with an electron 
energy of 70 eV and by DCI (direct chemical ionization) 
with an electron energy of 170 eV using ammonia as 
reactant gas at a pressure of 30 Pa. In both cases positive 
ions were recorded (34-36). Mass spectra of the sulfated 
bile salt derivatives were recorded with a VG 70-SE mass 
spectrometer (VG Instruments Inc., Stanford, CT). The 
sulfated bile salt derivatives were ionized by bombard- 
ment with xenon with an energy acceleration voltage of 
8 kV using the FAB (fast atom bombardment) method. 

Syntheses 

3a-Hydroxy-7-oxo-5~-choZun-24-oic acid (11) (Fig. 1). The 
synthesis of the 7-oxo derivative of lithocholic acid was 
performed principally according to Fieser and Ra- 
jagopalan (37) starting with 5.6 g (14.3 mmol) of che- 
nodeoxycholic acid (I). The crude product was purified 
by flash chromatography using the solvent system chlo- 
roform-methanol 1OO:l (v/v). Yield: 2.3 g (5.9 mmol, 
41%); mp, 202°C; (Lit.: 202-203°C (37)); TLC: Rf=0.61 
(solvent system l), 0.25 (solvent system 2); UV (metha- 
nol): La = 205 nm ( E  = 287), 284 nm ( E  = 28); 'H-NMR 
(4-MeOH): 6 = 0.72 (s, CH3-18), 0.97 (d, J = 7 Hz, 
C€&-21), 1.23 (s, C&-19), 2.54 (t, J = 10.5 Hz, CH-8), - 
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Fig. 1. Synthesis of SCCT (( 7a-hydroxy-3a-sulfato-5~holan-24-oyl~2'-aminoethanesulfonate) (VII) and 7,7-ASLcT ((7,7-azi-3a-sulfato-5pcho- 
lan-24-oyl)-2'-aminoethanesulfonate) (VIII). (I), Chenodeoxycholic acid (3a,7a-dihydroxy-5pcholan-24-oic acid); (11). 3a-hydroxy-7-oxo-5~ho- 
lan-24-oic acid; (111), 7,7-azi-3a-hydroxy-5y-5P-cholan-24-oic acid; (IV), 7,7-azi-3a-sulfato-5~holan-24-oate; (V), 7-0~0-3a-sulfato-5~holan-24-oate; 
(VI), 7a-hydroxy-3~-sulfato-5~cholan-24-oate; (VII), SCCT; (VIII), 7,7-ASLCT. 

2.99 (dd, J = 7 and 14 Hz, CH,-6), 3.50 (m, CH-3); mass 
spectrum (EI): m/z = 390 (M+), 372 (M+-H20), 271 
(M+-HzO-side chain); anal. calcd. for Cz4H3804 (390.6): 
C, 73.80, H, 9.81; found: C, 73.20, H, 9.75. 

7,7-Azi-3ol-hydroxy-SP-cholan-24-oic acid (111) (Fig. 1). 
The 7,7-azi derivative of lithocholic acid was synthesized 
as described (38) starting with 4 g (9.7 mmol) of Sa-hy- 
droxy-7-oxo-5~-cholan-24-oic acid (11). The crude prod- 
uct was purified by flash chromatography using the 
solvent system chloroform-methanollO0:2 (v/v). Yield: 
2.9 g (7.2 mmol, 74%); mp, 145°C (decomp.); TLC: Rf= 
0.42 (solvent system 2), 0.71 (solvent system 3); UV 
(methanol): A,, = 207 nm (E = 383), 352 nm (E = 89), 
368 nm (E = 80); 'H-NMR (&-MeOH): 6 = 0.63 (s, 
CE3-18), 0.92 (d, J = 7 Hz, CH3-21), 1.04 (s, CH3-19), 

3.50 (m, Cg-3); mass spectrum (EI): m/z = 374 (M'-Nz), 
356 (M+-Nz-HnO), 255 (M+-Nz-HzO-side chain); mass 
spectrum (DCI): m/z = 420 (M + NH4+), 392 (M + 

NH4+-HnO-side chain); anal. calcd. for C Z ~ H ~ ~ N Z O S  
(402.6): C, 71.60, H, 9.51, N, 6.96; found: C, 70.55, H, 
9.25, N, 6.42. 

Disodium 3a-sulfato-SP-cholan-24-oate, disodium 7,7-azi- 
3a-sulfato-5P-cholan-24-oute (N) ,  and disodium 7 - o x o h  
sulfato-5~-cholun-24-oate (V) (Fig. 1). Sulfation of the 3a- 
hydroxy function was performed according to Tserng 
and Klein (39) with minor modifications. A solution of 
8 mmol of the corresponding bile salt derivative and 2.3 
g (16.1 mmol) sulfur trioxide-trimethylamine complex 
in 20 ml of dimethylformamide was stirred overnight at 

NH4+-N2), 374 (M + NH4+-Nz-H20), 301 (M + 

1732 Journal of Lipid Research Volume 36, 1995 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


room temperature. The reaction was stopped by addi- 
tion of 15 p1 of distilled water and the solution was 
evaporated to about one third of the starting volume. 
After addition of 200 ml of methanol, containing 0.1 N 
NaOH, the mixture was stirred for 1 h. Insoluble sodium 
sulfate was removed by filtration and the residue was 
washed two times with 3 ml of methanol. The combined 
filtrates were evaporated to dryness and the residue was 
freed from traces of nonsulfated starting material and 
trimethylamine by extracting two times with 30 ml of 
ether at 0°C. After drying in vacuo, the crude product 
could be used for synthesis of the taurine conjugates 
without further purification. For analytical purposes the 
crude product was dissolved in 50 ml of distilled water 
and adsorbed on an Amberlite XAD-2 column. The pure 
product was eluted with methanol and dried in vacuo. 

Disodium 3a-sulfato-5j3-cholan-24-oate. Yield 3.4 g 
(6.9 mmol, 86%); mp, 233°C; (Lit.: 233-235°C (39)); 
TLC: Rf = 0.13 (solvent system l), 0.54 (solvent system 
3), 0.62 (solvent system 4); UV (methanol): Lax = 208 
nm (E = 750); 'H-NMR (&-MeOH): 6 = 0.69 (s, CH3-18), 
0.95 (d,J = 7 Hz, Cg3-21), 0.95 (s, Cgs-19), 4 2 7  (m, 
CH-3); mass spectrum (FAB): m/z = 501 (M + H+), 381 
(M + H+-NaHS04). 

