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m Abstract The transport and cellular metabolism of Cu depends on a series
of membrane proteins and smaller soluble peptides that comprise a functionally
integrated system for maintaining cellular Cu homeostasis. Inward transport across the
plasma membrane appears to be a function of integral membrane proteins that form
the channels that select Cu ions for passage. Two membrane-bound Cu-transporting
ATPase enzymes, ATP7A and ATP7B, the products of the Menkes and Wilson
disease genes, respectively, catalyze an ATP-dependent transfer of Cu to intracel-
lular compartments or expel Cu from the cell. ATP7A and ATP7B work in concert
with a series of smaller peptides, the copper chaperones, that exchange Cu at the
ATPase sites or incorporate the Cu directly into the structure of Cu-dependent enzymes
such as cytochromeoxidase and Cu, Zn superoxide dismutase. These mechanisms
come into play in response to a high influx of Cu or during the course of normal
Cu metabolism.
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INTRODUCTION

Recognizing Cu as an essential nutrient obligates one to know the details of its
cellular metabolism. Cellular transport and metabolism implies moving Cu within
and between compartments of a cell to a defined target. One may ask whether our
knowledge of this phase of Cu nutrition has advanced to a point that we can give
detailed information about the reactions and components in the transport scheme.
The answer to that question is found in this review and previous ones on the subject
(146). Today, the guiding principle is that Cu ions move between organelles and
across membranes mainly in association with small target-seeking proteins work-
ing in conjunction with ATP-driven mechanisms. Moreover, cellular Cu transport
components are well conserved over eons of evolution. Thus, there are no sharp
boundaries distinguishing Cu transport in higher animals from that in bacteria,
fungi, and plants. Indeed, the transport systems in yeast have tended to guide re-
search in this area and have contributed mightily to conceptual understandings of
Cu transport in humans (40).

HISTORICAL

Early research into Cu transport used whole animals and focused mainly on factors
that influenced intestinal absorption. Little attention was paid to movement inside
a cell. Amino acids (52,128, 130), ATP (4), and soluble proteins are capable of
either assisting or deterring the movement of Cu into cells (147). Cu ions that
enter hepatocytes quickly become nonextractable (9); only about 40% is subject
to rapid efflux (30, 103). The largest portion is secluded to cellular compartments
or binding proteins. Apparent differences in kinetic constants for influx and efflux
as well as between cell types (30, 103, 147) have discouraged any implication of
bidirectional transport involving a single component or a single transport system
applicable to all cell types (53). As an illustration, reagents that bind sulfhydryl
groups ) block Cu from entering fibroblasts and lymphoblasts (118))stimu-

late uptake into C6 glial cells (103), ang) have essentially no effect on placental
cytotrophoblasts or choriocarcinoma (BeWo) cells (104, 138). The response to
sulfhydryl binding reagents has been postulated to be a function of the location
of -SH groups in the cell membrane or of more than one membrane Cu trans-
port protein (104). The implication from numerous uptake studies is that cellular
Cu transport mechanisms may be cell-type specific and that influx and egress
follow different paths and involve separate components.

Newly absorbed Cu ions also engage ill-defined particulate components of
cells (46,118, 130). HTC rat liver hepatoma cells and primary hepatocytes, for
example, accumulate Cuin the cellmembrane orin organelles; only a small fraction
appears in the cytosol (124). In neonatal rat intestine, the particulate components
were described as sulfur-laden vesicles located adjacent to the nucleus (39). The
meaning and source of the vesicles was not apparent in the early studies. Yeast
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has the capacity to trap Cu in vacuoles. The vacuoles both detoxify and merge
pathways of Cu with Fe metabolism (133). Davidson et al (31) put particulate
Cu in mammalian cells on a stronger theoretical base by showing that Cu that
enters K562 cells localizes into two density-distinct membrane compartments.
One compartment had the buoyant density of a transferrin-laden endosome (31).
The other was clathrin coated and showed a time-dependent movement of Cu to
heavier structures identified with the lysosomes. These data, therefore, supported
vesicular Cu as a dynamic transport form. Thus, we are left with the opinion
that cellular Cu metabolism is comprised of both soluble and insoluble phases,
i.e. a partitioning phenomenon in which Cu ions entering a cell engages either (or
both) cytosolic or membrane components. Metabolically functional Cu and Cu
designed for storage or excretion are the major categories defined. Today we have
a much deeper understanding of what soluble and vesicular Cu ions represent to
the metabolism and cellular transport of Cu.

