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Fluorescent derivatives of bile salts. . Synthesis
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salts
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Abstract In order to visualize bile salt transport, fluorescent
bile salt derivatives were synthesized by introduction of the rela-
tively small fluorescent 4-nitrobenzo-2-oxa-1,3-diazol (NBD)-
amino group in either the 3-, 7-, or 12-position of the steroid
structure, thus providing a complete set of diastereomeric
derivatives, 3a-NBD-amino-7¢,12a-dihydroxy-58-cholan-24-oic
acid, 38-NBD-amino-7a,12a-dihydroxy-58-cholan-24-oic acid,
7a-NBD-amino-3a,12a-dihydroxy-583-cholan-24-oic acid, 78-
NBD-amino-3«,12a-dihydroxy-58-cholan-24-oic acid, 12-NBD-
amino-3a,7a-dihydroxy-58-cholan-24-oic acid, 123-NBD-amino-
3a,7a-dihydroxy-58-cholan-24-oic acid, as well as their taurine
conjugates. Their optical properties with absorption maxima at
about 490 nm and emission maxima at 550 nm make them
suitable for fluorescent microscopic studies. Fluorescence of the
NBD-derivatives is strongly dependent on polarity of the sol-
vent, on the concentration of the bile salt derivatives, and only
slightly on temperature.— Schneider, S., U. Schramm, A.
Schreyer, H-P. Buscher, W. Gerok, and G. Kurz. Fluorescent
derivatives of bile salts. I. Synthesis and properties of NBD-
amino derivatives of bile salts. J. Lipid Res. 1991. 32: 1755-1767.
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Bile salts are synthesized in the liver, secreted into bile,
and exert their physiological functions in the intestine.
They are reabsorbed from the intestine, transported back
to the liver via portal blood, and subjected in this way to
an intensive recycling in the enterohepatic circulation.
Effective reabsorption of bile salts for salvage also occurs
in kidney.

Thus, transcellular transport of bile salts is of extreme
importance in the organs of the enterohepatic circulation
and in the kidney. These organs exhibit a complex mor-
phological structure and in each organ only distinct cells
are involved in bile salt transport. Organization of bile
salt transport is not completely understood either on the
cellular or on the organ level and information about alter-
ations attending pathological conditions is even more
lacking. This lack of knowledge is, to a large extent,
caused by the chemical nature of the bile salts which as

unobtrusive molecules “im schlichten Gewand der Far-
blosigkeit einherziehend, weder in ihrem Ausseren noch
in ihren Eigenschaften irgendwie hervortreten” (1).?
Lack of appropriate chemical reactivity of bile salts has
been overcome by the synthesis of photolabile derivatives
(2-4), which allow the identification of structures that in-
teract with bile salts at the molecular level by photoaffinity
labeling (3-10). In order to compensate for the lack of
color of bile salts we provided them with advantageous
optical properties and synthesized fluorescent derivatives
by introducing the relatively small NBD-amino function
in different positions of the steroid structure of uncon-
jugated and taurine-conjugated bile salts. The syntheses
and physicochemical properties of different diastereomeric
derivatives are described here and their suitability for the
study of hepatobiliary transport is reported in the accom-

panying paper (11).

MATERIAL AND METHODS

Materials

Cholic acid, silica gel 60 (40-63 pm), and silica gel
plates (Kieselgel 60 without fluorescence indicator) for
TLC and HPTLC chromatography were purchased from

Abbreviations: DCI, direct chemical ionization; EI, electron impact;
FAB, fast atom bombardment; HPLC, high performance liquid chro-
matography; HPTLC, high performance thin-layer chromatography;
LSC, liquid scintillation counting; NBD, 4-nitrobenzo-2-oxa-1,3-diazol;
NBD-NC, N-[7-(4-nitrobenzo-2-oxa-1,3-diazol)]-amino-dihydroxy-58-
cholan-24-oic acid; NBD-NCT, [N-[7-(4-nitrobenzo-2-oxa-1,3-diazol)]-
amino-dihydroxy-58-cholan-24-oyl}-2'-aminoethanesulfonate; TLC, thin-
layer chromatography.

'Present address: Abbott GmbH, Max-Planck-Ring 2, D-6200
Wiesbaden-Delkenheim, Germany.

*To whom correspondence should be addressed.

3. .. roaming about in their unadorned garment of colorlessness, are
n no way conspicuous, neither in their outward appearance nor in their
properties.”
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Merck (Merck, Darmstadt, Germany). NBD-CI and tau-
rine were from Sigma (Sigma GmbH, Taufkirchen, Ger-
many). [2-3H(N)]Taurine (750-1500 GBq/mmol) was ob-
tained from NEN/Du Pont de Nemours GmbH Division
(Dreieich, Germany). All other chemicals were of the
highest quality available from commercial sources.

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 on thin-layer plates was de-
tected with a radioscanner (Linear Analyser, Berthold,
Wildbad, Germany).

Analysis of organic compounds

Elemental analyses were carried out with a Perkin-
Elmer 240 analyzer (Perkin-Elmer GmbH, Uberlingen,
Germany). Ultraviolet absorption spectra were measured
with a Perkin-Elmer UV/VIS-Spectrophotometer Lambda
5 (Perkin-Elmer GmbH). Fluorescence spectra were
recorded with a fluorescence spectrophotometer con-
nected with a data unit DC-SU-2 (Perkin-Elmer GmbH).
Quantum yields were determined by using the quantum
counter Basic Blue 3 [2,7-bis-(diethylamino)-phenazoxo-
nium chloride]. H-NMR-spectra were measured on a
Bruker-250-MHz-NMR  spectrometer (Bruker GmbH,
Karlsruhe, Germany). Values were in parts per million
relative to tetramethylsilane as internal standard. Mass
spectra of unconjugated bile salt derivatives were re-
corded with a Finnigan MAT 448 mass spectrometer con-

nected with a data unit SS 2000 (Finnigan, Sunnyvale,
CA). Unconjugated bile salts and their derivatives were
ionized by EI (electron impact ionization) with an elec-
tron energy of 70 €V and by DCI (direct chemical ioniza-
tion) with an electron energy of 170 €V using ammonia as
reactant gas at a pressure of 30 Pa. In both cases positive
ions were recorded (12-14). Mass spectra of taurine-
conjugated bile salt derivatives were recorded with a VG
70-SE mass spectrometer (VG Instruments Inc., Stan-
ford, CT). Taurine-conjugated bile salt derivatives were
ionized by bombardment with xenon with an energy ac-
celeration voltage of 8 kV using the FAB (fast atom bom-
bardment) method.

Syntheses

Column chromatography was performed on 100 x 5 cm-
columns of silica gel 60 (63-200 pm), and flash chroma-
tography (15) on either 25 x 5 cm or 25 x 3 cm-columns
of silica gel 60 (40-63 pm). Solvent systems for chromato-
graphic separations were: solvent system 1, ethyl acetate-
cyclohexane-acetic acid 23:7:3 (v/v/v); solvent system 2,
n-butanol-acetic acid-water 9:2:1 (v/v/v).

Bile acids and their derivatives were detected on TLC
plates by spraying the dried plates with concentrated sul-
furic acid and then heating at 120°C for 5 min.

7¢t,12a-Dikydroxy-3-oxo-53-cholan-24-0ic  acid, 3a,12c-
dihydroxy-7-oxo-58-cholan-24-0ic acid, and 3e,7c-dikydroxy-
12-0x0-58-cholan-24-oic acid (Scheme 1) were synthesized
exactly as described (2, 4). All analytical data and the
elemental analyses were consistent with the reported
values.

Dihydroxy-oximo-58-cholan-24-otc acids (Scheme 1, reac-
tion sequence I). A sample of 5 g (12.3 mmol) of the cor-

REACTION SEQUENCE

Cholic acid

Dihydroxy-oxo-cholanoic acid

Dihydroxy-oximo-cholanoic acid
Na/n-BuOH

Amino—-dihydroxy~cholancio acid

l

NBD-amino~dihydroxy-cholanocic acid

Conjugation

Conjugation
Dihydroxy-oxo-cholanoyltaurine
NH,/NaCNBH,

Amino-dihydroxy-cholanoyltaurine

NBD-amino-dihydroxy-cholanoyitaurine

Scheme 1. Syntheses of NBD-amino derivatives of unconjugated and taurine-conjugated bile salts.
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responding dihydroxy-oxo-58-cholan-24-oic acid was dis-
solved in 50 ml of methanol. After addition of a solution
of 3 g (36.6 mmol) sodium acetate and 1.5 g (21.6 mmol)
hydroxylamine hydrochloride in 5 ml of distilled water,
the reaction mixture was heated at reflux temperature for
3 h. The hot solution was filtered and the filtrate was con-
centrated by evaporation under reduced pressure to about
half of its volume. This solution was slowly poured into
500 ml of acidified brine (pH 2.0) under vigorous stirring.
The white precipitate was filtered off and dried. The
crude product was purified by column chromatography
using solvent system 1. Starting with each oxo derivative
the yield of pure product was about 3.1 g (7.4 mmol, 60%
yield). The crude products could be used without chro-
matographic purification for the synthesis of the amino-
dihydroxy-58-cholan-24-oic acids.

