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These studics demonstrate that bilivubin-ditiurate (un anwleg of bilicubin-diglucuronide), lithechalie weid d-O-sulline, and lithoehealic acid 3.0+

glucuronide, which ure believed to be transported fram liver inte bile thraugh sn uclive trunsport protess stimulate ATP hydrolysis by purified

dinitrophenylplutathivne AT Puse of humun erythroeytes. The K and Py, vilues of the enzyme For these substrates are similar ta these for dinitros

phenyiglurathione indieating the transport mechunisms far bilirubin conjugates, and anlonie bile acid-conjugatex from hepatocytes to bile and runs-
port of G8H-conjugutes fram erythrocytes may be mediated by similar mechanisms,

Glutithione-conjugites: Dinitraphenylglutathione ATPuse; Bilirubin-conjugates: Bile ueid-conjugates; Human liver: Human erythroeytes

1. INTRODUCTION

Glutathione (GSH)-conjugates of electrophilic com-
pounds are transported from human erythrocytes
through an ATP-dependent primary active transport
process [1-5] which is'mediated by an ATPase distinct
from the known ion pump ATPases [6-8]. This ATPase
stimulates ATP hydrolysis in the presence of dinitro-
phenylglutathione (Dnp-SG) and other GSH-conjugates
and has been designated as Dnp-SG ATPase [6-8]. We
have previously purified Dnp-SG ATPase from human
erythrocytes and demonstrated that it is also expressed
in some of the other human tissues including liver [7].
In rat liver, the transport of GSH-conjugates, as well as
the transport of the conjugates of bilirubin and certain
bile acid derivatives, along with other organic anions is
also an energy dependent process utilizing ATP [9-15].
The interrelationship(s) among the transport mecha-
nisms for the conjugates of GSH, bilirubin, bile acids,
and other organic anions from liver is not completely
understood, The results presented in this communica-
tion for the first time demonstrate that bilirubin di-
taurate, an analog of bilirubin diglucuronide, and di-
anionic bile acid-conjugates as well as other organic
anijons, stimulate ATP hydrolysis by human erythrocyte
Dnp-SG ATPase. The kinetics of this reaction have been
studied using purified erythrocyte Dup-SG ATPase, and
relative substrate specificities of the enzyme towards a
number of organic anions have been determined.
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2. MATERIALS AND METHODS

Unless otherwise specified, sources of all the ehemicals in the pres-
ent study were the same as those used in our previous studies [7].
{3-"PJATP was procured from DuPont-NEN (Bosion, MAY, Dnp-SG
was synthesized enzymatically according 1o our previous method [3].
After establishing its purity by TLC and HPLC, Dnp-SG was linked
1o CNBr-activated Sepharose 4B by the method of Porath ot al. {16).
Bilirubin, hematin, gestradiol 17-(5AD-glucuronide) sodium salt,
17 g-estradiol-3-(4-D-glucuronide) sodium salt and lithocholie acid
3-o.sulfate disodium salt were purchased from Sigma Chemical Co.,,
St. Louis, MO. Bilirubin ditaurate was purchased from Porphyrin
Praducts Ine., Logan, Utah, Lithocholic acid 3-0-glucuronide, di-
sodium salt, was synthesized as described previously [17).

2.1, Preparation of vesicles from human erythrocytes

Human blood was abtained from the blood bank of the University
of Texas Medical Branch at Galveston, TX. All studies were pet-
formed using blood less than one week old collected from normal
healthy subjects, Erythrocyte ghosts were prepared by a modification
of the procedure of Dodge et al. {18) as described by us recently {5].
Membrane vesicles from the ghosts were prepared with a slight modi-
fication of the method of Kasahara and Hinkle [19] as reported earlier
[5). Since Lubrol PX was present, protein content was deterinined
utilizing the dye binding assay described by Minamide and Bamburg
{20}, ATPasc activity with all substrates was: determined by the
method of Knowles and Leng [21] with modifications described by us
previously {5]. Enzyme activity unit was expressed as one nmol of
ATP hydrolyzed per minute at 37°C.

