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Neonatal hepatocytes are less active in uptake of bile acids than are mature hepatocytes. This phenomenon has been
further investigated by transport studies with azidobenzamidotaurscholate (ABATC). Taurocholate, cholate and the
pho(olablle ABATC wete taken up by liver cells of adult rats by a s~dium-dependent and by an additional
In the dark, ABATC inhibited the uptake of taurocholate and cholate. Taurocholate
decreased the transport of ABATC in a competitive manner, both in the presence and absence of sodium. In neonatal

hepatocytes the ¥, for taurocholate and for ABATC was similar but was lower than in mature liver cells. In contrast,

the K,
ABATC was photol

d after p

was similar for monatal and mature hepatocytes. For identification of binding proteins in both kinds of cells
with isolated hepatocytes. Under our experimental conditions (single

ultravmlet ﬂalll) about 80% of the amdo groups was converted to nitrene. The covalently binding nitrene derivative

ited bile salt

ABATC resulted in radioindication of b
but of proteins with masses of 67, 54, 43 and 27 kDa in

g of intact
with 67, 60, 54, 50 and 43 kDa in mature plasma membranes

or of isolated plasma membranes with

lacking in membranes of 9-day-old rats. The process of ph

The 50 kDa protein is largely

itself was sodit when isolated cells

were treated with ABATC. In contrast, the degree of labelmg of intact hepatocytes was markedly reduced in the absence

of sodium and chloride. 100-fold molar excess of

somatostatin protected isolated plasma against

to be deficient in bile salt transport did not result in radiomodification of membrane proteins.

Introduction

The hepatocellular uptake of bile acids is a carrier-
mediated process [1-3] driven in part by an inwardly
directed sodium gradient [4-5] which is maintained by
the Na*/K*-ATPase localized at the basolateral mem-
brane of hepatocytes [6]. Bile acid uptake is reduced in
sodium-free and chloride-free medium {4,7}; in contrast,
bile acid binding to isolated plasma membranes was
shown to be sodium-independent [8,9). Kinetic studies
indicate that apart from bile acids, some other organic
anions (DIDS in Refs. 10 and 11; iodipamide in Refs.
12-14) and also certain neutral cyclopeptides (anta-
manide, Ref. 15; ins, Ref. 16; phalloidi

Correspondence: K. Ziegler, Institut fir Pharmakologie und Toxikol-
ogie der Justus Liebig Universitdt Giessen, Frankfurterstr. 107, D-6300
Giessen, FR.G.

h (BATC), or cyclo-
of ABATC. P of cells known
Ref. 17) are ized as of the sodi

dependent bile acid carrier. The above transport system
was therefore termed ‘multisp transporter’ [16]. It
is immature in newborn rats. The uptake of bile acids in
isolated hepatocytes of neonatal rats [18] is lower than
that in adults. The uptake of phalloidin by liver cells
increases during the maturation of the organ [19.20].
Protein components of the above system were identified
by affinity [21-24] or by photoaffinity labeling [25,26].
Proteins with masses of 67, 54, 50 and 37 kDa were
labeled in most of these studies. A main drawback of
earlier photoaffinity labeling studies [25,26} was the
long ultraviolet irradiation needed for photolysis of the
labels (10 min). During this period, sensitive proteins
may have been damaged. These problems were over-
come by the introduction of a high-energy ultraviolet
flash technique [27}.

The aim of the study presented was the localization
of the transport system responsible for bile acid and
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xenobiotic transport in liver parenchymal cells of adult
and newborn rats by photoaffinity labeling using ultra-
violet flashed light. The kinetics and inhibition propar-
ties of the photolabile taurocholate analog ABATC
were compared with those of holate and cholaze.
The dependence of photoaffinity labeling of isolated
hepatocytes on sodium and chloride was investigated.
The specificity of photoaffinity labeling with ABATC
was demonstrated by protection studies and by labeling
of AS 30 D ascites hepatoma cells, known to be tile
acid transport-deficient.

Materials

[*C]Cholic acid (sp. act. 1.85-2.2 GBq/mmol) and
Amplify were purchased from Amersham Buchler,

were mcubated in (he dark wuhonl (control) or with

of inhibi (ABATC or
taurocholate) 30 s before the addition of a mixture of
5.7-230 gM cholate plus 1 [LM [*C]cholate or 4.8-97
»M holate and 1 sM [*H] holate or 3.6-73
1M and 1 gM ["*CJABATC. During the period of linear
uptake the initial rate was determined.