Disodium 7,7-azi-3a-sulfato-5@holan-24-oate (IV). 
Yield: 4 g (7.5 mmol), 94%); mp, 188°C (decomp.); TLC: 
Rf= 0.13 (solvent system l), 0.54 (solvent system 3), 0.63 
(solvent system 4); W (methanol): A,,,,= = 212 nm (E = 
854), 350 (E = 82), 368 nm (E = 80); 'H-NMR (&-MeOH): 
6 =  0.63 (s, CI&-l8), 0.92 (d, J = 7 Hz, CQ3-21), 1.04 (s, 
Cgs-lg), 4.27 (m, CH-3); mass spectrum (FAB): m/z = 
527 (M + H+), 521 (M + Na+-N2), 499 (M + H+-N2), 407 
(M + H+-NaHS04), 378 (M + H+-NyNaHS04), 255 
(M+-Na-NaHS04-side chain). 

Disodium 7-oxo-3a-sulfato-5~cholan-24-oate (V). 
Yield: 3.9 g (7.6 mmol, 97%); mp, 228°C; TLC: Rf = 0.13 
(solvent system l), 0.53 (solvent system 3), 0.55 (solvent 
system 4); W (methanol): A,,,,= = 207 nm (E = 720), 284 
nm (E = 30); 'H-NMR (4-MeOH): 6 = 0.71 (s, CH3-18), 
0.96 (d, J = 7 Hz, C&-21), 1.22 (s, CHs-19), 4 7 0  (m, 
(3-3); mass spectrum (FAB): m/r = 515 (M + H+), 395 

Disodium 7a-hydroxy-3a-sulfato-5~-cholan-24-oate (VI) 
(Fig. 1). Reduction of the 7-oxo group was principally 
performed according to Mosbach, Meyer, and Kendall 
(40). TO a solution of 2.3 g (4.6 mmol) of disodium 
7-oxo-3a-sulfato-5~-cholan-24oate (V) in a mixture of 10 
ml of dioxane and 25 mi of 0.4 N NaOH 1 g (24.0 mmol) 
sodium borohydride was added. The reaction mixture 
was stirred at room temperature for 2 h. Subsequently, 
the solution was cooled to 0°C and was acidified with 37 
ml 1 N HC1, to remove unreacted sodium borohydride. 
After adjusting the apparent pH value with 2 N NaOH 
to pH 7, the solution was evaporated to about one third 

(M + H+-NaHS04). 

of the starting volume. The crude product was freed 
from inorganic salts by adsorption chromatography 
with Amberlite XAD-2 and purified by flash chromatog- 
raphy using the solvent system acetic ester-methanol 
100:15 (v/v). The pure product was dried in vacuo. 
Yield 1.9 g (3.7 mmol, 80%); mp, 200°C; (Lit.: 
197-202°C (41, 42)); TLC: Rf = 0.08 (solvent system l), 
0.52 (solvent system 3), 0.49 (solvent system 4); W 
(methanol): Amax = 205 nm (E = 734); 'H-NMR 
(&-MeOH): 6 =  0.68 (s, CI&l8), 0.94 (s, CHs-lg), 0.96 
(d,J = 7 Hz, CHs-21), 3.76 (m, CH-7), 4.09 (m, CH-3); 
mass spectrum (FAB): m/z = 517 (M + H+), 3 9 7 M  + 
H'-NaHS04), 278 (M + Na+-NaHSO4-HzO-side chain). 

Disodium (3a-sulfato-5P-cho~n-24-oyl)-2'-aminoethane- 
sulfonate (SLCT), disodium (7a-hydroxy-3a-sutfato-5P-cho- 
lan-24-q1)-2'-aminoethanesulfonate (SCCT) (VII), and diso- 
dium ( 7,7-azi-3a-sulfato-5~-cholan-24-oyl)-2'am 
sulfonate (7,7-ASLCT) (VIII) (Fig. 1 ) .  The conjugation of 
the sulfated bile salt derivatives with taurine was per- 
formed via the mixed anhydride method as described 
(38) starting with 4 mmol of the respective unconjugated 
bile salt derivative. After stopping the reaction by the 
addition of 35 ml of distilled water and adjusting the 
apparent pH value with 6 N HCl to pH 2, the unconju- 
gated bile salt was extracted three times with 50 ml of 
ethyl acetate each. The taurine-conjugated bile salt was 
separated by adsorption on an Amberlite XAD-2 col- 
umn. The adsorbed derivative was eluted with methanol 
and the eluate was evaporated to dryness. After dissolv- 
ing the residue in 25 ml of methanol containing 0.4 N 
NaOH, the crude product was precipitated by adding 50 
ml of ether and stirring the resulting suspension for 1 h 
at 0°C. The precipitate was filtered off, washed two times 
with 10 ml of a mixture of methanol-ether 1:5 (v/v) and 
subsequently two times with ether. The product was 
dried in vacuo. 

Disodium (3~-sulfato-5~cholan-24oyl)-2'-amino- 
ethanesulfonate (SLCT). Yield: 1.4 g (2.3 mmol, 57%); 
mp, 214°C (decomp.); (Lit.: 212-214°C (39)); TLC: Rf= 
0.26 (solvent system 3), 0.25 (solvent system 4); W 
(methanol): Lax = 207 nm (E = 709); 1H-NMR 
(4-MeOH): 6 =  0.69 (s, C€&-18), 0.95 (s, CHs-lg), 0.97 
(d, J = 7 Hz, C&-21), 2.95 (t, J = 7 Hz, CH2-27, 3.57 (t, 
J = 7 Hz, C&-1'), 4.27 (m, CE-3); mass spectrum (FAB): 
m/z = 652 (M + 2Na'-H+), 630 (M + Na'), 510 (M + 
Na+-NaHS04), 280 (M + Na+-NaHSOs-side chain), 165 
(Na3S04+), 143 (NazHS04'). 