7a,120-Dihydroxy-3-oximo-53-cholan-24-oic acid. Yield:
3.6 g (8.5 mmol, 70%); mp, 158°C; TLC: Ry = 0.60 (sol-
vent system 1); 'H-NMR (d,-MeOH): 8 = 0.74 (s,
CH;-18), 0.98 (s, CH;-19), 1.04 (d, J=6Hz, CH;-21),
3.85 (m, CH-7), 4.0 (m, CH-12); anal. calcd. for CyH30OsN
(421.6): C, 68.37, H, 9.32, N, 3.32; found: C, 68.03, H,
9.12, N, 3.24.

3a,12a-Dihydroxy-7-oximo-383-cholan-24-oic acid. Yield:
3.1 g (7.4 mmol, 60%); mp, 160°C; TLC: Rf = 0.56
(solvent system 1); 'H-NMR (de-DMSO): & = 0.6 (s,
CH,-18), 0.98 (s, CH;-19), 0.93 (d, J=5Hz, CH,-21),
3.36 (m, CH-3), 3.82 (m, CH-12); anal. calcd. for
CoH3905N (421.6): C, 68.37, H, 9.32, N, 3.32; found: C,
67.82, H, 9.2, N, 3.38.

3, 70-Dihydroxy-12-oximo-53-cholan-24-oic acid. Yield:
3.1 g (7.4 mmol, 60%); mp, 160°C; TLC: R, = 0.64
(solvent system 1); 'H-NMR (de-DMSO): 6 = 0.85 (s,
CH;-18), 0.9 (s, CH;3-19), 0.9 (d, J=53Hz, CH;-21),
3.2 (m, CH-3), 3.69 (m, CH-7); anal. caled. for C2,H3,05N
(421.6): C, 68.37, H, 9.32, N, 3.32; found: C, 67.85, H,
8.97, N, 3.21.

Amino-dihydroxy-56-cholan-24-0ic acids (Scheme 1, reac-
tion sequence I). A solution of 5 g (11.8 mmol) of the cor-
responding dihydroxy-oximo-58-cholan-24-oic acid in
250 ml of dry n-butanol was heated at reflux temperature.
Over a period of 1 h, 5 g (217 mmol) of sodium was added
cautiously in small portions to the reaction mixture. To
complete the reaction, the mixture was stirred at reflux
temperature for an additional period, at least 1 h. The
progress of the reaction was monitored by TLC using sol-
vent system 2. After the reduction was shown to be fin-
ished, 250 ml of ice was added to the reaction mixture and
the apparent pH value was adjusted to pH 2 with HCL
After separation of two layers, the organic phase was
evaporated to dryness under reduced pressure. To achieve
hydrolysis the partially esterified crude product was
heated in 50 ml of 10% NaOH-methanol for about 1 h.
After evaporation of the solvent under reduced pressure
the crude product was purified by flash chromatography

using the solvent system chloroform-methanol-acetic
acid 7:2:0.1 (v/v/v). Starting with each oximo derivative,
2 g (5.0 mmol, 45% vyield) of pure product was obtained
as a mixture of a- and B-isomers. Whereas the mixture
of the a- and -isomers could be used for the syntheses
of the NBD-derivatives without further separation, for
analytical purposes the a- and 8-isomers were separated
by column chromatography again using chloroform-
methanol-acetic acid 7:2:0.1 (v/v/v). The yields were quite
different depending on the considered isomer; they are in-
dicated below for each distinct isomer. All isomers were
characterized by *H-NMR.
3a-Amino-7a,12a-dihydroxy-58-cholan-24-oic acid. Yield:
1.4-1.6 g (3.5-4 mmol, 32-36%); mp, 219°C; TLC:
Rs = 0.38 (solvent system 2); 'H-NMR (d,-MeOH): é =
0.72 (s, CH;-18), 0.97 (s, CH;3-19), 1.02 (d, J=6Hz,
CH,;-21), 2.93 (m, CH-3), 3.82 (m, CH-7), 3.98 (m,
CH-12).
38-Amino-7a,12a-dihydroxy-53-cholan-24-oic acid. Yield:
0.4-0.6 g (1-1.5 mmol; 9-13%); mp, 205°C; TLC: R; =
0.33 (solvent system 2); 'H-NMR (d,-MeOH): é = 0.7
(s, CH;-18), 0.94 (s, CH3-19), 1.01 (d, J=6Hz, CH;-21),
3.47 (m, CH-3), 3.85 (m, CH-7), 4.0 (m, CH-12); anal.
calcd. for CyHgeoO,NNa (429.6): C, 67.10, H, 9.39, N,
3.26; found: C, 67.36, H, 9.65, N, 3.22.
7oe-Amino-3a,12a-dihydroxy-58-cholan-24-oic acid. Yield:
0.4-0.6 g (1-1.5 mmol; 9-13%); mp, 209°C; TLC: R, =
0.42 (solvent system 2); 'H-NMR (dg-DMSO): & = 0.6
(s, CH,-18), 0.83 (s, CH;-19), 0.91 (d, J=5Hz, CH;-21),
3.22 (m, CH-3), 3.07 (m, CH-7), 3.77 (m, CH-12).
78-Amino-3a,12a-dihydroxy-53-cholan-24-oic acid. Yield:
1.4-1.6 g (3.5-4 mmol, 32-36%); mp, 200°C; TLC: R, =
0.40 (solvent system 2); 'H-NMR (dg-DMSO): 4 = 0.6
(s, CH;-18), 0.83 (s, CH;-19), 0.91 (d, J=5Hz, CH,-21),
3.36 (m, CH-3), 2.88 (im, CH-7), 3.77 (m, CH-12); anal.
calcd. for CpHoO4N (406.6): C, 70,89, H, 9.92, N, 3.44;
found: C, 71.16, H, 10.18, N, 3.48.
12c¢-Amino-3a,7a-dihydroxy-53-cholan-24-oic acid. Yield:
0.4-0.6 g (1-1.5 mmol; 9-13%); mp, 210°C; TLC: R =
0.43 (solvent system 2); 'H-NMR (dg-DMSO): 6 = 0.64
(s, CH3-18), 0.8 (s, CH;-19), 0.9 (d, J=5Hz, CH;-21),
3.18 (m, CH-3), 3.6 (m, CH-7), 3.02 (m, CH-12).
128-Amino-3a,7a-dihydroxy-583-cholan-24-oic acid. Yield:
1.4-1.6 g (3.5-4 mmol, 32-36%); mp, 198°C; TLC: Ry =
0.45 (solvent system 2); 'H-NMR (de-DMSO): 6 = 0.69
(s, CH3-18), 0.84 (s, CH;-19), 0.94 (d, J=5Hz, CH3-21),
3.22 (m, CH-3), 3.61 (m, CH-7), 2.8 (m, CH-12); anal.
caled. for CyH4oO4N (406.6): C, 70,89, H, 9.92, N, 3.44;

. found: C, 70.2, H, 10.3, N, 3.48.