Isolation of liver plasma membranes from adult and new-
born rats
Liver plasma membranes enriched in the basolateral
fraction were isolated from newborn and adult rats
accordmg to the method of Touster [31] All bul‘fer
d the

PMSF 0.5 mM/EDTA 5 mM/leupeptm 5 pg/ml/
benzamidine 1 mM. The activity of Na*/K*-ATPase (a

g, F.R.G. Ph 1 ﬂuoncle marker for basolateral plasma membranes) was en-
acr i N, N’-met i lamide, C nched 22 fold, whercas Mg2*-ATPase (a marker for
blue G, EDTA and SDS were from Serva Heidelb: was enriched 2 fold
F.R.G. and {*H]taurocholate (spec. act. 1.85-2.2 GBq/ with the crude h Gl b was
mmol) from New England Nuclear, Dreieich, F.R.G. enriched 2-fold sh g minor of the

Mercaptoethanol, iodacetamide and glycine were from
Merck, Darmstadt, F.R.G.; leupeptin was from Sigma,
Munich and benzamidine was from Fluka, Switzerland.
All other chemicals were of at least analytical grade
purity.

Methods

Isolation of liver parenchymal cells

Hepatocytes from adult male Wistar rats (250 g)
were isolated according to the method of Berry and
Friend [28] and from 9-day-old rats as described earlier
[291, by perfusion of rat liver with 0.05% collagenase in
a Ca®*-free Krebs-Henseleit buffer. After equilibration
in Tyrode buffer (137 mM NaCl/2.7 mM KCl/1 mM
MgCl,/12 mM NaHCO,/5 mM glucose/0.42 mM
NaH,P0O,/1.8 mM CaCl,) for 30 min, viability was
tested by Trypan blue exclusion. Of the isolated cells
85-90% excluded the dye. Cells were used for experi-
ments within 2 h after isolation.

Preparation of AS 30 D ascites hepatoma cells

AS 30 D ascites hepatoma cells were isolated from
Sprague-Dawley rats 1 week after intraperitoneal injec-
tion of hepatoma cells. Hepatoma cells were washed
two times in Tyrode buffer by centrifugation at 250 X g.

Uptake studies

Cholate, taurocholate and ABATC uptake by iso-
lated hepatocytes was studied in the presence or ab-
sence of sodium in a Tyrode buffer (sodium-free Tyrode
buffer: sodium was replaced by 137 mM LiCl/12 mM
LiCO;). The cellular uptake of the substrates was de-
termined by a rapid centrifugation techniqué through a
silicon oil layer [30]. Cells, 2-10%/ml in Tyrode buffer,

plasma membrane fraction with subcellular organelles.

Photodffinity labeling

Isolated hepatocytes and isolated basolateral plasma
membranes were photoaffinity labeled as described [27].
Briefly, ABATC was photolysed by a single ultravioiet
flash. To determine the irreversible inhibition of
taurocholate uptake by ABATC, isolated hepatocytes
were incubated (0.6 - 10° cells/ml Tyrode buffer) with
ABATC (1-100 M) for 5 min in the dark. After
photolysis (one single ultraviolet flash) the unbound
ABATC was removed by washing (three times in 5 ml
of Tyrode buffer) and uptakc of taurocholate was mea-
sured. For identi on of bmdmg lsolamd
rat liver p hymal cells or basol
from adult or newborn rats were incubated for 1-30
min in the dark at 37°C wiili ["CJABATC before
photolysis. After excessive washing in Tris-HCl buffer
(plus1 mM PMSF/I mM benzmmdmc/s mM EDTA/S
pg/ml leupeptin/0.1 mM i the
were solubilized with 1% SDS /1% dithiothreitol at 95°C
for 5 min and separated by SDS-polyacrylamide elec-
trophoresis. The radiolabeled proteins were visualized
by fluorography using Amplify as intensifying fluoro-
chrome. Bound radioactivity was quantified by sllcmg
SDS rod gels and by d ining the protei;
radioactivity by liquid scintillation counting. The pro-
tein content was determined according to the method of
Lowry [32], using bovine serum albumin as standard.