2.2, Purification of Dnp-SG ATPase from erythrocyte vesicles
Dnp-8G ATPase was purified by the method described earlier [7)
using Dnp-SG linked CNBr-activated Sepharose 4B affinity chroma-
tography. In brief, erythrocyte membrane vesicles were suspended in
0.5% Lubro! PX in 10 mM Tris-HCI, pH 7.4, containing 2,0 mM
EDTA and 2.8 mM g-mercaptoethanol, The mixture was incubated
for 20 min at 4°C with occasional shaking and centrifuged at
48000 x g for 2 h. The supernatant was subjected to affinity chroma-
tography over a column (1 cm X 10 em) of Dnp-SG coupled to CNBr-
activated Sepharose 4B described previously [7). The enzyme was
eluted from the column with 10 mM Tris-HCl, pH 7.4, containing
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2.8 mM dmercaplodtianol, 0.25% Lubrol, 3 m& MgCl, 2 mM
ATP, and 0.2 mM DupS¢ and dialyzed extenvively againg 10 mM,
TriwHCL pH 7.4, containing 1.8 mMaA-mercaprovthsanland 0.1 mM
ATP. ATPase activity was monitered during the purification using
Pup=-8G ax well ax bilirubin ditaurate by the method decribed by uy
previously [3). 8D polyacrylamide gel clectrophoresds wis performed
using the bufter syviem deveribed by Laeramli (23], The stacking und
revolving gely contuined 7,19 and 12,9% acrylamide, rospectively,

3. RESULTS AND DISCUSSION

Results of the present studies for the first time dem-
onstrate that bilirubin ditaurate and 2 conjugates of bile
acids which are thought to be transported from liver into
bilethrough an ATP-dependent transport system [9-18)
stimulate ATP hydrolysis by Dnp-SG ATPase of eryth-
rocytes. Bilirubin ditaurate, lithocholie acid 3-o-sulfate,
and lithocholie acid- 3-o-glucuronide stimulated ATP
hydrolysis in the presence of ouabain and EGTA, by
erythrocyte membrane vesicles prepared by the method
of Kasahara and Hinkle [19] in a similar manner as re-
ported by us previously for Dnp-SG and other GSH-
conjugates (5,6]. Erythrocyte membrane vesicles pre-
pared from different human subjects caused a 30-50%
stimulation of ATP hydrolysis over the non-specific
baseline hydrolysis of ATP in the prescnce of ouabain
and EGTA when bilirubin ditaurate, lithocholic acid
3-o-sulfate or lithocholic acid 3-o0-glucuronide were in-
cluded in the reaction mixture. Thus, the effect of these
compounds is similar to that of Dnp-SG, which caused
a 20-50% stimulation of ATP hydrolysis over the non-
specific ATP hydrolysis by membrane vesicles (S,86].
The stimulation of ATPase hydrolysis by these sub-
strates was linear in relation to protein concentration
(Fig. 1) and with time of incubation up to 60 min (data
not presented). Heat treated vesicles showed complete

1.61

ATPase activity (nmol/min/mi)
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Fig. 1. Dependence of Dnp-SG ATPase activity on protein measured
in the presence of different substrates, The enzymatic hydrolysis of
[*2PIATP to form **P; was catalyzed by increasing aliquots of eryth-
rocyte vesicles during @60 min incubation, (%) without any substrates;
(¢) with lihocholic acid 3-o-sulfate; (Q) Dnp-SG; (A) lithocholic
acid 3-o0-glucuronide; (O) bilirubin ditaurate, The difference between
ATP hydrolysis measured in the presence and absence of various sub-
strates is shown by corresponding closed symbols in the same order.
Details are given in the text,
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Fig. 2. Double reciprecal plots of the human eryihrocyte vesicle

ATPaye activity abtained with inereasing concentrations of bilirubin

ditaurate at a fixed concentration of ATP (1.6 mM), Jaser: double

recipracl plots of purified human erythracyte Dop-SG ATPase with
bilirubin ditavrace,

loss of stimulation of ATP hydrolysis with all these
substrates. When the K, of the enzyme in the vesicles
was determined for bilirubin ditaurate at a fixed con-
centration of ATP (1.6 mM), the double reciprocal
plots (Fig. 2) indicated biphasic Kinetics with two K,
and Vuax values. A single Ky value of 1.33 mM was
however found for ATP. Both K, values for bilirubin
ditaurate were in the micromolar (25 4M and 117 uM)
range as described by us previously for Dnp-SG {5]. The
crude enzyme in the vesicles also showed biphasic ki-
netics with the two lithocholic acid conjugates used in
this study with two K, values comparable to those of
bilirubin ditaurate (data not presented).