NBD-Amino-dihydroxy-56 -cholan-24-oic acids (Scheme 1, re-
action sequence I). To a solution of 100 mg (245 pmol) of
the corresponding amino-dihydroxy-58-cholan-24-oic acid
in 50 ml of dry ethanol enough solid NaHCQO); was added so
that a sediment remained. Dry ethanol was obtained by re-
fluxing commercially available absolute ethanol over mag-
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nesium turnings in presence of CCl, followed by distillation.
A solution of 60 mg (300 pmol) of NBD-Cl in 5 ml dry diox-
ane was added dropwise and the reaction mixture was
stirred at room temperature. The progress of the reaction
was monitored by TLC using solvent system 1. After
about 24 h the reaction mixture was filtered and the
filtrate was evaporated under reduced pressure to dryness.
The crude product was purified by flash chromatography
using the solvent system ethyl acetate-cyclohexane-acetic
acid 100:40:1 (v/v/v). Occasionally rechromatography
proved to be necessary. The separation of the isomers had
to be monitored by HPTLC using solvent system 1. Only
fractions containing the pure product were combined and
evaporated under reduced pressure to dryness. In order to
obtain the isomer present in smaller amount, rechroma-
tography was inevitable. The products obtained after
chromatography were finally separated from silica gel by
adsorption chromatography with Amberlite XAD-2. The
total yield of the respective a- and B-isomers was about
50 mg (85 pmol, 35%). All isomers were characterized by
!H-NMR and mass spectrometry.
N-{7-(4-nitrobenzo-2-oxa-1,3-diazol)]-3a-amino-7a,12cx-
dihydroxy-58-cholan-24-oic acid (3a-NBD-NC). Yield:
35-40 mg (60-68 pmol, 25-28%); mp, 182°C; TLC:
R; = 0.45 (solvent system 1); 'H-NMR (ds-DMSO): é =
0.67 (s, CH;-18), 0.97 (s, CH;-19), 1.0 (d, J=5Hz,
CH;-21), 3.56 (m, CH-3), 3.66 (m, CH-7), 3.85 (m,
CH-12), 6.44 (d, J=10Hz, CH=CNH), 8.43 (d, ] =10Hz,
CH=C-NO,), 9.62 (m, -NH").
N-{7-(4-nitrobenzo-2-oxa-1,3-diazol)]-38-amino-7a,12a-
dihydroxy-58-cholan-24-oic acid (38-NBD-NC). Yield:
10-15 mg (17-25 pmol, 7-11%); mp, 168°C; TLC: R; =
0.38 (solvent system 1); 'H-NMR (de-DMSO): 6 = 0.61
(s, CH3-18), 0.9 (s, CH;-19), 0.94 (d, J=6Hz, CH;-21),
4.14 (m, CH-3), 3.64 (m, CH-7), 3.82 (m, CH-12), 6.46
(d, J=9Hz, CH=CNH), 8.48 (d, J=9Hz, CH=C-NO,),
9.67 (m, ~-NH"); mass spectrum (EI); m/Zz=355 M-(2
H,0 +amino-NBD), 269 M-(2 H,O + NBD +side chain),
253 M-(2 H,O+side chain+amino-NBD); mass spec-
trum (DCI): m/z=588 (M + NH,)", 424 (M + NH,-NBD)",
571 (M)*, 371 (M-NBD)".
N-[7-(4-nitrobenzo-2-oxa-1,3-diazol)]-7a-amino-3c,12¢-
dihydroxy-58-cholan-24-oic acid (7a-NBD-NC). Yield:
10-15 mg (17-25 pmol, 7-11%); mp, 180°C; TLC:
Ry = 0.51 (solvent system 1); tH-NMR (dg-DMSO): § =
0.66 (s, CH;-18), 0.94 (s, CH;-19), 0.91 (d, J=8Hz,
CH,-21), 3.4 (m, CH-3), 3.5 (m, CH-7), 3.8 (m, CH-12),
6.38 (d, J=9Hz, CH=CNH), 8.5 (d, J=9Hz, CH=C-
NO,).
N-[7-(4-nitrobenzo-2-oxa-1,3-diazol)]-73-amino- 30,12~
dihydroxy-58-cholan-24-oic acid (78-NBD-NC). Yield:
35-40 mg (60-68 pmol, 25-28%); mp, 172°C; TLC: R, =
0.45 (solvent system 1); 'H-NMR (ds-DMSO): 6 = 0.8 (s,

1758 Journal of Lipid Research Volume 32, 1991

CH,-18), 1.05 (s, CH;-19), 1.02 (d, J=7Hz, CH3-21),
3.57 (m, CH-3), 3.83 (m, CH-7), 3.99 (m, CH-12), 6.3
(d, J=9Hz, CH=CNH), 8.53 (d, J=9Hz, CH=C-NO,);
mass spectrum (EI); m/z=355 M-(2 H,O + amino-NBD),
269 M-(2 H,O+NBD +side chain), 253 M-(2 H,O +side
chain +amino-NBD}); mass spectrum (DCI): m/z=588
(M+NH,)*, 424 M +NH,-NBD)*, 571 (M), 371 (M-
NBD)*.

N-[7-(4-nitrobenzo-2-oxa-1,3-diazol)}-12a:-amino-3a,7a-
dihydroxy-58-cholan-24-oic acid (12a-NBD-NC). Yield:
10-15 mg (17-25 pmol, 7-11%); mp, 185°C; TLC:
Ry = 0.39 (solvent system 1); 'H-NMR (ds-DMSO): é =
0.85 (s, CH;-18), 0.85 (s, CH3-19), 0.53 and 0.68 (d,
J=5Hz, CH,-21), 3.18 (m, CH-3), 3.7 (m, CH-7), 4.35 (m,
CH-12), 6.58 and 7.02 (d, J=9Hz, CH=CNH), 8.41
and 8.44 (d, J=9Hz, CH=C-NO,).

N-[7-(4-nitrobenzo-2-oxa-1,3-diazol)}-123-amino-3a,7 -
dihydroxy-58-cholan-24-oic acid (128-NBD-NC). Yield:
35-40 mg (60-68 umol, 25-28%); mp, 185°C; TLC: R, =
0.46 (solvent system 1); tH-NMR (ds-DMSO): & = 0.83
(s, CH3-18), 0.89 (s, CH;-19), 0.41 and 0.6 (d, J=5Hz,
CH,-21), 3.15 (m, CH-3), 3.71 (m, CH-7), 4.3 (m, CH-12),
6.59 and 6.63 (d, J=9Hz, CH=CNH), 8.32 and 8.34 (d,
J=9Hz, CH=C-NQO,); mass spectrum (EI). m/z=355
M-(2 H,O+amino-NBD), 269 M-(2 H,O+NBD +side
chain), 253 M-(2 H,O +side chain+amino-NBD); mass
spectrum {DCI): m/z=588 (M+NH.,)", 424 (M+NH,-
NBDY, 571 (M)*, 371 (M-NBD)".

(Dihydroxy-oxo-5(3-cholan- 24-gpl)- 2' - aminoethanesulfonates
(Scheme 1, reaction sequence II). The conjugation of the
dihydroxy-oxo-583-cholan-24-oic acids with taurine was
performed exactly as described (2). Starting with 2 g of
the corresponding dihydroxy-oxo-58-cholan-24-oic acid,
the yield was about 65% (1.75 g, 3.2 mmol). The con-
jugated oxo derivatives were characterized by 'H-NMR.

(7a,12a-Dihydroxy-3-oxo-58-cholan-24-oyl)-2 -amino-
ethanesulfonate. Yield: 1.9 g (3.5 mmol, 70%); mp, 225~
226°C; TLC: R; = 0.28 (solvent system 2); 'H-NMR
(ds-MeOH): 8 = 0.74 (s, CH;3-18), 1.03 (s, CH;-19), 1.04
(d, J=6Hz, CH;-21), 2.97 (t, J=7Hz, CH,-NH), 3.6 (t,
J=7Hz, CH,-S05"), 3.86 (d, J=3Hz, CH-7), 4.01 (m,
CH-12).

(3a,12a-Dihydroxy-7-oxo-58-cholan-24-oyl)-2 ~amino-
ethanesulfonate. Yield: 175 g (3.2 mmol, 65%); mp,
216°C; TLC: Ry = 0.28 (solvent system 2); 'H-NMR
(de-DMSO): 6 = 0.59 (s, CH;3-18), 1.12 (s, CH;-19), 0.92
(d, J=5Hz, CH,-21), 2.58 (t, J=9Hz, CH,-NH), 3.28 (t,
J=9Hz, CHy-SO57), 3.3 (m, CH-3), 3.8 (m, CH-12),
2.89 (dd, Jg14 od. 9 =12Hz and 6Hz, CH-8).