To eval the sodi or chloric y of
the photoaffinity labeling, isolated hepatocytes were
incubated in sodium-free buffer of the following com-
position: 137 mM LiCl/27 mM KCI/1.05 mM
MgCl,/1.8 mM CaCl,/12 mM LiCO,/5.55 mM glu-
cose/0.42 mM KH,PO, (pH 7.4) or in sodium- and
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Fig, 1. Structure of the photolabile bile acid analog ABATC and its
precursor BATC,
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Fig. 2. Lineweaver-Burk plot of the sodium-dependent uptake of
cholate in the presence of ABATC. The effect of ABATC (0) 30 pM;
() 50 uM; (0) 100 &M on the uptake of cholate was analyzed in the
presence or in the absence of sodium. ¥; values were calculated within
the period of linear uptake. The sodium dependency was evalvated by
subtraction of ¥; values for the uptake in lithium-Tyrode buffer from
those in sodium-Tyrode buffer, The type of transport inhibition was
determine dby plotting the data according to Lineweaver and Burk.
n=3. Kq=28 uM; V., = 454.5 pmol/mg per min. y scale: 1/V; =

(1/pmol per mg per min)x1000. x scale: (1/uM)*100. The inset
shows the Dixon plot of the inhibition by ABATC of the sodium-de-
pendent cholate transport. The inhibition of 10, 30, 50 and 100 xM of
ABATC on the sodium-dependent uptake of cholate ©, 11.5 uM; a,

23 uM was measured. Initial uptake rates were calculated and plotted
according to Dixon. n=3. K; =5 pM.
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chloride-free buffer of the I'ollowmg composmon 140
mM K gl /1.05 mM 1.
mM calcium gluconate,/12 mM KHCO,/5.55 mM glu-
cose/0.42 mM KH,PO,.

Hepatocytes were incubated for 2-10 min in the
above buffers followed by renewal of the buffer medium
before incubation with ['*C]ABATC. Control cells were
incubated in sodium Tyrode buffer.

Results

Comparison of kinetic properties of bile acid (taurozholate
and cholate) and azidobenzamido-taurocholate uptake in
isolated hepatocytes of adult and newborn rats

Hepatocytes from adult rats take up taurocholate,
cholate and the photoreactive analog ABATC (Fig. 1) in
a time- and concentration-dependent manner. Sodium-
dependency was analyzed at 37°C in a lithium-Tyrode
buffer. K, and V,,,, values were calculated from Line-
weaver-Burk plots [33] (Table I). Both the uptake of bile
acids and the photoreactive derivative are mediated by

dium-dependent and -indep hanisros in iso-
lated hepa!ocyles of adult rats. In isolated liver cells of
9-day-old rats the total uptake, i.e., the uptake in the
presence of sodium, was measured. Taurocholate and
ABATC are taken up by those cells, but the ¥V, values
are lower than in adult controls. In contrast, the K,
values are not different than those of adults. These
results are in agreement with earlier studies of Suchy et
al. [18] using taurocholate.

TABLE 1

Kinetic parameters of the uptake of bile acids and ABATC in isolated
hepatocytes of newborn and adult rats

Kinetic p were from Li Burk plots (n =
3). Standard deviations were calculated by linear regression analysis.
Experiments with hepatocytes of newbom rats in sodium-Tyrode
buffer; with hepatocytes of adult rats uptake was measured in sodium-
as well as in lithium-Tyrode buffer.

K. Vinas
(#M) (pmol /mg per min)

Hepatocytes from adult rats
Taurocholate

Na*-dependent 25+ 2 1929+484

Na™-independent 50+13 550+ 65
Cholate

Na“-dependent 27t 8 487+ 58

Na*-independent 91164 888+ 96
ABATC

Na*-dependent 14 2 562+ 88

Na*-independent 6012 350t 30

Hepatocytes from newborn rats
Taurocholate 18x 7 515¢
ABATC 16+ 3 200+

e




164

Mutual i of k llular uptake of taur
cholate and ABATC by isolated adult rar hepatatyles in
the presence and absence of sodium

