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Abstract

The process of hepatobiliary copper (Cu) secretion is still
poorly understood: Cu secretion as a complex with glutathi-
one and transport via a lysosomal pathway have been pro-
posed. The recent cloning and sequencing of the gene for
Wilson disease indicates that Cu transport in liver cells may
be mediated by a Cu transporting P-type ATPase. Biochemi-
cal evidence for ATP-dependent Cu transport in mamma-
lian systems, however, has not been reported so far. We
have investigated Cu transport in rat liver plasma mem-
brane vesicles enriched in canalicular or basolateral mem-
branes in the presence and absence of ATP (4 mM) and
an ATP-regenerating system. The presence of ATP clearly
stimulated uptake of radiolabeled Cu (*Cu, 10 uM) into
canalicular plasma membrane vesicles and, to a lesser ex-
tent, also into basolateral plasma membrane vesicles. ATP-
dependent Cu transport was dose-dependently inhibited by
the P-type ATPase inhibitor vanadate, and showed satura-
tion kinetics with an estimated K,, of 8.6 uM and a V ,, of
6.9 nmol/min/mg protein. ATP-stimulated Cu uptake was
similar in canalicular membrane vesicles of normal Wistar
rats and those of mutant GY rats, expressing a congenital
defect in the activity of the ATP-dependent canalicular glu-
tathione-conjugate transporter (cMOAT). These studies
demonstrate the presence of an ATP-dependent Cu trans-
porting system in isolated plasma membrane fractions of
rat liver distinct from cMOAT. (J. Clin. Invest. 1995.
95:412-416.) Key words: copper ¢ bile secretion « P-type
ATPase ¢ vesicle transport + Wilson disease
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Introduction

The mechanism(s) involved in hepatobiliary transport of copper
(Cu),' essential for the maintenance of Cu homeostasis, are
still unclear. It has been postulated that Cu is secreted into bile
as a complex with glutathione (GSH) (1, 2). Alternatively,
data from clinical (for review see reference 3) as well as experi-
mental (4) studies have been interpreted to suggest that biliary
secretion of Cu occurs by lysosomal exocytosis. We have re-
cently provided evidence that Cu can be transported into bile
by at least two different pathways in rats. First, a GSH-depen-
dent route appears to be active in the removal of Cu after i.v.
injection of the metal (5, 6). Second, a physiologically more
important pathway independent of GSH is responsible for re-
moval of ‘‘endogenous’’ or dietary copper (5). For this latter
pathway a maximal secretion rate of 30—35 nmol/h per 100 g
body weight was found under different experimental conditions
with widely varying hepatic Cu concentrations (7). We have
interpreted these results as indicative for the existence of a
saturable Cu-transporting system in rat liver (7). The recent
identification of the gene responsible for Wilson disease, an
autosomal recessive disorder of hepatobiliary Cu transport (8),
encoding for a P-type ATPase appears to be in line with this
option (9-11). However, so far no functional evidence for
ATP-dependent Cu transport has been provided and the bio-
chemical properties of this putative Cu-transporting system re-
main to be established.

In the present study, plasma membrane vesicles from rat
liver were shown to take up Cu in an ATP-dependent manner
by a transport system sensitive to vanadate, a well-established
inhibitor of P-type ATPases (12). The ATP-dependent Cu-
transporting system is distinct from the glutathione-conjugate
transport system (cMOAT), which is defective in mutant Gron-
ingen Yellow (GY) rats (13). The hepatic expression of the
Wilson disease gene encoding for a P-type ATPase (9), together
with the presently demonstrated ATP-dependent Cu transport
in rat plasma membrane preparations, strongly suggest the pres-
ence of a Cu-ATPase in the liver involved in (hepatobiliary)
transport of Cu.

Methods

Materials. Radiolabeled copper (**Cu) was prepared by neutron bom-
bardment in the reactor of the Interfaculty Reactor Institute of the Delft
University of Technology (The Netherlands). The specific activity at
the start of the experiments was about 4 MBq/mmol Cu. Adenosine
triphosphate (ATP) and adenosine 5'-monophosphate (AMP), reduced



glutathione (GSH), and sodium orthovanadate were purchased from
Sigma Chemical Co. (St Louis, MO). Creatine phosphate and creatine
kinase were obtained from Boehringer Mannheim (Mannheim, Ger-
many). All reagents and solvents used were of analytical grade.