(3a,7a-Dihydroxy-12-oxo-58-cholan-24-oyl)-2 -amino-
ethanesulfonate. Yield: 1.6 g (3 mmol, 60%); mp, 222°C;
TLC: R, = 0.29 (solvent system 2); 'H-NMR (d¢-DMSO):
5 = 0.94 (s, CH;-18), 0.94 (s, CH5-19), 0.74 (d, J=5Hz,
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CH,-21), 2.58 (t, J=10Hz, CH,-NH), 3.29 (t, J=10Hz,
CH,-S05"), 3.19 (m, CH-3), 3.71 (m, CH-7), 7.75 (m,
CO-NH).
{Amino-dikydroxy-50-cholan-24-gyl)-2'-aminoethanesulfonates
(Scheme 1, reaction sequence II). Two g (3.7 mmol) of the
corresponding (dihydroxy-oxo-58-cholan-24-oyl)-2'-amino-
ethanesulfonate was dissolved in 100 ml of dry methanol
and dry ammonia was bubbled through the solution for
15 min. Subsequently the solution was cooled to 0°C and
the apparent pH value was adjusted with acetic acid to
pH 6. After addition of 0.5 g (8 mmol) of sodium cyano-
borohydride, the reaction mixture was stirred at room
temperature for 24 h. The solution was then acidified with
diluted HCI to remove HCN, which was absorbed in 20%
aqueous KOH (caution!). After adjusting the apparent
pH value with 1 N NaOH to pH 7, the solution was
evaporated under reduced pressure to dryness. The crude
product was purified by flash chromatography using the
solvent system chloroform-methanol 3:1 (v/v). Starting
with each oxo derivate 1 g (1.9 mmol, 50% yield) of pure
product was obtained as a mixture of - and $-isomers.
Whereas the mixture of the - and B-isomers could be
used for the syntheses of the NBD-derivatives without
further separation, for analytical purposes the a- and 3-
isomers were separated by column chromatography using
chloroform-methanol 3:1 (v/v) as solvent system. The
isomers obtained after chromatography were freed from
silica gel by adsorption chromatography with Amberlite
XAD-2. All isomers were characterized by 'H-NMR.
(3c-Amino-7a,12¢-dihydroxy-58-cholan-24-oyl)-2'-amino-
ethanesulfonate. Yield: 0.5 g (0.9 mmol, 25%); mp,
250°C; TLC: R; = 0.1 (solvent system 2); 'H-NMR
(d¢-MeOH): 8 = 0.7 (s, CH;-18), 0.95 (s, CH;3-19), 1.03
(d, J=6Hz, CH;-21), 2.95 (t, J=7Hz, CH,-NH), 3.59
(t, J=7Hz, CH;-SO5"), 2.92 (m, CH-3), 3.8 (m, CH-7),
3.98 (m, CH-12), 2.49 (q, J=12Hz, CH,~2 or CH,-4).
(38-Amino-7a,12a-dihydroxy-58-cholan-24-oyl)-2'-amino-
ethanesulfonate. Yield: 0.5 g (0.9 mmol, 25%); mp,
245°C; TLC: Ry = 0.05 (solvent system 2); tTH-NMR
(de-MeOH): 6 = 0.72 (s, CH;-18), 0.93 (s, CH;-19), 1.02
(d, J=7Hz, CH;-21), 3.33 (m, CH-3), 2.97 (t, J=7Hz,
CH,-NH), 3.6 (t, J=7Hz, CH,-SO57), 3.8 (m, CH-7),
3.96 (m, CH-12).
(7a-Amino-3a,12a-dihydroxy-58-cholan-24-oyl)-2'-amino-
ethanesulfonate. Yield: 0.95 g (1.8 mmol, 47%); mp, 250°C;
TLC: Ry = 0.11 (solvent system 2); 'H-NMR (dg-DMSO):
6 = 0.61 (s, CH;-18), 0.86 (s, CH;3-19), 0.94 (d, J=5Hz,
CH,-21), 3.28 (m, CH,-NH), 2.58 (m, CH,-SOs"),
3.22 (m, CH-3), 3.18 (m, CH-7), 3.8 (m, CH-12).
(7B8-Amino-3a,12a-dihydroxy-583-cholan-24-oyl)-2'-amino-
ethanesulfonate. Yield: 50 mg (0.1 mmol, 3%); mp, 244°C;
TLC: Ry = 0.07 (solvent system 2); ‘H-NMR (ds-DMSOY:
6 = 0.6 (s, CH;-18), 0.86 (s, CH;-19), 0.93 (d, J=5Hz,
CH,-21), 2.58 (m, CH,-NH), 3.29 (m, CH,-SOs7),
3.3 (m, CH-3), 2.75 (m, CH-7), 3.79 (m, CH~12).

(12c-Amino-3«, 7a-dihydroxy-53-cholan-24-oyl)-2'-amino-
ethanesulfonate. Yield: 0.9 g (1.7 mmol, 45%); mp, 244°C;
TLC: Ry = 0.1 (solvent system 2); 'H-NMR (d-DMSO):
8 = 0.75 (s, CH;-18), 0.84 (s, CH3-19), 0.97 (d, J=5Hz,
CH,;-21), 2.56 (t, J=10Hz, CH,-NH), 3.29 (t, J=10Hz,
CH,-8057), 3.19 (m, CH-3), 3.62 (m, CH-7), 3.1 (m,
CH-12), 7.8 (m, CO-NH).

(128-Amino-3c,7a-dihydroxy-58-cholan-24-oyl)-2'-amino-
ethanesulfonate. Yield: 0.1 g (0.19 mmol, 10%); mp, 246°C;
TLC: Ry = 0.15 (solvent system 2); 'H-NMR (ds-DMSO):
8 = 0.78 (s, CH,-18), 0.88 (s, CH;3-19), 0.99 (d, J=5Hz,
CH,;-21), 2.56 (t, J=10Hz, CH,-NH), 3.29 (t, J=10Hz,
CH,-505"), 3.22 (m, CH-3), 3.63 (m, CH-T7), 2.8 (m,
CH-12), 7.8 (m, CO-NH).

(NBD-Amino-dihydroxy-58-cholan-24-0pl)-2'-aminoethanesul-
Jonates (Scheme 1). According to the required end product,
the different stereoisomeric (NBD-amino-dihydroxy-58-
cholan-24-oyl)-2'-aminoethanesulfonates were synthesized
either by introduction of the NBD-residue into the corre-
sponding (amino-dihydroxy-58-cholan-24-oyl)-2'-amino-
ethanesulfonates or by conjugation of the unconjugated
NBD-derivatives with taurine.

3a-NBD-NCT, 78-NBD-NCT, and 128-NBD-NCT
were synthesized starting with 100 mg (175 pmol) of the
respective NBD-amino-dihydroxy-583-cholan-24-oic acids
(Scheme 1, reaction sequence I) as described.

36-NBD-NCT, 7a-NBD-NCT, and 12a-NBD-NCT
were synthesized following the procedure described for
the synthesis of the NBD-amino-dihydroxy-583-cholan-24-
oic acids starting with 100 mg (186 pmol) of the mixture of
a- and §-isomers of the corresponding (amino-dihydroxy-
58-cholan-24-oyl)-2'-aminoethanesulfonate (Scheme 1,
reaction sequence II). Because reductive amination of
(7a,12a-dihydroxy-3-oxo-58-cholan-24-oyl)-2'-aminoethane-
sulfonate results in equal amounts of the a- and 8-amino
compounds, this procedure may also be used for the syn-
thesis of 3a-NBD-NCT.

The crude products were purified by flash chromatog-
raphy using the solvent system chloroform-methanol-
acetic acid 7:2:0.1 (v/v/v). Fractions containing the pure
product were combined and evaporated under reduced
pressure to dryness. The products obtained after flash
chromatography were finally separated from silica gel by
adsorption chromatography with Amberlite XAD-2.

Coupling of the amino derivative with the NBD-residue
resulted in yields of about 35%; conjugation of the NBD-
amino-acids gave yields of about 50%. All isomers were
characterized by 'H-NMR and mass spectrometry.