In the dark, ABATC reversibly inhibited the uptake
of both taurocholaie and cholate by isolated hepato-
cytas of adult rats in both the presence and in absence
of sodium. The iype of uptake inhibition was analyzed
according to Lineweaver and Burk. In Figs. 2 and 3 the
effect of ABAT on the sodium-dependent uptake of
cholate and taurocholate is shown. The common inter-
cept of the curves at the ordinate indicates a competi-
tive ty'pe of transport inhibition (K, of the control 28
#M; V., 454.5 pmol/mg per min for cholate; and K,
25 pM ax 1587 pmol/mg per min for taurocholate)
ABATC xs also a p inhibitor of the sodi

dent route of holate uptake (Fig. 4): K,

66.6 uM, V., 625 pmol/mg per min.

o

L L .
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Fig. 3. Lineweaver-Burk diagram of the sodium-dependent uptake of
taurocholate in the presence of ABATC. Isolated hepatocytes (2-10°
cells/ml sodium-Tyrode or lithium-Tyrode buffer) were preincubated
for 30 s in the absence (®) or presence of 30 M () or 50 pM (a) of
ABATC before addition of a mixture of 1 M {* holate plus

%

/M x100

Fig. 4. Lineweaver-Burk diagram of the sodium-independent uptake
of taurocholate in the presence of ABATC. The effect of ABATC (O)
30 uM; (a) 50 uM on taurocholate uptake was analyzed in the
absence of sodium (replaced by lithium). Initial uptake rates were
calculated and the data plotted according to Lineweaver and Burk.
n=3. Ky, =66 uM; ¥, =625 pmol/mg per min. y scale: 1/V;=
(1/pmol per mg X min) X 1000. x scale: (1/pM)x 100.

K; values were determined according to Dixon [34]
to be 5 @M for the sodium-dependent cholate uptake
(inset to Fig. 2) and 20 pgM (inset to Fig. 3) for the
sodium-dependent taurocholate uptake. In a similar
fashion, taurocholate blocks the sodium-dependent up-
take of ABATC (Fig. 5) with a K; of 25 pM (inset of
Fig. 5).

Pi ion of taurochol port by ABATC

By flash photolysis of the azido group of ABATC a
covalently binding nitrene is generated. This is evident
by the lowered absorption maximum of the azido group
at 267 nm (Fig. 6) after a single ultraviolet flash.
Taurocholate uptake was irreversibly inhibited to 50%
by 25 + 3 pM of ABATC.

4.8-97 uM of taurocholate. Initial uptake rates were calculated fer the
sodium-dependent uptake and the data plotted according to Line-
weaver and Burk. n=3. K_ =25 gM; V,,, =1587 pmol/mg per
min. y scale: 1/V, /pmol per mg per min)x1000. x scale:
(1/,:M) X 100. The inset shows the Dixon plot of the inhibition by
ABATC of the sodium-dependent taurocholate transport. The inhibi-
tory effect of 10, 30 and 50 pM of ABATC on the sodium-dependent
tauroctolate uptake (O, 5.8 £Mi a4, 9.7 pM; O, 194 xM) was
evaluated. Initial uptoke rates were calculated and plotted according
to Dixon. n=3. K; =20 uM.

P FFini

labeling of isolated liver plasma membranes
from adult and newborn rats

In isolated liver plasma membranes of adult rats
['*CJABATC (10 pM) preferentially binds to plasma
membrane proteins with masses of 67, 60, 54, 50 and 43
kDa (4% S.D.). In the experiment shown (Fig. 7) an
additional 56 kDa protein was labeled, whereas a 37
kDa protein which was usually labeled with chemically
reactive bile acid analogs (see Refs. 21-24) was not
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Fig. 5. Lineweaver-Burk plot of the sodmm-dependent uptake of
ABATC in the presence of taurocholate. The sodium-dependent up-
take of ABATC (3.6-73 pM) was analyzed in the presence of 20 xM
(0) and 50 uM (&) of taurocholate. V; values were The
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Fig. 6. Spectral changes of ABATC by treatment with a single

ultraviolet flash. Absorption spectra of ABATC before ( ) and

after (- ———— - ) one ultraviolet flash. The peak at 267 nm is reduced
to 30% of the control after flash photolysis.