Disodium (7a-hydroxy-3a-sulfate5 ~cholan-24-oyl)-2'- 
aminoethanesulfonate (SCCT) (VI). Yield: 1.3 g (2.1 
mmol, 52%); mp, 183°C (decomp.); (Lit.: 183-184°C 
(42)); TLC: Rf = 0.19 (solvent system 3), 0.17 (solvent 
system 4); UV (methanol): A,, = 207 nm (E = 622); 
'H-NMR (4-MeOH): 6 = 0.66 (s, CH3-18), 0.91 (s, 
C&-19), 0.94 (d, J = 7 Hz, C&-21), 2.94 (t, J = 7 Hz, 
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CH2-2’), 3.56 (t, J = 7 Hz, CE2-1’)) 3.78 (m, CI3-7), 4.12 
(m, CH-3); mass spectrum (FAB): m/z = 668 (M + 
2Na+-H), 646 (M + Na+), 526 (M + Na+-NaHS04), 278 
(M + Na+-NaHSO4-HzO-side chain). 

Disodium ( 7,7-azi-3a-sulfato-5~cholan-24-oyl)-2‘-ami- 
noethanesulfonate (7,7-ASLCT) (VIII). Yield: 1.4 g (2.2 
mmol, 54%); mp, 201°C (decomp.); TLC: Rf = 0.26 
(solvent system 3), 0.25 (solvent system 4); UV (metha- 
nol): La = 210 nm (E = 865), 350 nm (E = 80), 368 nm 
(E = 72); ‘H-NMR (&-MeOH): 6 = 0.63 (s, C33-18), 0.92 

CH2-2’), 3.56 (t, 5-7 Hz, CH2-1’), 4.23 (m, CE-3); mass 
spectrum (FAB): m/z = 628 (M + Na+-N2), 508 (M + 
Na+-NpNaHS04), 278 (M + Na+-N~-NaHS04-side 
chain). 

(d,J=7Hz,C&-21), 1.05(~,Cfis-19),2.94(t,J=7H~, 

Synthesis of radioactively labeled bile salt derivatives 

Conjugation of cholic acid, 7,7-azi-3a-hydroxy-5P-cho- 
Ian-24-oic acid and of the sulfated bile salt derivatives 
with [2-3H(N)]taurine was carried out as described (38). 
The radiochemical yields of pure products were 4.6 MBq 
(50%) having a specific activity of 750-1500 Bq/mmol. 
In order to reduce radiolytic decomposition the prod- 
ucts were dissolved in dry methanol (1 Bq/pl) and the 
solutions were kept in the dark at -20°C. 

Determination of the ratio of diastereomeric 
%hydroxy bile salts 

In order to determine the product ratio of reduction 
of 3a-sulfat0-7-0~0-5~cholan-24-oate (V) by NaBH4, de- 
sulfation of the Sa-sulfato function was carried out by 
methanolysis (43). The resulting methyl esters of 3a,7<- 
dihydroxy-5pcholan-24-oic acid were hydrolyzed with 
lithium hydroxide in aqueous methanol (44). The p-bro- 
mophenacyl esters of the resulting diastereomeric bile 
salt mixture and of the respective reference bile salts 
were synthesized as described (45). 

RESULTS AND DISCUSSION 

Syntheses 

SCCT (VII) and 7,7-ASLCT (VIII) were synthesized 
starting from chenodeoxycholic acid (I), which has with 
the 3a- and the 7a-hydroxy group appropriate func- 
tional groups, allowing a convenient synthesis of both 
derivatives from the common intermediate product 3a- 
hydroxy-7-oxo-5~cholan-24-oic acid (11). The 7-oxo in- 
termediate, easily obtained by selective oxidation with 
N-bromosuccinimide (1, 38, 46), is necessary for the 
introduction of the 7,7-azi group and allows the synthe- 
sis of the 7a-hydroxy-3a-sulfato-5~-cholan-24-oate (VI) 
without the need of a protecting group for the 7-hydroxy 
group. Sulfation of both, 3a-hydroxy-7-oxc-5~-cholan- 
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24-oic acid (11) and 7,7-azi-3a-hydroxy-5P-cholan-24-oic 
acid (111), occurs in high yields practically without the 
formation of by-products. 

Reduction of %oxo derivatives of 3a-hydroxy bile salts 
results predominantly in the formation of the desired 
7a-hydroxy derivatives (38, 40, 46). In order to deter- 
mine the influence of the Sa-sulfato group on the ratio 
of diastereomers formed by reduction of the 7-oxo-3a- 
sulfato-5~cholan-24-oate (V) with sodium borohydride, 
the reduction products were desulfated by acidic 
methanolysis (43). The resulting methyl esters were 
hydrolyzed with lithium hydroxide and the free acids 
were transformed to their p-bromophenacyl esters (44, 
45). Separation of the 701- and 7merivatives by HPLC 
and comparison with the p-bromophenacyl esters of the 
authentic chenodeoxycholic and ursodeoxycholic acids 
showed (Fig. 2) that the reduction of 7-oxo-3a-sulfato- 
5P-cholan-24oate (V) with sodium borohydride results 
in a diastereomeric ratio of 7a-hydroxy- to 7P-hydroxy- 
derivative of about 95:5. The taurine conjugates (VI1 and 
VIII) of the synthesized bile salt derivatives and the 
tritium-labeled derivatives were obtained in convenient 
yields by the mixed anhydride method (38). 

1 2 A 

timi (min) 

Fig. 2. Determination of the ratio of diastereomers formed by 
reduction of 7-oxo-3a-sulfato-5~cholan-24-oate with NaBH4. After 
desulfation, 3a, 7~dihydroxy-5@zholanoic-24-acid was transformed to 
their pbromophenacyl esters and the resulting mixture was analyzed 
by HPLC. A p-Bromophenacyl esters of authentic Sa,7Pdihydroxy- 
5&holanoi~-24acid (1) and of 3a,7adihydroxy-5&choIanoic-24acid 
(2). B: Diastereomers formed by reduction of 7-oxo-.%-sulfato-5@zho- 
Ian-24-oate. 
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Photolysis and suitability for photoaffinity labeling 

7,7-ASLCT, like other 7,7-azi derivatives of bile salts 
and their metabolic precursors (38, 46), exhibits an 
absorption maximum at 350 nm and a second maximum 
at 366 nm. Photolysis of 7,7-ASLCT with a light source 
having its maximum of ultraviolet radiation at 350 nm 
followed, under the experimental conditions used, first 
order kinetics with a half-life time of 1.4 min (Fig. 3). In 
order to evaluate the suitability of 7,7-ASLCT for the 
identification of binding polypeptides, rat serum albu- 
min was subjected to photoafinity labeling. The amount 
of radioactivity covalently bound to albumin increased 
with irradiation time during the first 5 min (Fig. 4), 
yielding a half-life time of incorporation of 1.5 min. 
Under the experimental conditions used, about 5% of 
the photolabile derivative was incorporated covalently 
into albumin. To examine the relative specifity of the 
labeling process (47), rat serum albumin was subjected 
to photoaffinity labeling in the presence of equal 
amounts of other proteins. As demonstrated by SDS- 
PAGE of the protein mixture used (Fig. 5A), incorpora- 
tion of radioactivity occurred only in albumin (Fig. 5B). 