ACCESSING THE INTRACELLULAR POOL

In a defined culture medium, cells receive Cu ions from a wide variety of suitable
donors. Penetration is generally rapid and does not depend on the ATP status of
the cell. Some have argued that these data reflect a passive Cu carrier system
in the membrane (116, 138). Amino acids (52) and chloride and bicarbonate ions
(1) have the capacity to stimulate Cu uptake, which suggests that plasma factors
have a similar capability to influence cellular access in vivo. Hepatocytes exposed
to inhibitors of protein biosynthesis tend to take up more Cu (125, 148). The
anomaly betrays a two-sided, influx-efflux character to the transport system, the
latter perhaps being more sensitive to transcription and translation inhibitors.
Facile exchange of Cu is compulsory for a working transfer mechanism. This
single property has led some workers to discount albumin-bound and cerulo-
plasmin-bound Cu as tissue sources. Binding strengths, however, can be compro-
mised by reducing systems in the membrane (142), by reducing compounds in the
plasma (96, 97), or by amino acids that interact with the Cu-protein complex (29).
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Albumin as a Copper Transport Factor

Albumin potentially can bind Cu in several sites on the protein (11). The sites atthe
extreme N-terminal region or certain cysteine residues within the protein have been
given the strongest consideration as transport sites (70, 131). The N-terminal site
employs a histidine at position 3 to bind Cu(ll). The site is not in rapid equilibrium
with unbound Cu, however (69). The histidine concentration in plasmay,85

plus a clear demonstration of the ability of this amino acid to form stable complexes
with Cu(ll) have given favorable consideration to histidine as a transport ligand
for Cu (114). Histidine forms a ternary complex with albumin-Cu(ll) (113) and
induces the protein to release Cu as a histidine-Cu(ll) complex. Although histidine
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allows ready access to Cu, there is evidence that the histidine ligand itself never
penetrates the cell (83). This would suggest that the role of histidine ends at the
cell surface.

Ceruloplasmin as a Transport Factor

A large part of the Cu in serum is bound to ceruloplasmin, a multi-Cu oxidase that
has six to seven bound Cu atoms present in three chemically distinct sites (76).
Ceruloplasmin Cu thus becomes a candidate for a tissue source. The discovery of
specific membrane receptors for ceruloplasmin, firstin chick aorta and heart tissues
(129), and later in erythrocyte membranes from a variety of different species (5)
as well as in heart, brain, liver, kidney, and lymphocytes (38,51, 71,94, 112, 127),
supports but does not confirm a transport function for the protein. Maximum
effective delivery of Cu at the membrane site requires ascorbate (96). Moreover,
the exchange is sensitive to bathocuproinesulfonate, which suggests that Cu(l)
is the transport form (96). Unlike transferrin, which is endocytosed into vesicles
during uptake, ceruloplasmin exchanges its bound Cu at the cell surface and does
not penetrate the cell (97,112). An exception is in the liver, where absorption
of the whole ceruloplasmin molecule is part of a two-step delivery mechanism.
Liver endothelium first removes the sialic acid residues from ceruloplasmin, which
permits a second step in which the underlying hepatocytes absorb the modified
ceruloplasmin via the asialoglycoprotein receptor (60, 136). By absorbing and then
destroying ceruloplasmin, the liver maintains homeostatic control over the copper
levels in the blood. Ceruloplasmin fragments have been seenin the bile, supporting
an internal proteolysis of the protein (61).

Conclusions

Despite gallant efforts by numerous laboratories and investigators, no single factor
has emerged as indispensable for mediating Cu passage into cells in vivo. This
apparent failure allows one to question whether delivery of an essential nutri-
ent would be expected to depend on a single component. Thus, it is more likely
that cells have evolved numerous ways for absorbing Cu from their immediate
surroundings. This would imply that numerous carriers, including ceruloplasmin
and albumin, have the potential to behave as Cu transporters. One transporter,
a high-molecular-weight protein called transcuprein, has yet to be fully charac-
terized (149). In those few experiments that have attempted to discern whether
Cu-albumin, ceruloplasmin, or Cu-histidine gives cells more efficient access to
Cu, the results have tended to show no difference among the three (23,82). An
exception is in studies of Cu incorporation into cytochrome oxidase in mitochon-
dria, where two studies suggest ceruloplasmin is more effective than albumin in
providing Cu to the protein (59, 80). These results promote an understanding that
the carrier that delivers Cu to cells is not a decisive determinant of what happens
inside the cell.
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MEMBRANE TRANSPORT OF COPPER