Animals and membrane preparations. Liver plasma membranes en-
riched in canalicular or basolateral fractions were prepared from normal
male Wistar rats and mutant GY Wistar rats (200-250 g). Characteris-
tics of GY rats are described in detail elsewhere (13). Animals were
maintained on standard lab chow (RMH-B; Hope Farms N.V. Woerden,
The Netherlands) and had free access to food and water. Fed animals
were killed by decapitation between 9 and 10 a.m. and livers were
harvested. Liver membrane fractions enriched in canalicular and basolat-
eral domains, respectively, were prepared and characterized as described
by Wolters et al. (14). The degree of contamination of canalicular and
basolateral membrane fractions vice versa and their contamination with
intracellular organelles was routinely estimated by the measurement of
marker enzyme activities. Enrichments (ratio of specific activities in
membranes to specific activities in the homogenate) of the intracellular
marker enzymes glucose-6-phosphatase (endoplasmatic reticulum), suc-
cinate cytochrome-c reductase (mitochondria) and acid phosphatase (ly-
sosomes) were 0.49, 0.05, and 3.7 in canalicular plasma membrane
(cLPM) preparations and 0.24, 1.52, and 0.9 in basolateral plasma
membrane (bILPM) preparations, respectively.

Analytical procedure. Marker enzymes for intracellular organelles,
cLPM and bILPM were measured as described in reference 15 and
references therein. Protein concentration was determined by the method
of Lowry et al. (16) in the presence of 0.5% (wt/vol) sodium dodecyl-
sulfate. Bovine serum albumine was used as a standard.

Transport assays. Transport of *Cu into the vesicles was measured
using a rapid filtration technique. Experiments were performed at 37°C
in a final volume of 1,000 1. Unless specified otherwise, the incubation
medium contained 10 mM Tris/HC], pH 7.4, 10 mM MgCl,, 0.25 M
sucrose, 4 mM ATP, an ATP regenerating system (10 mM creatine
phosphate and 100 ug/ml creatine kinase) and 5 mM GSH. GSH was
added to the incubation medium to prevent binding of Cu to membrane-
bound glutathione S-transferases and other aspecific binding sites (17).
Oxidation of GSH was prevented by extensive gassing of the solutions
with nitrogen. Vials containing 1,000 ul incubation medium under an-
aerobic conditions were stored at —20°C and thawed immediately before
the experiments. Radiolabeled Cu in the form of Cu-acetate was added
to the incubation medium at a final concentration of 10 uM. A preincu-
bation time of 10 min was used to allow the formation of a Cu—GSH
complex. The uptake experiments were started by adding the membrane
vesicles (final concentration 100 ug protein) to the incubation medium.
At appropriate times, aliquots of 100 ul were taken and added to 2 ml
ice-cold buffer containing 10 mM Tris/HCl, pH 7.4, 10 mM MgCl,,
0.25 M sucrose, and 10 mM EDTA. Subsequently, vesicles were filtered
through 0.45-um nitrocellulose filters (Sartorius AG, Goettingen, Ger-
many) presoaked with 2 ml 500 uM CuCl, in saline and washed with
2 ml ice-cold buffer. Vesicle-associated radioactivity retained on the
filters was measured in a Packard 5000 -y-counter. In control experiments
ATP was replaced by AMP. All experiments were performed in tripli-
cate. Sodium orthovanadate, an inhibitor of P-type ATPases, was added
to the assay in concentrations of 50, 100 and 200 uM. For estimates of
K, and V,,,, vesicles were incubated in triplicate with increasing
amounts of *Cu (2 to 100 uM). K,, and V,,, values were calculated
by standard methods. In control experiments, ATP-dependent transport
of [*H]taurocholate in cLPM and bILPM was determined as described
elsewhere (18).