(N-[7-(4-nitrobenzo-2-oxa-1,3-diazol)]-3a-amino-7er, 120
dihydroxy-53-cholan-24-oyl)-2'-aminoethanesulfonate (3a-
NBD-NCT). Yield: 45 mg (65 pmol, 35%), 75 mg (105
pmol, 60%); mp, 260-265°C, TLC: R; = 0.37 (solvent
system 2); 'H-NMR (d,-MeOH): 6 = 0.73 (s, CH;-18), 1.0
(s, CHs-19), 1.03 (d, J=7Hz, CH;-21), 3.0 (t, J=7Hz,
CH,-NH), 3.64 (t, J=7Hz, CH;~SOj"), 3.56 (m, CH-3),
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3.86 (m, CH-7), 4.01 (m, CH-12), 6.28 (d, J=9Hz,
CH=CNH), 851 (d, J=9Hz, CH=C-NO;); mass
spectrum (FAB): m/z=700 M* (Na-salt), 722 (M +Na)’,
542 (M +Na-amino-NBD)".
(N-[7-(4-nitrobenzo-2-oxa-1,3-diazol)]-38-amino-7o,12¢¢-
dihydroxy-58-cholan-24-oyl)-2'-aminoethanesulfonate (33-
NBD-NCT). Yield: 45 mg (65 pmol, 35%);, mp, 255-
260°C, TLC: Ry = 0.32 (solvent system 2); ‘H-NMR
(de-MeOH): 6 = 0.72 (s, CH;-18), 1.0 (s, CH;3-19), 1.04 (d,
J=7Hz, CH,-21), 2.98 (1, J=7Hz, CH,-NH), 3.61 (4,
J=7Hz, CH,-80;5"), 3.81 (m, CH-7), 3.94 (m, CH-3),
3.98 (m, CH-12), 6.39 (d, J=9Hz, CH=CNH), 8.5 (d,
J=9Hz, CH=C-NO,); mass spectrum (FAB): m/z=700
M* (Na-salt), 722 (M +Na)*, 542 (M + Na-amino-NBD)".
(N-[7-(4-nitrobenzo-2-oxa-1,3-diazol)}-7a-amino-3o,12c-
dihydroxy-56-cholan-24-oyl)-2'-aminoethanesulfonate (7a-
NBD-NCT). Yield: 45 mg (65 pmol, 35%); mp, 265°C,
TLC: Rf= 0.23 (solvent system 2); 'H-NMR (de
DMSO): § = 0.65 (s, CH;-18), 0.92-0.96 (m, CH;-19 and
CH,-21), 2.58 (t, J=7Hz, CH,-NH), 3.28 (t, J=7Hz,
CH.-5057), 3.46 (m, CH-7), 3.8 (m, CH-12), 6.35 (d,
J=9Hz, CH=CNH), 8.51 (d, J=9Hz, CH=C-NO,);
mass spectrum (FAB): m/z=700 M* (Na-salt), 722 (M +
Na)*, 542 (M +Na-amino-NBD)".
(N-[7-(4-nitrobenzo-2-oxa-1,3-diazol)]-78-amino-3a,12¢-
dihydroxy-58-cholan-24-oyl)-2'-aminoethanesulfonate (73-
NBD-NCT). Yield: 75 mg (105 pmol, 60%); mp, 260°C,
TLC: Ry = 0.2 (solvent system 2); H-NMR (de-DMSO):
4 = 0.8 (s, CH;-18), 1.01 (s, CH;-19), 1.05 (s, CH;-21),
2.58 (t, J=7Hz, CH,-NH), 3.29 (t, J=7Hz, CH,-S0;"),
3.83 (m, CH-3), 3.46 (m, CH-7), 3.98 (m, CH-12), 6.34
(d, J=9Hz, CH=CNH), 8.5 (d, J=9Hz, CH=C-NO,);
mass spectrum (FAB): m/z=700 M* (Na-salt), 722 (M +
Na)*, 542 (M +Na-amino-NBD)".
(N-[7-(4-nitrobenzo-2-oxa-1,3-diazol)]-12c-amino-3ct, 7o
dihydroxy-58-cholan-24-oyl)-2'-aminoethanesulfonate (12c-
NBD-NCT). Yield: 45 mg (65 pmol, 35%); mp, 244°C,
TLC: Ry = 0.37 (solvent system 2); 'H-NMR (ds-
DMSO): 6 = 0.81 (s, CH;-18), 0.87 (s, CH3-19), 0.5 and
0.62 (d, J=5Hz, CH;-21), 2.79 (t, J=10Hz, CH,-NH),
3.6 (t, J=7Hz, CH,-50;7), 3.2 (m, CH-3), 3.7 (m, CH-7),
4.21 (m, CH-12), 6.3 and 6.61 (d, J=9Hz, CH=CNH),
8.32 (d, J=9Hz, CH=C-NO,); mass spectrum (FAB):
m/z=700 M* (Na-salt), 722 (M+Na)*, 542 (M+Na-
amino-NBD)*.
(N-[7-(4-nitrobenzo-2-oxa-1,3-diazol)]-123-amino-3a, 7 -
dihydroxy-53-cholan-24-oyl)-2'-aminoethanesulfonate (123-
NBD-NCT). Yield: 75 mg (105 pmol, 60%); mp, 254°C,
TLC: R;= 0.35 (solvent system 2); 'H-NMR (ds-
DMSO): 6 = 0.78 (s, CH;-18), 0.89 (s, CH;-19), 0.5 and
0.62 (d, J=5Hz, CH;-21), 2.79 (t, J=10Hz, CH,-NH),
3.6 (t, J=10Hz, CH,-SOy3"), 3.17 (m, CH-3), 3.71 (m,
CH-7), 419 (m, CH-12), 6.3 and 6.61 (d, J=9Hz,
CH=CNH), 831 (d, J=9Hz, CH=C-NO,); mass
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spectrum (FAB): m/z=700 M* (Na-salt), 722 (M +Na)*,
542 (M + Na-amino-NBD)*.

Synthesis of radioactively labeled bile salt derivatives

The radioactively labeled (NBD-amino-dihydroxy-58-
cholan-24-oyl)-2'-aminoethanesulfonates were synthesized
exactly as described (2). The radiochemical yields of pure
products were 4.6 MBq (50%) with specific activities of
750-1500 Bg/mmol. In order to reduce radiolytic decom-
position, the products were dissolved in dry methanol
(1 Bq/pl) and the solutions were kept in the dark at 20°C.,

RESULTS

Syntheses

In order to have discriminative fluorescent derivatives
of bile salts available for the study of different biological
problems, a set of six diastereomers bearing the fluores-
cent NBD-amino group in positions 3, 7, and 12, respec-
tively, was synthesized (Fig. 1).

The starting step in the synthesis of all amino deriva-
tives (Scheme 1) was the selective oxidation of one of the
hydroxyl groups of cholic acid, making use of their differ-
ent reactivities towards oxidation and acylation reagents.
Whereas the 7-hydroxyl group was selectively oxidized
with N-bromosuccinimide, oxidation of the 3-hydroxyl
group with the same reagent was started using the
7o,12a-diformoxy derivative easily obtained by selective
hydrolysis of the triformylated cholic acid (4, 16~18). Oxi-
dation of the 12-hydroxyl group was performed with the
stronger oxidation reagent chromic acid after protection
of the other hydroxyl groups of cholic acid methylester by
acetylation (19, 20).

The three dihydroxy-oxo-cholanoic acids were used for
the syntheses of the unconjugated amino-dihydroxy-
cholanoic acids via oxime formation followed by reduc-
tion with sodium (Scheme 1, reaction sequence I} as well
as for the syntheses of the conjugated amino derivatives
where taurine conjugation preceeds direct reductive ami-
nation with sodium cyanoborohydride (Scheme 1, reaction
sequence II).

Reduction of the oxime with sodium was performed
principally according to Redel et al. (21), using n-butanol
instead of amyl alcohol as a solvent. Acidification of the
reaction mixture with 6 N HCI resulted in the separation
of an aqueous NaCl-containing phase and an n-butanol
phase containing the amino-dihydroxy-bile acids partially
as n-butylesters. After mild hydrolyses with methanolic
KOH, the amino-dihydroxy-cholanoic acids were isolated
chromatographically as mixtures of «- and B-diastere-
omers. The ratio of the a- and #-diastereomers was differ-
ent for the different positions as shown in Table 1. Sepa-
ration of the diastereomers could be obtained by HPLC
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Fig. 1. Chemical structure of taurine-conjugated fluorescent bile salt
derivatives (only 8-orientations of the NBD-amino group are shown).
Top: 38-NBD-NCT; middle: 78-NBD-NCT: bottom: 123-NBD-NCT.

on a reversed-phase column; but this laborious isolation
of stereochemically pure amino-dihydroxy-cholanoic acids
proved not to be necessary for the preparation of the cor-
responding NBD-derivatives. After introduction of the
NBD-group, the isomers could easily be separated by
flash chromatography.

The conjugation of the stereochemically pure NBD-
amino-dihydroxy-cholanoic acids with taurine was carried
out using the mixed anhydride method (2) resulting in
yields of about 50%. Synthesis of radioactively labeled
conjugated bile salt derivatives was performed in the same
way using [*H]taurine.

Reductive amination of the taurine-conjugated dihydroxy-
oxo-cholanoic acids using sodium cyanoborohydride as a
complex hydride was performed by bubbling dry ammonia
through the methanolic solutions and adjusting the ap-
parent pH value to 6, instead of using ammonium acetate
(22). Subsequent reduction with sodium cyanoborohy-
dride resulted in mixtures of a- and $-isomers of the con-
jugated amino compound with a total yield of about
50-60%. The ratios of the a- and $-isomers formed,
shown in Table 2, were different from those resulting
from the reduction with sodium (Table 1).

The coupling of the amino function with NBD-Cl was
performed in dry ethanol and the apparent pH value was
adjusted with NaHCO; to 9.5. NBD-CI was dissolved in
dry dioxane and the solution was dropped slowly into the
reaction mixture at a temperature of 25°C. With both the
unconjugated and the conjugated bile salt derivatives only
moderate yields of about 30% were obtained. The «- and
B-NBD-substituted diastereomers of the amino-dihydroxy-
cholanoic acids, whether unconjugated or conjugated,
could be separated into the stereochemically pure prod-
ucts by flash chromatography.

Spectroscopic properties of the NBD-derivatives of
bile salts

Absorption. The absorption spectra of the taurine-
conjugated 7B8-NBD-derivative of amino-dihydroxy-
cholanoic acid in 150 mM phosphate buffer, pH 7.4, and
ethanol are shown in Fig. 2. The spectra show four ab-
sorption maxima at 206, 230, 352, and 497 nm with a
shoulder at 477 nm in phosphate buffer, pH 7.4, and four
maxima at 201, 232, 336, and 477 nm in ethanol. The
spectra of all the other taurine-conjugated NBD-amino-
dihydroxy-cholanoic acids are very similar. The maxima
at about 200 nm are assigned to the amide bond of the
conjugated bile salt derivatives, whereas the other absorp-

TABLE 1. Ratio of - and -isomers formed by reduction of dihydroxy-oximo-cholanoic acids with
elemental sodium in n-butanol

Products
Starting Compound a-Amine 8-Amine
%
7a,12a-Dihydroxy-3-oximo-58-cholan-24-oic acid 70-80 20-30
3a,12a-Dihydroxy-7-oximo-58-cholan-24-oic acid 20-30 70-80
3w, 7a-Dihydroxy-12-oximo-58-cholan-24-oic acid 20-30 70-80
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TABLE 2. Ratio of - and $-isomers formed by reduction of taurine-conjugated dihydroxy-oxo-cholanoic
acids with sodium cyanoborohydride

Products
Starting Compound a-Amine B8-Amine
%
(7at,12a-Dihydroxy-3-o0xo-58-cholan-24-oyl)-taurine 45-55 45-55
(3a,12c-Dihydroxy-7-oxo0-58-cholan-24-oyl)-taurine 90-95 5-10
(3a,7a-Dihydroxy-12-ox0-58-cholan-24-oyl)-taurine 90-95 5-10

tion maxima are caused by the NBD-amino function. The
positions of these absorption maxima are in good agree-
ment with those of other NBD-amino compounds (23-
28). The most interesting absorption band is the intense
longest wavelength absorption band between 460 and 500
nm, the position of which is strongly dependent on the
solvent. The absorption of this band depends on the
hydrophobicity of the solvent and shows a hypsochromic
shift with increasing hydrophobicity of the solvent (27,
28). The longest wavelength absorption maxima of the
different derivatives between 480 and 497 nm in aqueous
solutions were shifted to absorption maxima between 463
and 473 nm in n-octanol, as summarized in Table 3. This
characteristic blue shift is accompanied by a decrease in
absorptivity (e = 25000 M 'cm™ in H,0O, e= 21000
M™cm™ in ethanol) and by the disappearance of the
shoulder beside the /maximum.