Protection of photoaffinity labeling of isolated plasma
membrane: by an excess of taurocholate, benzami-

type of transport inhibition was determined according to Lineweaver
and Burk. n=3; K, =17.2; ¥, =625 pmol/mg per min. y scale:
1/¥;=(1/pmol per mg per min)x100. x scale: (1/pM)x100. The
inset shows the Dixon plot of the inhibition by taurocholate of the
transport of ABATC. The inhibition of the sodium-dependent uptake
of ABATC (7.3 M (0); 14.6 M (a); 29.3 uM (D) by 20, 50 and 100
#M of taurocholate was measured. The K; value was evaluated
according to Dixon. n = 3; K; =25 uM.

detected. In contrast, in newborn rat liver plasina mem-

branes, proteins with masses of 67, 60, 54, 43 and 37

kDa were identified. The 50 kDa protein was evident

only by shadowy label and was also lacking in the
. L -

P P

Photoaffinity labeling in sodium- and chloride-free buffer
The uptake of bile acids and the photo]ablle analog
ABATC by isolated I is
In sodium-free buffer, e.g., lithium-Tyrode, cholate,
taurocholate and ABATC, uptake was reduced. When
isolated liver parenchymal cells were labeled with
ABATC either in sodium- or lithium-Tyrode buffer, no
difference of photoaffinity labeling was observed (Fig.
8a). Nevertheless, ABATC was shown to be a competi~
tive inhibitor of taurocholate uptake in sodium-free
buffer. In contrast, by excluding sodium plus chloride
from the buffer (replacement by gluconate, see Meth-
ods) the labeling of h llular plasma
proteins was significantly reduced (Fig. 8b).

hol halloidin or by a cyclic in ana-

log (008)
Plasma membrane proteins (molecular masses 67, 60,
54, 50, 43 and 37 kDa) were protected against binding

W W W W o

Fig. 7. Photoaffinity labeling of isolated plasma membranes from
adult and newbomn rats. Plasma membranes were isolated from adult
and 9-day-old rats according to the method of Touster {31). 0.6 mg
protein per ml phosphate-buffered saline (pH 7.4) was incubated in
the dark for 3 min with 2 pM of [** CJABATC before flash photolysis.
Unbound label was removed by washing in Tris-HCI buffer in the
presence of proteinase inhibitors (for details, see Methods). Proteins
(100 pg) were separated on SDS polyacrylamide slab gels. Labeled
proteins were visualized by fluorography. Lanes a-c present labeled
proteins in three separate plasma membrane preparations from 9-day-
old rats. d represents labeled proteins in isolated plasma membranes
of adult rats. e represents standard proteins: 92 kDa phosphorylase;
69 kDa albumin; 46 kDa ovalbumin.
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Fig. 8. (2) Photoaffinity labeling of isolated hepatocytes in sodium or lithium-Tyrode buffer. Isolated hepatocytes (0.6-10° cells/ml sodium-Tyrode
(a) or lithium-Tyrode (b) buffer) were incubated for 5 min with 20 uM of [**CJABATC before flash photolysis. Unbound label was removed by
washing the ceils in Tris-HCI buffer in the presence of proteinase inhibitors (for details, see Methods). Proteins (100 pg) were separated on 10%
polyacrylamide slab gels. Visualization by fl (O] inity labeling of isolated in sodium and chloride-free buffer.
Isolated hepatocytes were photolabeled in sodium-Tyrode (panel A) or gluconate buffer (panel B) (for details, see Methods). A scan of a
fluorogram of an SDS slab gel is shown.

a b c d e f g h

Fig. 9. Protection of plasma membrane proteins against photoaffinity labeling with ABATC. Plasma (0.6 mg/ml buffered

saline) were preincubated for 3 min in the dark with 200 uM of taurocholate, cholate, BATC, 008 or phalloidin before the addition of 2 ¢M of

[*CJABATC. The label was photolyzed by a single ultraviolet fiash. After removal of unbound label, proteins were separated by SDS gel

electrophoresis. A fluorogram of an SDS slab gel is shown. Lanes represent: (a) marker proteins: (b) control; (c) proiection by ABATC; (d)

ion by idin; (c) ion by 6] ion by cholate: (g) ion by 008 and (h) inity labeling of AS 30 D
ascites hepatoma cells.




of ["*CJABATC by a 100-fold molar excess of the
above-mentioned substrates. 4 complete or differential
inhibition of binding could never be achieved. Phalloi-
din was less protective than taurocholate, a cyclic
somatostatin analog (008) or BATC (Fig. 9). Control
was 2460 + 150 dpm in the 50-54 kDa region; in the
presence of BATC: 1150 + 65 dpm; phalloidin: 1980 +
120 dpm; taurocholate: 950 + 50; cholate 1000 + 70
dpm; cyclic somatostatin analog: 940 + 30 dpm;
evaluated in sliced SDS rod gels.