Uptake of 7,7-A!3LCT and SLCT into freshly isolated 
hepatocytes 

In order to ensure the applicability of the photolabile 
derivative 7,7-ASLCT as a model compound for the 
study of hepatobiliary transport of SLCT, convincing 
evidence must be provided that the photolabile deriva- 
tive is transported by the same transport systems and 

'I 

0 2 4 6 0 1 0  

time [minl 

Fig. 3. Determination of the half-life time of the azi group during 
photolysis of 7,7-ASLCT. A 2.44 mM solution of 7,7-ASLCT in a 
medium consisting of 118 mM NaCl, 4.74 mM KCI, 1.2 mM MgCIt, 0.59 
mM KHzPO~, 0.59 mM NaZHP04, 24 mM NaHCOs, and 5.5 mM 
&glucose, saturated with carbogen (95% 02/5% Con) and adjusted to 
pH 7.4, was photolyzed for the times indicated with light having a 
maximum at 350 nm. The absorbance of 7,7-ASLCT was determined 
after the illumination time given. The decrease of the extinction at 
350 nm is directly proportional to photolyzed 7,7-ASLCT. 

50 

0 2 4 6 8 10 12 14 16 

time [min] 

Fig. 4. Photoaffinity labeling of rat serum albumin by ["]-7,7- 
ASLCT. A solution of 2 p~ rat serum albumin and 0.4 p~ [3H]-7,7- 
ASLCT in 0.1 M sodium phosphate buffer, pH 7.4, was irradiated for 
the times indicated at 350 nm after 10 min of incubation at 37°C. 
Incorporation of radioactivity into albumin was estimated after SDS- 
PAGE by determination of the radioactivity in 2-mm slices of the 
corresponding gel lanes by liquid scintillation counting. 

m o l o u k w * b t x 1 0 1  

94 67 43 30 20 14 
I ,  I 1 1 1 1.4 I 

mimtim d.tvp. [arl 

Fig. 5. Photoafhity labeling of a mixture of purified proteins (each 
100 pg) by [SH]-7,7-ASLCT. 1, Phosphorylase b; 2, bovine serum 
albumin; 3, ovalbumin from chicken egg; 4, glycerol aldehyde-3-phos- 
phate dehydrogenase from rabbit muscle; 5, carbonic anhydrase from 
bovine erythrocytes; 6, trypsinogen from bovine pancreas; 7, trypsin 
inhibitor from soybean; 8, a-lactalbumin from bovine milk, and 1:4 
p~ (500 kBq) [3H]-7,7-ASLCT dissolved in 400 pl of 0.1 M sodium 
phosphate buffer, pH 7.4, were irradiated at 350 nm for 10 min. In 
the represented experiment the concentration of bovine serum albu- 
min was 3.73 PM and that of 7.7-ASLCT was 1.4 pi. Incorporation of 
radioactivity into proteins was estimated after SDSPAGE by determi- 
nation of radioactivity in 2-mm slices of the corresponding gel lanes 
by liquid scintillation counting. A. Distribution of proteins. B: Incor- 
poration of radioactivity. 
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mechanisms as the physiological compound. Therefore, 
the uptake of 7,7-A!3LCT into freshly isoIated hepato- 
cytes was studied in the concentration range from 1 pM 
to 500 p M  and compared with that of SLCT. Because the 
uptake of different bile salts into hepatocytes exhibits a 
different dependency on the extracellular concentra- 
tion of Na' (22), these comparative studies were per- 
formed in the presence of a Na' concentration in the 
physiological range (143 mM) and in a medium depleted 
of Na' ( 1  mM). 

The dependency of initial inff ux rates on the extracel- 
lular concentration of 7,7-ASLCT exhibited saturability 
in the presence of Na' and in the case of Na' depletion 
(Fig. 6A). In comparison to the uptake in the presence 
of a physiological concentration of Na', in the case of 

1 bo 
A 

P 
g 
i! 
X 

f 
5 

0.0 02 0.4 0.6 08 1.0 1 2  1.4 

J [nnol/(mln x mg proteirsl 

Fig. 6. Dependency of initial flux rates of 7,7-ASLCT into freshly 
isolated hepatocytes on 7,7-ASLCT concentration; (a) in the presence 
of 143 mM Na' (standard medium) and (0) in the presence of 1 mM 
Na' (Na+-depleted medium). A: J-versus-A plot, B: J/A-versusj plot. 
The points represent the data of typical experiments; cumes were 
calculated applying equation 1 with the kinetic parameters evaluated 
for uptake of 7,7-ASLCT. 

Na' depletion transport of 7,7-ASLCT is decreased by 
about 45%. The effect of extracellular Na' on the uptake 
of 7,7-ASLCT is not so strong as with cholyltaurine for 
which the decrease amounts to about 75% (22). 

Monoanionic taurine-conjugated as well as unconju- 
gated bile salts are taken up into isolated rat hepatocytes 
by two distinct transport systems and show, therefore, a 
complex dependency of initial uptake rate on extracel- 
lular bile salt concentration (22,48). In order to analyze 
whether the dependency of uptake rate on the concen- 
tration of 7,7-ASLCT (Fig. 6A) follows the kinetic mecha- 
nism for a simple carrier-mediated transport or whether 
a more complex mechanism has to be taken into ac- 
count, as for the monoanionic bile salts, the initial influx 
rates were plotted using the J/A-versusfl plot (Fig. 6B). 
The graphs demonstrate that the data obtained with Na' 
depletion fit a curve that clearly deviates from linearity, 
whereas the data obtained in the presence of Na' fit a 
curve that deviates only very slightly from linearity, 
provided that that is the case at all. This excludes that 
the uptake of 7,7-ASLCT into isolated hepatocytes may 
be described by the equation for one simple transport 
process and suggests as the simplest kinetic assumption 
that two different transport systems with a different 
dependency on the concentration of Na' are operative 
in parallel, exactly as demonstrated for the uptake of 
monoanionic bile salts (22, 48). Thus, total uptake of 
7,7-ASLCT may be described by flux equation 1: 

The symbols used are defined in Table 1. 