Results and Discussion

The recent cloning and sequencing of the genes for Menkes
disease (19-21) as well as for Wilson disease (9—11) and the
reported expression of these genes in affected organs, i.e., the
liver for the Wilson disease gene, have provided an important
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Figure 1. Cu uptake into rat liver cLPM vesicles prepared from normal
Wistar rats (A; circles) and from mutant GY rats (B; triangles). Mem-
brane vesicles (100 ug of protein) were incubated at 37°C in medium
containing 10 uM *Cu in the presence of an ATP-regenerating system
(creatine phosphate and creatine kinase) and 4 mM ATP (closed sym-
bols) or 4 mM AMP (open symbols). Uptake of *Cu was determined
at indicated time points by rapid filtration technique, as detailed in
Method. Results of experiments with three different preparations are
shown as mean+SD.

step forward in our understanding of the etiology of these inher-
ited disorders of Cu transport. Menkes disease is a X-linked
recessive disorder of Cu metabolism in which intestinal Cu
absorption is disturbed (8). Wilson disease is an autosomal
recessive disorder characterized by an inability to secrete Cu
into bile, resulting in hepatic accumulation of Cu and eventually
to progressive liver damage (8). Both genes apparently encode
for a cation-transporting P-type ATPase and are highly homolo-
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Figure 2. Effect of different concentrations (50, 100, 200 uM ) of sodium
orthovanadate on *Cu uptake. Transport assays were performed with
cLPM vesicles of normal Wistar rats in the presence of AMP and ATP.
Presented data represent ATP-dependent Cu uptake, corrected for aspec-
ific binding as measured in the presence of AMP. (0) No inhibitor;
(A) 50 uM; (@) 100 uM; (o) 200 uM.

gous (9, 11). In addition, the reported sequences show close
homology to those of a variety of bacterial P-type ATPases
implicated in heavy metal efflux (22). In contrast to the Menkes
disease gene, which shows expression in all body cells except
the liver, the Wilson disease gene is predominantly expressed in
liver, kidney and placenta. Until now, however, no biochemical
evidence for ATP-dependent Cu transport in mammalian sys-
tems has been reported.

In this study we provide biochemical evidence for the pres-
ence of an ATP-dependent transport system for Cu in isolated
rat liver plasma membranes. In the presence of ATP (4 mM)
and an ATP regenerating system, a clear ATP-dependent uptake
of radiolabeled Cu (10 M) was measured in cLPM of normal
Wistar rats (Fig. 1 A). Initial Cu uptake rate in cLPM was 3—
4 times higher than in control incubations containing AMP,
indicating that an active ATP-dependent transport system is
operating in these membrane preparations. This is in line with
the interpretation of recent results from our laboratory, as sug-
gesting the presence of a saturable transport system involved
in hepatobiliary secretion of Cu in rats (7). To verify that ATP-
dependent Cu uptake rather than binding was measured, studies
were performed after 5 min incubation of the vesicles, with
increasing concentrations of sucrose (0.25—1 M), which results
in a decrease in the intravesicular volume. The amount of Cu
taken up by vesicles decreased with increasing osmolarity of
the extravesicular medium, indicating that Cu is transported
into an osmotically active vesicular space. Extrapolation to an
infinetely high medium osmolarity, i.e., a negligible intravesicu-
lar volume, revealed that ~ 30% of the Cu associated with the
vesicles could be attributed to membrane binding. The presence
of EDTA in the stop buffer did not affect this aspecific binding.
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Figure 3. Kinetics of Cu transport in cLPM, showing the effect of Cu
concentration on ATP-dependent Cu transport in cLPM of normal
Wistar rats. Initial rapid uptake was determined at different Cu concen-
trations in the presence of 4 mM ATP or 4 mM AMP. Presented data
represent ATP-dependent Cu uptake corrected for binding in the pres-
ence of AMP. Values are mean*SD of experiments performed in tripli-
cate.

Vanadate, an inhibitor of P-type ATPases (12), inhibited Cu
transport in a concentration-dependent fashion, as shown in Fig.
2, indicating involvement of a P-type ATPase in this transport
process. This is in accordance with the genetically obtained
evidence for Menkes and Wilson disease (9-11, 19-21). This
vanadate effect suggests that -y-phosphate transfer from ATP to
the carrier is involved in the process of Cu transport.
ATP-dependent Cu uptake showed saturation kinetics with
an apparent K,, value of 8.6 uM and a V,, of 6.9 nmol/min
per mg protein (Fig. 3). For comparison: the total liver Cu
concentration under standard dietary conditions is about 40 uM,
but the majority of hepatic Cu is bound to proteins (see below).
Reported K, values obtained from in vitro Cu uptake studies
in brain hypothalamic slices (23) and in hepatocytes (24) as
well as from efflux studies in hepatocytes (25) are in the same
order of magnitude, i.e., 6, 11, and 5.5 uM, respectively.
Probably because of its toxic character, most of the intracel-
lular Cu is complexed, i.e., bound to metallothionein, GSH,
amino acids, or proteins. In our uptake studies, we have used
an excess of GSH (5 mM) in the incubation medium for the
following reasons: (a) to abolish the toxic action of Cu; (b)
to saturate glutathione S-transferases located at the canalicular
membrane, thereby preventing binding of Cu to this enzyme;
and (c) because the physiological concentration of GSH in rat
liver is ~ 4—6 mM. Alexander et al. (2) and Ballatori et al.
(1) have claimed that canalicular GSH-transporting system(s)
may be involved in biliary secretion of several metals, including
copper. In this view, transport of the metal is coupled to that
of GSH. At the canalicular pole of liver cells transport systems