The influence of the nature and pH value of buffer on
absorption was investigated in a pH range relevant for in
vivo studies. Variation of pH value in the range from 5 to
8 in different buffers (50-200 mM phosphate buffer, ace-
tate buffer, and in standard incubation medium for
hepatocytes (11)) had no effect on the absorption of all
NBD-amino-dihydroxy-bile salt derivatives.

In order to examine whether the fluorescent bile salt
derivatives form aggregates, absorption and absorption
maxima were determined within the concentration range
between 1 uM and 1 mM. The absorption maxima of all
taurine-conjugated fluorescent derivatives did not change
in this concentration range as demonstrated with 78-
NBD-NCT in Fig. 3 for the range between 100 uM and
1 mM. The extinction increased linearily with increasing
concentration of the fluorescent compound (Fig. 3,
insert).

Fluorescence. 'The quantum yield of fluorescence of all
fluorescent bile salt derivatives decreases with increasing
temperature. Therefore, all measurements were per-
formed at a constant temperature of 25°C.

The emission spectra of all taurine-conjugated fluores-
cent bile salt derivatives show maxima in the range be-
tween 540 nm and 570 nm depending on the polarity of
the solvent, which is in good accordance with other NBD-
amino compounds (27, 28). The emission spectra of 706-
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NBD-NCT in solvents of different hydrophobicity are
shown in Fig. 4. The emission maxima of 78-NBD-NCT
exhibit an increasing hypsochromic shift with increasing
hydrophobicity of the solvent (Table 4) resulting in a shift
from 567 nm in aqueous solution to 542 nm in n-octanol.

The hydrophobicity of the solvent had an even greater
influence on the quantum yield (Table 4). The quantum
yield increases with increasing hydrophobicity of the sol-
vent, from ® = 0.025 in water or phosphate buffer, pH
7.4,to ® = 0.398 in n-octanol. pH variation of the buffer
in the range between 5 and 8 had no influence on the
wavelength of the emission maximum or on the quantum
yield. The emission maxima and the quantum yields of
the other fluorescent bile salt derivatives showed the same
solvent dependency as 76-NBD-NCT.

The absorption and emission spectra of the fluorescent
bile salt derivatives exhibit spectral overlap, as shown in
Fig. 5 for 76-NBD-NCT in ethanol, causing reabsorption
of emitted light. Being dependent on the concentration of
the fluorescent derivative, this reabsorption altered the
shape of the emission spectrum (Fig. 6) and caused a loss
of quantum yield with increasing concentration. In order
to determine the influence of the concentration of the

absorbance

T 1
300 400 500

wavelength ()

Fig. 2. Absorption spectra of 78-NBD-NCT (5 uM). (1) Phosphate
buffer, pH 7.4; (2) ethanol.
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TABLE 3. Longest wavelength absorption maxima of taurine-conjugated NBD-amino derivatives of bile salts
in different solvents; position of shoulder beside the maximum is given in parentheses

Absorption Maximum (nm) in Solvent

Compound n-Octanol n-Butanol Ethanol Methanol Water
3a-NBD-NCT 463 465 466 468 494 (475)
38-NBD-NCT 463 465 466 468 480 (494)
7a-NBD-NCT 473 475 477 478 497 (477)
78-NBD-NCT 473 475 477 478 497 (477)

12a-NBD-NCT 460 461 463 464 482
126-NBD-NCT 472 475 476 477 483

fluorescent bile salt derivatives on the quantum yield, the
fluorescence was investigated in phosphate buffer, pH 7.4,
in the concentration range from 1 uM to 1 mM. The data
obtained with 78-NBD-NCT demonstrate a clear
decrease in quantum yield with increasing concentration
of the fluorescent derivative (Table 5). At a concentration
of 1 mM of the fluorescent bile salt derivative, the quan-
tum yield amounted to only 0.5% of the quantum yield
measured with a 1 uM solution. The quantum vyields
for all other taurine-conjugated NBD-amino-dihydroxy-
cholanoic acids showed the same concentration dependency.

DISCUSSION

The study of transcellular transport of bile salts by
fluorescence microscopy requires the introduction of a
fluorophor (fluorescent group), emitting light in the visible
range, into the otherwise non-fluorescent molecules. Such

wavelength (rm)

Fig. 3. Absorption spectra of different concentrations of 78-NBD-
NCT in phosphate buffer, pH 7.4. (1) 125 M, (2) 250 uM, (3) 500 pM,
(4) 750 uM, (5) 1000 pm 78-NBD-NCT. Insert: Dependency of extinc-
tion (497 nm) on concentration of 73-NBD-NCT.

a fluorophor must have a relatively extended w-electron
system and the spatial requirements of an appropriate
substituent may have an influence on the physiological in-
teractions of bile salt molecules.

Of many different fluorescent derivatives, the com-
pounds bearing the NBD-group (4-nitrobenzo-2-oxa-1,3-
diazol-group) seemed well suitable (25, 28) because, in
comparison to other fluorophores, its introduction results
in relatively small structural changes of the physiological
bile salt molecules. In order to obtain light emission in the
visible range, the NBD-group was linked to the steroid
structure by an amino function. Due to the electron with-
drawing effect of the NBD-group, the amino function is
not protonated under physiological conditions, thus not
changing the monoanionic character of the bile salts.
Furthermore, NBD-amino derivatives, in contrast to
NBD-thiol derivatives, are chemically stable under phys-
iological conditions.

fluorescence

wavelength {nm)

Fig. 4. Emission spectra of 78-NBD-NCT (5 uM) in different media.
(1) Water, (2) phosphate buffer, pH 7.4 (3) ethanol, (4) n-butanol, (5) n-
octanol.
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TABLE 4. Emission maxima and quantum yields of 78-NBD-NCT
(10 pM) in different media

Medium Emission Maximum Quantum Yield
nm

Water 567 0.025

Ethanol 545 0.312

n-Butanol 544 0.352

n-Octanol 542 0.398

The NBD-amino group, dependent on its position in
the molecule, may change the structure of a bile salt to
such an extent that physiological transport is affected. Be-
cause, with the exception of different uptake processes
(29-32), the specificity of interactions of bile salts with
binding proteins during their transcellular transport is
not sufficiently known and because differences in func-
tionally comparable processes in different cell types must
be taken into consideration, a set of derivatives bearing
the fluorescent group in different positions was synthe-
sized (Fig. 1). A set of molecules bearing the fluorophor
in different positions and with different orientations pro-
vides the chance to select an appropriate molecule not
only for transport studies but also for physicochemical
studies of micelle formation and of interaction of bile salts
with biomembranes.

The syntheses of the NBD-derivatives of bile salts by
coupling the fluorescent group with an amino function re-
quired first of all the synthesis of the monoamino deriva-
tives of bile salts. Therefore, starting with cholic acid,
each of the three hydroxyl groups had to be converted
selectively into an amino function either in the equatorial
or the axial position.

The introduction of the amino function can principally
be achieved by two different reaction pathways both start-
ing with the corresponding monooxo compounds, which

absorbance
-
fluorescence

200 300 400 500 600 700 800

wavelength (nm)

Fig. 5. Absorption and emission of 78-NBD-NCT in ethanol. (1) Ab-
sorption spectrum, (2) emission spectrum.
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fluorescence

T
600 700

wavelength (nm)

Fig. 6. Standardized emission spectra of 78-NBD-NCT in phosphate
buffer, pH 7.4. (1) 10 uM, (2) 100 pM, (3) t mm 78-NBD-NCT.

can be converted into an amino function either via oxime
formation followed by their reduction (Scheme 1) or by
direct reductive amination. Whereas reduction of the cor-
responding oximes with elemental sodium could only be
realized with the unconjugated compounds, the direct re-
ductive amination of the carbonyl compounds, is useful
for the synthesis of the unconjugated as well as for the
taurine-conjugated derivatives. For the syntheses of
taurine-conjugated amino-dihydroxy-cholanoic acids by
reduction with the complex hydride, the conjugation step
was performed prior to reductive amination, because the
yields of taurine conjugation are higher with the oxo than
with the NBD-amino derivatives.