TABLE 1. List of symbols and definitions 

Svmbol Definition Unit 

A 
I 

J t O d  

Jl 

Krz 

Concentration of substrate !JM 
Concentration of inhibitor p~ 
Maximal total flux rate nmol/(min - mg protein) 
Maximal flux rate of nmol/(min - mg protein) 
transport system 1 
Maximal flux rate of nmol/(min mg protein) 
transport system 2 
Half-saturation constant PM 
Half-saturation constant of pM 
transport system 1 
Half-saturation constant of F~.I 
transport system 2 
Inhibition constant of transport PM 
Inhibition constant of PM 
transport system 1 
Inhibition constant of PM 
transport system 2 

Subscripts added in parentheses give Na' concentration under the 
experimental conditions. The subscript app denotes apparent KT 
values obtained in the presence of an inhibitor. For the competing 
substrate A' symbols are indicated by a prime. 
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Whereas the data obtained in the presence of Na’ do 
not allow an unambiguous analysis, those obtained with 
Na+ depletion render possible a reliable graphical analy- 
sis for the subsequent calculation of the kinetic parame- 
ters by nonlinear regression analysis. The kinetic pa- 
rameters for the assumed two transport systems in case 
of Na’ depletion are: 

JI(Na+ 1)  

K T ~ ( N ~ +  1) = 1.40 f 0.3 pM 

J ~ ( N ~ +  1) 

= 0.20 f 0.04 nmol/ (min . mg protein) 

= 0.59* 0.06 nmol / (min . mg protein) 

KQ(Na+ 1) = 33.0 * 4.5 PM 

In order to analyze the dependency of initial influx 
rates in the presence of Na+ on the concentration of 
7,’7-ASLCT, use was made of the inhibition of 7,7- 
ASLCT uptake by cholyltaurine. The inhibitory effect of 
cholyltaurine on the initial flux rates of 7,7-ASLCT in 
the presence of Na+ is shown in the J-versus-A plot (Fig. 
7A). The linear transformation of the kinetic data in the 
J/A-versus-J plot (Fig. 7B) demonstrates that the differ- 
ent curves intersect the abscissa at one single point. This 
indicates that cholyltaurine acts as a competitive inhibi- 
tor for the uptake of 7,7-A!3LCT. 

In contrast to the .curve resulting in the J/A-versus-J 
plot from the data of 7,7-ASLCT uptake in the absence 
of the inhibitor, the curves with the data obtained in the 
presence of cholyltaurine exhibit a clear deviation from 
linearity (Fig. 7B). This allows the calculation of the 
kinetic parameters of the inhibited 7,7-ASLCT uptake 
by the two assumed transport systems (Table 2). As to 
be expected for a competitive inhibition, the kinetic 
parameters demonstrate that the maximal flux rates of 
7,7-ASLCT uptake by the two transport systems remain 
unchanged with increasing inhibitor concentration. 
These two maximal flux rates must be identical with 
those for the 7,7-ASLCT uptake in absence of any inhibi- 
tor. Only the apparent half-saturation constants KTlapp 

and KnqP for 7,7-ASLCT are increased by increasing 
concentrations of cholyltaurine, that for transport sys- 
tem 1 only slightly but that for transport system 2 clearly. 

i A I  
J . .  

I 
1 

? 
x 0.10 

0.06 
1 
s 

0.00 
0.0 02 04 0.6 QB 1.0 19 1.4 

J h l / ( m l n  x mg proteln)] 

Fig. 7. Effect of different concentrations of cholyltaurine on the 
dependency of initial flux rates of 7,7-ASLCT into isolated hepatocytes 
on 7,7-ASLCT concentration in presence of 143 mM Na’ (standard 
medium); (0) in the absence of cholyltaurine, and in the presence of 
50 pi (A), 100 p~ (e), 200 VM (m) cholyltaurine. A J-versus-A plot, 
B: J/A-versus-J plot. The points represent the data of a typical experi- 
ment. Curves were calculated applying equation 1, using for the 
inhibitions with cholyltaurine the maximal flux rates and apparent 
half-saturation constants obtained as the means of five determina- 
tions, and for the uninhibited case the kinetic parameters evaluated 
for the uptake of 7,7-ASLCT. 

TABLE 2. Effect of the presence of cholyltaurine on the kinetic parameters of uptake of 7,7-ASLCT 

Transport System 1 Transport System 2 

Cholyltaurine K ~ i a p p  J1 Knapp Jz 

FM VM protein) w protein) 
nmol/(min * mg nmol/(min * mg 

50 
100 
200 

32.8 f 4.7 1 .OO f 0.06 3.9 f 0.6 0.36 f 0.04 
0.98 f 0.06 4.2 * 0.6 0.38 f 0.04 59.0 i 5.1 

4.7 * 0.7 0.38 * 0.03 104.3 i 9.0 1 .OO * 0.06 
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This demonstrates that cholyltaurine predominantly in- 
hibits the uptake of 7,7-ASLCT by transport system 2. 
For a pure competitive system the K T ~ ~ ~  is a linear 
function of the inhibitor concentration as described by 
equation 2: 

which allows the estimation of both KT and KI. Due to 
the relatively high experimental error the inhibition of 
transport system 1 was not sufficient for a useful deter- 
mination of the corresponding kinetic constants, 
whereas the inhibition of transport system 2 allowed the 
estimation of K n  and K I ~ .  The estimated half-saturation 
constant of transport system 2 is: K T ~  = 10.2 f 3 pM and 

2.40 J- I 

? 
X 
C 

f 

A 
2.00 - 0 a - - - 

n n n - 
c 

0 100 200 Joo 400 600 600 

I 
B 
X 
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J h l h l n  x mo pmt0In)l 

Fig. 8. Dependency of initial flux rates of SLCT into freshly isolated 
hepatocytes on SLCT concentration; (0) in the presence of 143 mM 
Na’ (standard medium) and (0) in the presence of 1 mM Na’ (Na+-de- 
pleted medium). A J-versus-A plot, B: J/A-versus-J plot. The points 
represent the data of typical experiments. Curves were calculated 
applying equation 1 with the kinetic parameters evaluated for uptake 
of SLCT. 

the corresponding inhibition constant of cholyltaurine 
is: K12 = 22.0 * 7.3 pM. 