Dnp-SG ATPase was purified from erythrocyte mem-
branes by affinity chromatography on Dnp-SG linked
to CNBr-activated Sepharose 4B as described by us
recently [7]. Consistent with previous findings {7}, an
apparently homogenous protein showing a single band
in denaturing gels corresponding to a subunit M, value
of 38000 was obtained (data not presented). Specific
activities of the enzyme using bilirubin ditaurate, Dnp-
SG and other compounds as substrates are presented in
Table I. The Ky, and Viax values of the purified enzyme
for different substrates are also presented in TableI. In
contrast to the biphasic kinetics of the crude enzyme in
vesicles, the purified enzyme showed monophasic ki-
netics for bilirubin ditaurate (Fig. 2 inset) and with Dnp-
SG (graph not presented) with K, values for bilirubin
ditaurate and Dnp-SG to be 32 «M and 59 xM, respec-
tively. As shown in Table I, Ky values of the purified
enzyme corresponded to the K values of the higher af-
finity ATPase component present in the vesicles. This
may indicate that at least 2 ATPases having varying af-
finity for bilirubin-conjugates are present in the erythro-
cytes, and that Dnp-SG affinity chromatography yields
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only one of these enzymes, It is likely that the ATPase
described by Kando et al. [23,24] which has two sub-
units with M, values of 85000 and 62 000 may also utilize
bilirubin and bile acid-conjugates as substrates. The
purified enzyme did not stimulate ATP hydrolysis in
the presence of taurocholic acid and taurolithotholic
acid. Hematin also did not stimulate ATP hydrolysis by
the enzyme.. Inability of the enzyme to utilize mono-
anionic bileacids as substratesis consistent with separate
mechanisms for the transport of mono-anionic bile acids
on the one hand, and glucuronides of bilirubin and bile
acid 3-o-glucuronides and sulfates on the other, and is
compatible with observations made in vivo [25,26]. In
agreement with our previous finding, GSSG did not
stimulate ATP hydrolysis by the purified enzyme.

Results of the present study suggest a direct relation-
ship at the molecular level between the mechanisms for
the transport of bilirubin-conjugates and other anions
~ by liver canalicular membranes and the transport of
GSH-conjugates from erythrocytes. Ultilization of
anionic conjugates of bilirubin and bile acids as sub-
strates by humnan erythrocyte Dnp-SG ATPase strongly
suggest that at least the ATP hydrolyzing component of
the transport systems for GSH-conjugates and bilirubin-
conjugates, and bile acid-conjugates in humans is simi-
lar. Since a protein with a similar subunit M; value and
immunological properties as the erythrocyte Dnp-SG
ATPase is expressed in liver [7], it is more than likely
that Dnp-SG ATPase may be involved in the transport
of conjugates of bilirubin and bile acids from the hepato-
cyte into bile. Purification and characterization of the
~transporter(s) from human liver is needed to establish
the exact relationship(s) among these transporters and
erythrocyte Dnp-SG ATPase.

Acknowledgements: Supported in part by USPHS Grant. 32304
awarded by the National Institute for General Medicine, and grant
HD-14198.

REFERENCES

[1] Board, P.G. (1981) FEBS Lett, 124, 163-165.