Introduction of the amino function by both reaction se-
quences (Scheme 1) leads to a mixture of a- and §-
diastereomers, but due to the different reaction mecha-
nisms the a- and §-diastereomers are formed at different
ratios (Table 1 and 2).

Reduction by electron transfer on the surface of ele-
mental sodium resulted with all three dihydroxy-oximo-
cholanoic acids in the preferential formation of the ther-

TABLE 5. Dependency of quantum yield on concentration of
78-NBD-NCT in phosphate buffer, pH 7.4

Concentration Quantum Yield

um
1 0.028
5 0.026
10 0.025
100 0.019
200 0.001
1000 0.00014
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modynamically favored diastereomer bearing the amino
function in the equatorial position. According to this, the
amines predominantly formed are the 78- and 128-
diastereomers as contrasted to the a-diastereomer in the
3-position (Table 1). Reduction of 3-oximo-coprostan by
the same method resulted likewise in the preferential for-
mation of the a-diastereomer (33).

Reductive amination using sodium cyanoborohydride
as a complex hydride resulted in the predominant forma-
tion of the diastereomeric amino derivatives, the forma-
tion of which is favored by the steric requirements of the
transition state. The accessibility of the 7- and 12-
positions resulted in the preferential formation of the
diastereomers bearing the amino function in the axial
positions, whereas the 3-position is more open for an ap-
proach of the reagent from both sides. Consequently, in
the 7- and 12-positions o-diastereomers are mainly
formed, whereas in the 3-position a- and $-diastereomers
are produced in similar amounts (Table 2).

Due to the different formation of diastereomers, reduc-
tion of the corresponding oxime with elemental sodium
was chosen if the syntheses of 3a-NBD-NCT, 73-NBD-
NCT, and 123-NBD-NCT (Table 1) were to be per-
formed, and direct reductive amination if 38-NBD-NCT,
7a-NBD-NCT, and 12a-NBD-NCT (Table 2) were to be
synthesized.

The coupling of the amino function with NBD-CI pro-
ceeded with the unconjugated as well as with the con-
jugated bile salt derivatives. For a synthesis without too
many side products, the reaction conditions with regard
to solvent, pH value, concentration of starting com-
pounds, kind and concentration of the base, reaction tem-
perature, and time were very important (33-41). It turned
out that the coupling of NBD-CI with the amino bile salt
derivatives could best be performed at 25°C in dry
ethanol, adjusting the apparent pH value with NaHCO;,
to0 9.5. In order to minimize the amount of side products,
a reaction time of 24 h was never exceeded, even if
coupling was not complete. With these reaction condi-
tions the formation of side products could be reduced but
not completely prevented.

The NBD group acts as a protecting group for the
amino function and therefore, in contrast to the unsub-
stituted amino-dihydroxy-cholanoic acids, their NBD
derivatives can easily be conjugated with taurine. Taking
advantage of this protecting function, conjugation with
[*H]taurine was performed resulting in radioactively
labeled conjugated bile salt derivatives bearing the isotope
in a metabolic stable position necessary for the investiga-
tion of biological transport processes.

A prerequisite for the investigation of bile salt transport
by fluorescence microscopy with the aid of NBD-
substituted bile salt derivatives is the knowledge of their
optical properties. The dependency of absorption and
emission on the concentration of the fluorescent com-

pounds and on the environment of the fluorophor is of
special interest.

Absorption of light by the NBD-amino bile salt deriva-
tives in the longest wavelength absorption band with a
maximum around 490 nm results in fluorescence emis-
sion with a maximum around 550 nm. As to be expected
for NBD-derivatives, the positions of both the absorption
and the emission maximum strongly depend on the hy-
drophobicity of the solvent, exhibiting an increasing
hypsochromic shift with increasing hydrophobicity of the
solvent.

Bile salts are amphipathic compounds and are expected
to be involved in hydrophobic interactions during biologi-
cal transport (2, 37-39). Therefore, the influence of the
hydrophobicity of the solvent on the quantum vyield of
fluorescence was of prime interest. The quantum yield in
aqueous solutions is very low, but increases clearly with
increasing hydrophobicity of the solvent, being 16-fold
higher in n-octanol than in water (Table 4). This increase
in quantum yield in less polar solutions than water is a
promising basis for the investigation of hydrophobic inter-
actions of bile salts.

Quantum yield of fluorescence is not only dependent
on the environment of the fluorophor but may also be
influenced by its concentration. Fluorescence of solutions
of NBD-amino bile salt derivatives at high concentrations
is altered by a drastic loss of quantum yield (Table 5). Of
the different mechanisms known to account for this loss of
quantum yield, reabsorption of emitted light provides the
only possible explanation. The formation of ground-state
dimers can be excluded, because, even in high concentra-
tions, the appearance of additional absorption maxima,
characteristic for a formation of aggregates of the mole-
cule, cannot be observed (Fig. 3). The formation of
excited-state dimers can also be excluded, because no
additional emission maximum can be observed in the
fluorescence spectra (Fig. 6).

The study of transport processes needs not only varia-
tion of concentration but also variation of buffer and pH
value. In a pH range that had to be taken into considera-
tion for in vivo transport studies, no effects on the absorp-
tion and emission of all NBD-amino-dihydroxy-bile salt
derivatives have been observed.

The synthesis of different diastereomeric unconjugated
and taurine-conjugated fluorescent derivatives of bile salts
was developed to provide new tools for the study of inter-
actions and transport of bile salts. One of the major ad-
vantages of the synthesized NBD-amino bile salt deriva-
tives, their environmental sensitivity, may be used for the
determination of interactions of bile salts by changes
either in quantum yield or in fluorescence polarization,
allowing the study of binding of bile salts to distinct pro-
teins and of their incorporation into micelles (Thom, H.,
Schramm, U. and Kurz, G., unpublished results). Above
all, the fluorescent bile salt derivatives, provided they are
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proved to be true bile salt analogues, give the chance for
the visualization of biological bile salt transport by fluo-
rescence microscopy (10, 40-42). The uncomplicated syn-
thetic accessibility of the NBD-amino-dihydroxy-cholanoic
acids and their taurine conjugates should promote their
use for the investigation of a variety of biological

problems. 0§

The authors express their gratitude to Dr. D. Hunkler and
Dr. J. Worth from the Institut fiir Organische Chemie und Bio-
chemie der Universitat Freiburg for the 'H-NMR and mass
spectra, to Dr. C. Quiquerez of the Preclinical Research Depart-
ment of Sandoz Pharma Ltd. for the FAB mass spectra, and
Dipl. Chem. W. Pachali and Prof. Dr. J. Heinze from the In-
stitut fir Physikalische Chemie der Universitat Freiburg for the
fluorescence spectra. This investigation was supported by the
Deutsche Forschungsgemeinschaft and the Fritz-Thyssen-Stiftung.
One of us (U. Schramm) is indebted to the Béhringer-Ingelheim-
Fonds for a scholarship.

Manuscript received 25 March 1991 and in revised form 16 August 1991.

REFERENCES

1. Wieland, H. 1929. Die Chemie der Gallensduren. Angew.
Chem. 42: 421-424. Nobel prize lecture given in Stockholm,
December 13th, 1928.

2. Kramer, W,, and G. Kurz. 1983. Photolabile derivatives of
bile salts. Synthesis and suitability for photoaffinity label-
ling. J. Lipid Res. 24: 910-923.

3. von Dippe, P, P. Drain, and D. Levy. 1983. Synthesis and
transport characteristics of photoaffinity probes for the
hepatocyte bile acid transport system. J. Biol. Chem. 258:
8890-8895.

4. Kramer, W., and S. Schneider. 1989. 3-Diazirine-derivatives
of bile salts for photoaffinity labeling. /. Lipid Res. 30:
1281-1288.

5. Kramer, W., U. Bickel, H-P. Buscher, W. Gerok, and
G. Kurz. 1982. Bile salt binding polypeptides in plasma
membranes of hepatocytes revealed by photoaffinity label-
ling. Eur. J. Biochem. 129: 13-24.

6. Kramer, W., G. Burckhardt, F. A. Wilson, and G. Kurz.
1983. Bile salt binding polypeptides in brush-border mem-
brane vesicles from rat small intestine revealed by photo-
affinity labeling. /. Biol. Chem. 258: 3623-3627.

7. von Dippe, P, and D. Levy. 1983. Characterization of the
bile acid transport system in normal and transformed
hepatocytes. Photoaffinity labeling of the taurocholate car-
rier protein. J. Biol. Chem. 258: 8896-8901.