Table 1. Initial ATP-dependent Uptake Rate of Copper
and Taurocholate

cLPM bLPM cLPM/bLPM
Copper 52 4.1 13
Taurocholate 18.2 7.1 2.6

Initial rates of ATP-dependent Cu transport (nmol/min per mg protein)
and taurocholate transport (pmol/min per mg protein) in canalicular
(cLPM) and basolateral liver plasma membranes (bILPM) of rat liver
and the ratios between cLPM and bLPM transport. Cu transport (10
uM) was measured as described in Methods, ATP-dependent taurocho-
late transport (1 uM) as described by Wolters et al. (28).

are present for efflux of GSH, which appears to be ATP indepen-
dent (26) and of GSH conjugates (cMOAT) (for review see 27
and 28). cMOAT is an established ATP-dependent transporter.
However, from our earlier in vivo experiments (5) as well as
from the present study, it appears that neither the GSH- nor the
ATP-dependent GSH-conjugate transporting systems are in-
volved in the process of biliary Cu secretion. A clear ATP-
dependency of Cu transport was observed in the present studies,
indicating that the ATP-independent GSH transporter is not
involved in hepatobiliary Cu transfer. In addition, cLPM vesi-
cles prepared from mutant GY rats, deficient in the hepatobiliary
secretion of GSH-conjugates (cMOAT), showed ATP-stimu-
lated Cu transport similar to control vesicles (Fig. 1, A and B).
Therefore, it is unlikely that cMOAT is involved in this process.

In both canalicular and basolateral membrane preparations
ATP-dependent Cu transport activity was found. The initial Cu
transport rate was ~ 20% lower in bILPM than in cLPM (5.2
vs. 4.1 nmol/min per mg protein). This uptake in bILPM prepa-
rations can theoretically be due to contamination of the bILPM
preparations with cLPM or Cu-ATPase containing subcellular
organelles or to the existence of two different ATPases, located
on either side of the liver cell. The activity of leucine aminopep-
tidase (LAP), a commonly used marker enzyme for the canalic-
ular membrane domain of the rat hepatocyte (14), was 41.2
pmol/h per mg protein in cLPM compared with 3.9 umol/h
per mg protein for bILPM, indicating that our bILPM prepara-
tions were contaminated for at least 10% with canalicular mem-
branes. On the other hand, the ratio between the initial uptake
rate in cLPM and bILPM of ATP-dependent Cu transport was
lower than the value for ATP-dependent taurocholate transport,
as shown in Table I. Thus, contamination with cLPM is not
likely to be the (only) cause of the observed Cu uptake in
bILPM preparations. Another possible explanation for the ap-
pearance of transport activity in both preparations used is that
liver plasma membrane preparations are always contaminated to
some extent with subcellular organelles (14): the Cu-transport
protein may also reside in a subcellular compartment, involved
in hepatic disposition of Cu. Concerning the molecular mecha-
nism of hepatobiliary Cu transport a role of lysosomes has been
suggested by several authors (see reference 3 and references
therein; 4). Therefore, the localisation of Cu-ATPase activity
in subcellular organelle preparations is currently being investi-
gated in our laboratory, as are matters concerning regulation
and specificity of the transport system(s). The demonstration
of Cu-ATPase activity in human liver and its absence in Wilson

disease liver is required for unequivocal proof for the role of
Cu-ATPase in the etiology of Wilson disease. Techniques are
operational in our laboratory for the isolation of cLPM and
bILPM from human livers (14, 29). So far, we have provided
strong indications that a saturable ATP-dependent Cu transport
system is present in isolated rat liver membranes.
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