With the kinetic parameters J1,J2, and KIT, derived 
from 7,7-ASLCT uptake in the presence of Na’ using 
cholyltaurine as an inhibitor, the value of KTI could be 
calculated from the uninhibited uptake of 7,7-ASLCT by 
regression analysis using equation 1 as a basis. For the 
uptake of 7,7-ASLCT in the presence of Na’ the esti- 
mated KTI value is KTI = 3.6 f 1 pM. 

Under the experimental conditions, it is difficult to 
obtain accurate measurements of initial influx rates at 
sufficiently low 7,7-SLCT concentrations. Therefore, 
evaluation of the inhibition constant of cholyltaurine for 
the uptake of 7,7-ASLCT by transport system 1, contrib- 
uting less than transport system 2 to total uptake rate, 
was not possible with the necessary reliability. The inhi- 
bition is so low that even at relative high cholyltaurine 
concentrations the experimental data contain little use- 
ful information. 

Uptake of SLCT was compared to determine whether 
the introduction of the azi group resulted in a changed 
behavior in hepatic transport of the physiological com- 
pound. As with the photolabile derivative, the depend- 
ency of the initial influx rates on the concentration of 
SLCT showed in the presence of Na’ and with Na+ 
depletion saturability (Fig. 8A). Na’ depletion resulted 
in a decrease of the total maximal influx rate of about 
55%, which is in the same range as with the photolabile 
derivative. As with 7,7-ASLCT, the data obtained with 
Na+ depletion allowed the calculation of the kinetic 
parameters for two transport systems inferred from the 
J/A-versus-J plot (Fig. 8B). The calculated kinetic pa- 
rameters are: 

J ‘ ~ ( N ~ +  1) = 0.25 f 0.03 nmol/ (min - mg protein) 

K’Tl(Na+ I ) =  1.50 f 0.3 pM 

J ’ ~ ( N ~ +  1) 

K’T~(N=+ 1) = 36.8 f 3.9 pM 

= 0.59* 0.056 nmol/ (min . mg protein) 

A detailed kinetic analysis of the dependency of initial 
influx rates in the presence of Na’ on the concentration 
of SLCT and of their inhibition by cholyltaurine (Fig. 9) 
demonstrated that the inhibition is clearly a competitive 
one (Fig. 9B) and allowed the calculation of the maximal 
velocities of the two assumed transport systems and of 
the apparent half-saturation constants in the presence 
of the inhibitor (Table 3). Using the correlation de- 
scribed by equation 2, the half-saturation constant of 
transport system 2 for SLCT and the corresponding 
inhibition constant for cholyltaurine were estimated at: 
K ’ ~ 2 = 1 1 . 4 f 2 p M a n d K ’ 1 2 = 2 1 . 0 f 4 . 2 ~ ~ M .  

1738 Journal of Lipid Research Volume 36,1995 
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2.40 
A 

With the kinetic parameters J'1,5'2, and K ' n ,  derived 
from the inhibition of SLCT uptake in the presence of 
Na' by cholyltaurine, K'T~ was calculated from the data 
obtained for SLCT uptake in the absence of the inhibi- 
tor by nonlinear regression analysis to be: K'T~ = 3.9 f 
1.3 pM. 

As with 7,7-ASLCT, the experimental error was too 
high for a useful estimation of the inhibition constant 
of transport system 1. Due to the relative high variation 
of the experimental data, the numerical values of the 
estimated kinetic constants may mean little, but they 
allow us to draw the conclusion that with regard to its 
uptake into isolated hepatocytes 7,7-ASLCT behaves 
comparably to the physiological compound SLCT. Both 
sulfated and taurineconjugated bile salts are taken up 
by two different transport systems and the one exhibit- 
ing the higher half-saturation constants for both sulfated 
bile salts is inhibited by cholyltaurine with nearly the 
same effectivity. 

Cross inhibition of uptake of 7,7-ASLCT and SLCT 
Having estimated the kinetic parameters for the u p  

take of 7,7-ASLCT and SLCT into freshly isolated hepa- 
tocytes, it has been possible to diagnose whether the 
photolabile derivative is a true alternative substrate of 
SLCT. The velocity equation 3 for two transport systems 
catalyzing the uptake of the same substrate in the pres- 
ence of an alternative substrate 

Fig. 9. Effect of different concentrations of cholyltaurine on the 
dependency of initial flux rates of SLCT into isolated hepatocytes on 
SLCT concentration in presence of 143 mM Na+ (standard medium); 
(0) in the absence of cholyltaurine, and in the presence of 50 c 1 ~  (A), 
100 ~ L M  (e), 200 p~ (m) cholyltaurine. A J-versus-A plot, B: J/A-ver- 
susj plot. The points represent the data of a typical experiment. 
Curves were calculated applying equation 1, using for the inhibitions 
with cholyltaurine the maximal flux rates and apparent half-saturation 
constan& obtained as the means of five determinations, and for the 
uninhibited case the kinetic parameters evaluated for the uptake of 
SLCT. 

demonstrates that the alternative substrate has the same 
effect as a strictly competitive inhibitor with inhibition 
constants that are equal to the half-saturation constants 
of the alternative substrate. In the reverse case, likewise, 
a strictly competitive inhibition with the identity of the 
inhibition constants and the corresponding half-satura- 
tion constants must be observed. 

Thus, it is possible to examine whether 7,7-ASLCT 
and SLCT exhibit a competitive cross-inhibition of their 
uptake into isolated hepatocytes and to consider 
whether the estimated kinetic constants are reasonable. 
The inhibitory effect of appropriate fured concentra- 

TABLE 3. Effect of the presence of cholyltaurine on the kinetic parameters of uptake of SLCT 

Cholyltaurine 

Transport System 1 Transport System 2 

K ' ~ 1 . p ~  J'I K'napp J's 
nmol/(min - mg nmol/(min. mg 

P M  PM protein) P M  protein) 

50 4.0 f 0.6 0.55 f 0.03 39.2 f 3.1 1.40 f 0.03 
100 4.8 f 0.6 0.56 f 0.04 64.0 f 5.1 1.40 f 0.04 

1.38 f 0.04 200 4.4 f 0.6 0.55 f 0.03 119.7 f 7.5 
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tions of SLCT on the dependency of initial flux rates on 
the concentration of 7,y-ASLCT in the presence of Na' 
is shown in the J-versus-A plot (Fig. 1OA). The type of 
inhibition becomes obvious in the J/A-versusj plot (Fig. 
lOB), where all curves intersect at a common point on 
the abscissa. Whereas the total maximal flux rate of 
7,7-ASLCT uptake remained constant, the apparent KT 
values are affected by SLCT, indicating that it behaves 
as a competitive inhibitor. In the reverse case, for the 
inhibition of uptake of SLCT by 7,7-ASLCT (Fig. l lA) ,  
likewise, a clear competitive inhibition was observed, as 
shown in the J/A-versusj plot (Fig. 11B). 