Photoaffinity labeling of AS 30 D ascites hep cells
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that the low transport activity is more likely due to the
number of available transport proteins than to qualita-
tive differences in components of the system. A 37 kDa
protein labeled with ABATC in neonatal hepatocytes
appears to be lacking in plasma membranes of aduit
rats. At prescnt, the interpretation of this result is
difficult, since, using chemical reactive bile acid analogs
(see Refs. 21-22), a 37 kDa protein could always be
labeled in aduli rat hepatocytes.

The binding of ABATC to the above proteins is
specific as shiown by protection studies. i.e., Iabeling in

As already shown in earlier studies [22,26] with cer-
tain other affinity markers, transtormed hepatocytes are
not specifically labeled by ['*CJABATC (Fig. 9, lane h).

Discussion

The new photoaffinity label ABATC introduced in
this paper was taken up by liver uells of adult rats by
dium-di d and -indi as
has been already shown for cholate and taurocholate
[4-5). In neonatal hepatocytes, the V., value for the
port of the pl itive analog was similar to
that of taurocholate, but was lower than in mature liver
cells as was also reported for taurocholate {18]. Bnle
acids (cholate and holate) and the h

of other of the p . Even
phallmdm (in a "00-fold molar excess) prolecls protems
against binding of ABATC. In contrast, phalloidin did
not inhibit binding of DIDS (11}, ohgobromotaurode—
hydrocholate (22] or isothi < dochol
[23). The identity of the binding sites for bile acids and
phalloidin was demonstrated by Wieland et al. [35}.

In many earlier studies, the uptake of bile acids and
of foreign substrates by liver cells was found to be
sodium-dependent [1-3]. One might expect that binding
of photolabels derived from bile acids should also de-
pend on the presence of sodium. Under our experimen-
tal conditions, no influence of sodium on the degree of
labeling was seen. However, absence of both sodium
and chloride reduced labeling with ABATC markedly.

taurocholate analog exert mutual competitive inhibiti

This indi that binding of sodium to bile-acid-trans-

of the hepatocellular transport, in either the presence
and absence of sodium. By flash photolysis of the azido
group of ABATC, bile acid transport became irreversi-
ble. These studies show the suitability of ABATC to
identify proteins of the bile acid transport system in the
hepatocytes of adults as well as of newborn rats.

All substrates of the multispecific transporter so far
tested are taken up less rapidly by neonatal hepalocy!es
than by mature liver cells [18-20,29]. The q was

porting p is not a prerequisite for binding of the
substrate. On the other hand, it can not be excluded
that in whole cells certain electrochemical conditions
favor the entry of substrates into a transport channel.
The uptake of various b of the ispecifi
ter by d ds on the b
potential [17] and chloride participates notably in this
process.

whether this property of basolateral membranes is due
o a lower number of transport (or binding) proteins in
neonatal cells, or to differences in the K, or to an
immature energy supply of the transport system. The
data shown above suggest that the 50 kDa protein
always seen in bile salt transporting basolateral mem-
branes [11,21-26] was labeled to a lesser extent with
ABATC in neonatal hepatocytes. This means one of the
hepatocellular membrane proteins which is undoubtably
involved in bile salt transport is not fully expressed in
liver cells of 9-day-old rats. AS 30 D ascites hepatoma
cells, known to be completely deficient in uptake of bile
acids, iodip de and ostatins {13,19], did
not bind photolysed ABATC. Photolabeting with

ABATC is therefore indicative of p of the
muluspemﬁc transporter. We conclude that the 50 kDa
d during the p 1 period

(1-20 @). The K., of the transport system is not differ-
ent in neonatal and mature hepatocytes. This indicates

The authors thank Dr. B. Boschek for critically read-
ing the manuscript and P. Kronich and K. Stumpf for
skilful technical assistance.
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