[2] Awasthi, Y.C,, Misra, G., Rassin, D.K, and Srivastava, S.K.
(1923) Br. J. Haematol, 55, 419-425,

[31 Awasthi, Y.C., Garg, H.S., Dao, D.D., Partridge, C.A. and
Srivastava, S.K. (198]) Blood 58, 733-738,

{4) Lallelle, E.F., Singh, 8.V, Srivistuva, $.K. and Awasthi, Y.C.
(1946) Blochem. J. 218, 441449,

18) LuBelle, E.F., Singh, 8.V, Almad, H., Wronski. L.,
Srivastuva, 8.K. und Awashi, Y.C. (1988) FEBS Leu. 228,
53-56.

6] Sharma, R., Gopa, S, Ahmad, H.. Ansarl, GA.S. and
Awasthi, Yi&, (L990) Texicel. Appl. Pharmacol, 104, 421-428,

{7} Sharma, R., Gupa, .. Singh, S.V., Medh, R, D., Ahmad, H.,
Lalehle, B.F, and Awasthi, Y.C. (1990) Biachem. Biophys. Res.
Commun, 17}, {85-161.

[8) Awasthi, Y.C.. Singh, S.V., Ahmad, H., Wromski, L.W,,
Srivastava, $.K. and LaBelle, E.F. (1989) Mol. Cell. Biochem.
91, 131-136.

9] Jansen, P.L.M.. Peters, W.H. and Lamers, WK, (198%)
Hepatelogy 5, 573-579,

[10)] Oude Eiferink, R.P.}., Ouenhoff, R., Liefting, W.G.M.,,
Schoemaker, B., Groen, A.K, and Jansen, P,1.M. (1990) Am.
1. Physiol. 258, G699-G706,

[11] Qude Elferink, R.P.J., Ouenhoff, R., Liefuing, W,, Haan, 1.D,
and Jansen, P.L.M. (1989) 1. Clin. Ynvest. 84, 476~483,

[12) Kitamura, T., Jansen, P., Hardenbrook, €., Kamimoto, Y.,
Gatmaitan, 2. and Arias, [ M. (1990) Proc. Natl, Acad. Sci.
USA 87, 3557-3561,

(13} Kunst, M., Sies, H. and Akerboom, T.P.M. (1989) Biochin.
Biophys. Acta 983, 123-125,

[14] Kobayashi, K., Sogame, Y., Hara, H. and Hayashi, K, (1990) J.
Biol, Chem, 265, 7737-7741.

{18] Nicotera, P., Moore, ‘M., Bellomo, G., Mirabelli, F. and
Orrenius, S, (1985) J. Biol, Chem, 260, 1999-2002,

{16) Porath, J., Axen, R. and Ernback, S. (1967) Nature 215,
1491-1492,

{17] Radominska-Pyrek, A., Zimniak, P., Chari, M., Golunski, E.,
Lester, R, and Pyrek, 1.S. (1986) J. Lipid Res. 27, 89-101.

[18] Dodge, J.T., Mitchell, C., and Hapahan, D.J, (1963) Arch: Bio-
chem, onphys 100, 119-130,

[19] Kasahara, M. and Hinkle, P.C. (1976) Proc. Natl, Acad. Sci.
USA 73, 396-400.

[20) Minamide, L.S. and Bamburg, J.R. (1990) Anal. Biochem. 190,
66-70.

[21] Knowles, AF, and Leng, L. (1984) J. Biol. Chem. 259,
10919-10924.

[22) Laemmli, U.K. (1970) Nature 227, 680-685.

{23] Kondo, T., Kawakami, Y., Taniguchi, N, and Beutler, E. (1987)
Proc. Natl. Acad. Sci, USA 84, 7373-7377.

[24] Kondo, T., Miyamoto, K., Gasa, S., Taniguchi, N. and
Kawakami, Y. (1989) Biochem. Biophys. Res. Commun, 162,
1-8,

[25] Kuipers, F., Radominska, A., Zimniak, P., Little, J.M,,
Havinga, R., Vonk, R.J. and Lester, R. (1989) J. Lipid Res. 30,
1835-1845,

[26]} Kuipers, F., Enserink, M., Havmga. R. van der Steen, A.B.,
Hardonk, M) Fevery, }, and Vonk, R.J. (1988) 1. Clin. ln-
vest. 81, 1593—1599.

257