7,7-ASLCT and SLCT exhibit a strictly competitive 
cross-inhibition of uptake into freshly isolated hepato- 
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Fig. 10. Effect of different concentrations of SLCT on the depend- 
ency of initial flux rates of 7,7-ASLCT into freshly isolated hepatocytes 
on 7,7-ASLCT concentration in the presence of 143 mM Na' (standard 
medium); (0) in the absence of SLCT, and in the presence of 10 p~ 
(A), 25 p~ (e), and 50 p~ (H) SLCT. A J-versus-A plot, B: J/A-versus-J 
plot. The points represent the data of a typical experiment. Curves 
were calculated applying equations 1 and 3 using the calculated 
parameters for 7,7-ASLCT and SLCT. 
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Fig. 11. Effect of different concentrations of 7,7-ASLCT on the 
dependency of initial flux rates of SLCT into freshly isolated hepato- 
cytes on SLCT concentration in the presence of 143 mM Na' (standard 
medium); (0) in the absence of 7,7-ASLCT, and in the presence of 10 
p~ (A), 25 w (e), and 50 pi (H) 7,7-ASLCT. A: J-versus-A plot, B: 
J/A-versus-J plot. The points represent the data of a typical experi- 
ment. Curves were calculated applying equations 1 and 3 using the 
calculated parameters for SLCT and 7,7-ASLCT. 

cytes with inhibition constants comparable to the half- 
saturation constants of uptake of the respective alterna- 
tive substrate, as demonstrated by the relatively good fit 
of the experimental data to the curves obtained with the 
kinetic parameters determined for both substrates as- 
suming two distinct transport systems. This kinetic be- 
havior is a strong argument for the involvement of the 
same two transport systems in the uptake of the photo- 
labile derivative 7,7-ASLCT and the physiological com- 
pound SLCT. 

Irreversible inhibition of SLCT uptake by 
photoaffinity labeling with 7,7-ASLCT 

The results of the competition studies were confirmed 
by the irreversible inhibition of the transport systems 
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involved in the uptake of sulfated and taurine-conju- 
gated bile salts by photoaffinity labeling of freshly iso- 
lated hepatocytes with 400 p~ 7,7-ASLCT. In order to 
avoid any reversible influence of 7,7-ASLCT and its 
photolytic products on the uptake rate in addition to the 
irreversible inhibition of transport, subsequent to pho- 
toaffinity labeling the noncovalently incorporated bile 
salts were removed as completely as possible. For this 
the hepatocytes were repeatedly centrifuged and resus- 
pended, exactly as described (22). As to be expected, 
photoaffinity labeling of isolated hepatocytes resulted in 
a clear decrease of the maximal flux rates of both 
7,7-ASLCT (data not shown) and SLCT (Fig. 12). Irra- 
diation of freshly isolated hepatocytes under the same 
experimental conditions in the absence of 7,7-ASLCT as 
one control and incubation of the cells with 400 p~ 
7,7-ASLCT without irradiation but performing all other 
experimental steps as alternative control did not practi- 
cally alter the uptake of 7,7-ASLCT or SLCT. Thus, the 
decrease of maximal flux rates must be caused by irre- 
versible inhibition of the corresponding transport sys- 
tems as a result of photoaffinity labeling. The extent of 
irreversible inhibition of total uptake amounted to 
about 40% and was within the range of experimental 
variations the same for 7,7-ASLCT and SLCT. With the 
assumption that the irreversible inhibition affects only 
the maximal flux rates and not the half-saturation con- 
stants, the K’T values of the two transport systems for 
SLCT uptake in the absence of any inhibitor were used 
for regression analysis applying equation 1. Under the 
experimental conditions used, maximal flux rate of 
transport system 1 was reduced to J’IPA = 0.23 corre- 
sponding to an inhibition by about 60% and that of 
transport system 2 was lowered to J’PPA = 0.94 corre- 

Fig. 12. Effect of photoaffinity labeling of isolated hepatocytes with 
7,7-ASLCT on uptake of SLCT. Dependency of initial flux rates of 
SLCT into isolated hepatocytes on SLCT concentration in 143 m M  Na’ 
(standard medium); (0) no photoaffinity labeling, and after photoaf- 
finity labeling with (0) 400 p~ 7,7-ASLCT. Curves were calculated 
applying equation 1 using the K’T values evaluated for SLCT. 

sponding to an inhibition by about 30%. Irreversible 
inhibition of uptake by photoaffinity labeling demon- 
strates that 7,7-ASLCT and SLCT are taken up into 
freshly isolated hepatocytes by the same transport sys- 
tems, and furthermore, that 7,7-ASLCT may be used to 
trace the uptake of sulfated and taurine-conjugated bile 
salts. 

Metabolism and excretion of 7,7-ASLCT and SLCT 

In order to further evaluate the biological suitability 
of 7,7-ASLCT for the study of hepatobiliary transport 
and to receive additional information about the influ- 
ence of the azi group in position 7 on bile salt transport, 
infusion experiments were performed with the Sa-sul- 
fated and taurine-conjugated bile salts 7,7-ASLCT, 
SLCT, and SCCT. Each of the Sa-sulfated and taurine- 
conjugated bile salts was excreted into bile completely 
unmetabolized, as scrutinized by HPLC, and in all cases 
more then 95% of the applied bile salts could be de- 
tected in bile within 40 min (Fig. 13). In urine, less than 
1% of each of the applied compounds was found. The 
excretion maximum of 7,7-ASLCT was about 5.5 k 0.8 
min, ranging between the values for SCCT and SLCT 
(Table 4). This is an indication that the azi group in 
position 7 places 7,7-ASLCT according to its excretion 
behavior between the corresponding methylene and 
hydroxymethylene derivatives, SLCT and SCCT. How- 
ever, in the complete course of excretion 7,7-ASLCT 
and SLCT resembled each other more than SCCT, as 
became evident by the times needed for the excretion 
of 50% (t50%) and 90% (tgo%) of the applied bile salts 
(Table 4). 