8. Burckhardt, G., W. Kramer, G. Kurz, and F. A. Wilson.
1987. Photoaffinity labeling studies of the rat renal sodium/
bile salt cotransport system. Biochem. Biophys. Res. Commun.
143: 1018-1023.

9. Kurz, G.,, M. Miiller, U. Schramm, and W. Gerok. 1989.
Identification and function of bile salt binding polypeptides
of hepatocyte membrane. In Hepatic Transport of Organic
Substances. E. Petzinger, R. K.-H. Kinne and H. Sies, edi-
tors. Springer-Verlag, Berlin, Heidelberg. 267-278.

10. Fricker, G., S. Schneider, W. Gerok, and G. Kurz. 1987.
Identification of different transport systems for bile salts in
sinusoidal and canalicular membranes of hepatocytes. Biol.
Chem. Hoppe-Seyler 368: 1143-1150.

11.  Schramm, U., A. Dietrich, S. Schneider, H-P. Buscher, W.

1766 Journal of Lipid Research Volume 32, 1991

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

Gerok, and G. Kurz. 1991. Fluorescent derivatives of bile
salts. I1. Suitability of NBD-amino derivatives of bile salts
for the study of biological transport. J. Lipid Res. 32: 1769-
1779.

Lawson, A. M., and K. D. R. Setchell. 1988. Mass spec-
trometry of bile acids. /n The Bile Acids. Chemistry, Phys-
iology, and Metabolism. Volume 4. K. D. R. Setchell, D.
Kritchevsky, and P. P. Nair, editors. Plenum Press, New
York, London. 167-267.

Lawson, A. M. 1989. Mass spectrometry —the fundamental
principles. /n Mass Spectrometry. A. M. Lawson, editor.
Walter de Gruyter, Berlin, New York. 1-52.

Setchell, K. D. R., and A. M. Lawson. 1989. Bile acids. In
Mass Spectrometry. A. M. Lawson, editor. Walter de
Gruyter, Berlin, New York. 53-125.

Still, W. C., M. Kahn, and A. Mitra. 1978. Rapid chro-
matographic technique for preparative separations with
moderate resolution. J. Org. Chem. 43: 2923-2925.

Fieser, L. F., and S. Rajagopalan. 1949. Selective oxidation
with N-bromosuccinimide. I. Cholic acid. J. Am. Chem. Soc.
71: 3935-3938. .
Ruzicka, L., P. A. Plattner, and H. Heusser. 1944. Uber
B'-[3a,7a,128Trioxy-nor-cholanyl-(23)] **#'-butenolid, ein
Homologes der digitaloiden Aglucone. Helo. Chim. Acta. 27:
186-194.

Hughes, I. W,, F. Smith, and M. Webb. 1949. Formylation
of bile acids. J. Chem. Soc. 3437-3438.

Fieser, L. F, and S. Rajagopalan. 1950. Oxidation of
steroids. III. Selective oxidations and acylations in the bile
acid series. J. Am. Chem. Soc. 72: 5530-5536.

Fieser, L. F., S. Rajagopalan, E. Wilson, and M. Tischler.
1951. The conversion of cholic acid into 3a-hydroxy-12-

keto-""-cholanic acid. J. Am. Chem. Soc. 73: 4133-4135.
Redel, J., A. Bouteville, B. Gauthier, and N. H. Quy. 1949.

Amines cycliques des acides biliaires. Premiere partie:
Monoamines. Bull. Soc. Chim. France. 877-883.

Borch, R. F,, M. D. Bernstein, and H. D. Durst. 1971. The
cyanohydridoborate anion as a selective reducing reagent.
J. Am. Chem. Soc. 93: 2897-2904.

Lancet, D., and L. Pecht. 1977. Spectroscopic and immuno-
chemical studies with nitrobenzoxadiazolealanine, a fluo-
rescent dinitrophenyl analogue. Biochemistry. 16: 5150-5157.
Eidelmann, O., M. Zangvill, M. Razin, H. Ginsburg, and
Z. 1. Cabantchik. 1981. The anion-transfer system of
erythrocyte membranes. N-(7-Nitrobenzofurazan-4-yljtau-
rine, a fluorescent substrate-analogue of the system.
Biochem. J. 195: 503-513.

Rando, R. R., F. W. Bangerter, and M. R. Alecio. 1982.
The synthesis and properties of a functional fluorescent
cholesterol analogue. Biochim. Biophys. Acta. 684: 12-20.
Berman, H. A., D. F. Olshefski, M. Gilbert, and M. M.
Decker. 1985. Fluorescent phosphonate labels for serine
hydrolases. J. Biol. Chem. 260: 3462-3468.

Kenner, R. A., and A. A. Aboderin. 1971. A new fluores-
cent probe for protein and nucleoprotein conformation.
Binding of 7-(p-methoxybenzylamino)-4-nitrobenzoxadi-
azole to bovine trypsinogen and bacterial ribosomes. Bio-
chemistry. 10: 4433-4440.

Monti, J. A., S. T. Christian, W. A. Shaw, and W. H.
Finley. 1977. Synthesis and properties of a fluorescent
derivative of phosphatidylcholine. Life Sei. 21: 345-356.
Hardison, W. G. M., S. Bellentani, V. Heasley, and D.
Shellhamer. 1984. Specificity of the Na*-dependent trans-
port site in isolated rat hepatocytes. Am. J. Physiol 246:
G477-G483.

Bundy, R, J. Mauskopf, J. T. Walker, and L. Lack. 1977.

2T0Z ‘8T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

31.

32.

33.

34.

35.

36.

37.

Interaction of uncharged bile salt derivatives with the ileal
bile salt transport system. J. Lipid Res. 18: 389-395.
Lack, L., A. Tantawi, C. Halevy, and D. Rockett. 1984.
Positional requirements for anionic charge for ileal absorp-
tion of bile salt analogues. Am. J. Physiol. 246: G745-G749.
Wilson, F. A., G. Burckhardt, H. Murer, G. Rumrich, and
K. J. Ullrich. 1981. Sodium-coupled taurocholate transport
in the proximal convolution of the rat kidney in vivo and
in vitro. J. Clin. Invest. 67: 1141-1150.

Shoppee, C. W,, D. E. Evans, H. C. Richards, and G. H.
R. Summers. 1956. Steroids and Walden Inversion. Part
XXX. The epimeric coprostan-3-ylamines and cholest-4-
en-3-ylamines. J. Chem. Soc. 1649-1654.

Fager, R. S., C. B. Kutina, and E. W. Abrahamson. 1973.
The use of NBD chloride (7-chloro-4-nitrobenzo-2-oxa-
1,3-diazole) in detecting amino acids and as an N-terminal
reagent. Anal. Biochem. 53: 290-294.

Klimisch, H-J., and L. Stadler. 1974. Mikroquantitative
Bestimmung von aliphatischen Aminen mit 7-Chlor-4-
nitrobenzo-2-oxa-1,3-diazol. J. Chromatogr. 90: 141-148.
Ghosh, P. B. 1968. Preparation and study of some 5- and
7-substituted 4-nitrobenzofurazans and their N-oxides; a
retro-Boulton-Katritzky rearrangement. J. Chem. Soc. (B).
334-338.

Kramer, W., H-P. Buscher, W. Gerok, and G. Kurz. 1979.

38.

39.

40.

41.

42,

Schneider et al.

Bile salt binding to serum components. Taurocholate incor-
poration into high-density lipoproteins revealed by photo-
affinity labelling. Eur. J. Biochem. 102: 1-9.

Ketterer, B., E. Tipping, and J. F. Hackney. 1976. A low-
molecular-weight protein from rat liver that resembles
ligandin in its binding properties. Biochem. J. 155: 511-521.
Takikawa, H., and N. Kaplowitz. 1986. Binding of bile
acids, oleic acid and organic anions by rat and human
hepatic Z protein. Arch. Biochem. Biophys. 251: 385-392.
Buscher, H-P.,, W. Gerok, G. Kurz, and S. Schneider. 1985.
Visualization of bile salt transport with fluorescent deriva-
tives. In Enterohepatic Circulation of Bile Acids and Sterol
Metabolism. G. Paumgartner, A. Stiehl and W. Gerok, edi-
tors. MTP-Press, Lancaster, England. 243-247.

Buscher, H-P., G. Fricker, W. Gerok, G. Kurz, M. Miiller,
S. Schneider, U. Schramm, and A. Schreyer. 1987. Hepatic
transport systems for bile salts: localization and specificity.
In Bile Acids and the Liver with an Update on Gallstone
Disease. G. Paumgartner, A. Stiehl, and W. Gerok, editors.
MTP-Press, Lancaster, England. 95-110.

Buscher, H-P.;, W. Gerok, G. Kurz, U. Schramm, and H.
Thom. 1988. Hepatocyte primary culture and bile salt
transport. In Trends in Bile Acid Research. G. Paumgart-
ner, A. Stiehl, and W. Gerok, editors. MTP-Press, Lan-
caster, England. 133-142.

1767

Fluorescent derivatives of bile salts. I.

2T0Z ‘8T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