In order to evaluate whether the photolabile deriva- 
tive is excreted into bile over the path used by SLCT, 
the inhibition of the biliary maximal excretion rate (Tm) 
of SLCT by 7,7-ASLCT was investigated. Infusion of 
increasing concentrations of SLCT led to an increase in 
its biliary excretion and reached a steady state with the 
maximal excretion of 130 nmol/(min 100 g body 
weight), which is slightly above earlier estimations (49). 
In accordance with previous investigations (49-5 l), in- 
fusion of the dianionic bile salt did not alter the bile flow. 
Administration of the small amount of 0.1 pmol of 
7,7-ASLCT resulted in a clear decrease of the excretion 
rate of SLCT (Fig. 14). After 7,7-ASLCT had been 
excreted, excretion of SLCT increased and reached the 
original rate after about 60 min. This demonstrates that 
7,7-ASLCT interferes with the excretion of SLCT and 
favors the hypothesis that both dianionic bile salts share 
a common excretion pathway. 

In contrast to 7,7-ASLCT, a bolus injection of 0.1 
pmol cholyltaurine caused no decrease of the maximal 
excretion rate of SLCT (Fig. 14), indicating that differ- 
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Fig. 14. Bile flow (+) and SLCT excretion in bile during a constant 
infusion of SLCT (170 nmoI/min/100 g b.w.). Injection of an addi- 
tional bolus of 0.1 pmol of 7,7-ASLCT (a) or cholyltaurine (0) at the 
time indicated by the arrow. Bile was collected in 2-min intervals. 

ent transport systems exist for excretion of dianionic 
and secretion of monoanionic bile salts. 

0 1 0 2 0 Y ) 4 0  

time [mid 

Fig. 13. Time dependency of biliary excretion of sulfated and taur- 
ineconjugated bile salts after a bolus injection of 0.05 nmol of the 
respective tritium-labeled derivative into a rat mesenterial vein (typical 
experiment). A: Bile flow (+); B: excretion of [3H]-7,7-ASLCT, C: 
excretion of [SH]SLCT; D: excretion of [SH]SCCT. The filled symbols 
show % of dose applied that is excreted in the fraction at the respective 
time; the open symbols show the cumulative % of radioactivity ex- 
creted of total dose injected. 

TABLE 4. Biliary excretion of Sa-sulfated and taurine 
conjugated bile salts 

Excretion 
Injected 
Compound tmax t50% t90% 

min min min 

SCCT 4.0 i 0.3 5.0 f 0.4 11.2 f 0.6 
7,7-ASLCT 5.5 f 0.8 7.2 f 1.5 16.6 f 4.5 
SLCT 6.3 i 1.1 7.2 f 1.2 15.5 * 5.5 

Tritium-labeled compounds (0.05 nmol) dissolved in 500 pl of 0.15 
M NaCI, pH 7.4, were infused into a peripheral mesenterial vein of 
anesthetized rats. The compounds were infused over a I-min period. 
Bile was collected beginning 10 min before the start of injection during 
the first 20 min in I-min intervals, during the following 20 min in 2-min 
intervals, and finally in 5-min intervals. The times indicated in the table 
are related to the start ofthe injection. The data are reported as means 
f SEM (n = 4). 

Suitability of 7,7-ASLCT for biological studies in liver 

7,7-ASLCT is intended to be used for eludication of 
hepatobiliary transport of sulfated and taurineconju- 
gated bile salts by photoaffinity labeling. In order to be 
suitable for the planned studies, it is necessary that the 
photolabile derivative is transported through liver and 
is excreted into bile just as the corresponding physiologi- 
cal compound SLCT. Therefore, hepatobiiiary trans- 
port and metabolism of the two dianionic bile salts were 
compared with each other. 

The comparison of the dependency of initial influx 
rates in the presence of Na' and with Na+ depletion 
revealed that the photolabile derivative 7,7-ASLCT be- 
haved as the physiological dianionic bile salt SLCT. 
Uptake of 7,7-ASLCT and SLCT showed a similar Na' 
dependency and both dianionic bile salts were taken up 
into freshly isolated hepatocytes in the case of Na' 
depletion by two different transport systems. Two trans- 
port systems must likewise be operative in the uptake of 
7,7-ASLCT and SLCT in the presence of Na', as demon- 
strated by competitive inhibition by cholyltaurine. The 
competitive inhibition of uptake by cholyltaurine in the 
presence of Na' is similar for 7,7-ASLCT and SLCT, and 
affects practically only transport system 2 for sulfated 
and taurine-conjugated bile salts. All kinetic data suggest 
that the photolabile derivative 7,7-ASLCT behaves in the 
uptake in isolated hepatocytes like the physiological 
compound SLCT. 

7,7-ASLCT and SLCT show a strictly competitive 
cross-inhibition in the presence of Na' which is describ- 
able using the corresponding half-saturation constants 
as inhibition constants. This justifies the conclusion that 
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7,7-ASLCT and SLCT are transported into hepatocytes 
as competing substrates by the same two transport 
systems. The conclusion drawn is evidenced by irre- 
versible inhibition of the uptake of sulfated and taurine- 
conjugated bile salts after photoaffinity labeling of 
freshly isolated hepatocytes using 7,7-ASLCT. 

Both dianionic bile salts, 7,7-ASLCT and SLCT, were 
completely excreted unmetabolized with about the same 
excretion maximum. Biliary excretion of SLCT was 
inhibited by 7,7-ASLCT, but was not altered by the 
presence of cholyltaurine. These findings are in agree- 
ment with the conclusion that 7,7-ASLCT and SLCT 
share a common excreting pathway, differing from that 
for the monoanionic bile salt cholyltaurine. 

Regardless of whether detailed transport mechanisms 
are operative in the hepatic uptake and the excretion of 
sulfated and taurine-conjugated bile salts, 7,7-ASLCT 
has been shown to be, in all respects, a competing 
substrate of SLCT. Thus 7,7-ASLCT is a promising 
model compound for the study of hepatobiliary trans- 
port of 3a-sulfated and taurineconjugated bile salts with 
the aid of photoaffinity labeling, allowing the identifica- 
tion of proteins involved in transport (52). I 
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