Over the years, the emphasis has shifted from plasma Cu transport agents to trans-
port at the membrane surface and within the cell. Pushing Cu research in this
direction has been the discovery of membrane and cellular transport proteins that
are specific for Cu. Yeast has separate low- and high-affinity systems for Cu uptake
that mediate Cu transport (40). The geDieR1(Cu transport 1) was the first to

be discovered, paradoxically not for Cu but as a gene essential for Fe transport
in Saccharomyces cerevisig®4, 25). The Cu was required for Fet3, a multi-Cu
ferroxidase that catalyzed the oxidatiorfF& Fet preparatory to absorption by

a ferric transport protein. Ctrpl is a membrane-spanning protein, heavily glycosy-
lated, with a serine- and methionine-rich composition in which the structural motif
M-X-X-M is repeated 11 times. Ctrlp specifically transports Cu(l), not Cu(ll) or
any other metals. Its discovery establishes a mechanistic link between Cu and
iron uptake. Some strains 8f cerevisiadave a second high-affinity transporter
gene,CTR3(65). Ctr3p restores Cu-related functions in strains lackingthe 1

gene. Functional expression cloning of genes in mutant yeast la€kiikj.and
CTR3led to the discovery of a structurally similar transporter generabidop-

sis thaliana, COPT162), and a human Cu transporteCTR1 In Hela cells,

the hCTR1gene is located on chromosome 9, more specifically 9931/32 (153).
cDNA sequence data show that hCtrl protein is considerably smaller than is yeast
Ctrl protein. Because they recognize only Cu(l), Cu transporters require a plasma
membrane reductase to reduce the Cu(ll) to Cu(l) concomitant with penetration
into the cell. The reductase in yeast has been identified with the expression of
FRElandFRE2 two genes that perform a dual function in reducing bot&*Cu

and Fé* for transport (47, 55). A third genERE7, increases in expression when
extracellular Cu becomes very limiting (81). A reductase system that uses NADH
as an electron donor to reduce Cu has been described in liver cells (142).

by Morehead State University on 01/04/12. For personal use only.

INTERNAL TRANSPORT FACTORS
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Glutathione

The highly reducing cytosolic environment is conducive to converting Cu(ll) to
Cu(l). One of the earliestintracellular components identified with Cu transport was
glutathione (GSH), a ubiquitous cysteine-containing tripeptide that is present in
millimolar quantities in liver, brain, kidney, and other cells (32). A rapid turnover
of a GSH-Cu(l) complex in hepatoma cells was consistent with GSH as a conveyer
of Cu(l) to metallothionein (45). Cu(l) reacts directly with the internal cysteine-
SH of GSH. The propensity of Cu(ll) to catalyze the oxidation of -SH groups (107)
makes it less likely that a Cu(ll) ion is bound to GSH, although a crystal structure
of GSH-Cu(ll) has been reported (90). Forming the Cu(l)-GSH is a spontaneous
reaction apparently independent of enzyme involvement (36). Besides transferring
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Cu to metallothionein (44, 45, 125, 132), GSH is required for biliary excretion of
Cu in adult rats (58, 93). GSH levels are elevated 41%—117% in rat hepatocytes
isolated from Cu-deficient adult rats (18) and suppressed in liver of male rats that
received injections of Cd, Zr?+, and C@+ (63). When cellular GSH is low, cells

are slower to take up Cu from the medium and have a lower cellular concentration
at steady state (138). In erythrocytes from a number of species, GSH levels fall at
a rate proportional to the rate of Cu(ll) entry into the cell (119). Although human
hepatocytes show a bidirectional movement of GSH across the plasma membrane,
with two very sensitive and interactive binding sites for G8,2.36 nM), there

is no known connection of the sites with Cu transport into the cell (134).

In vitro studies have provided evidence for a Cu-GSH complex that can me-
diate stable Cu(l) binding to apo(metal-free)-cuproproteins. These reconstitu-
tion experiments have shown Cu-GSH to transfer Cu(l) into the binding sites of
apo-CuznSOD (3, 20), apo-ceruloplasmin (91), and apo-hemocyanin (12) and to
charge metallothionein with Cu(l) (41, 86, 132). A decline in GSH levels in a cell
impairs the subsequent binding of Cu to apo-CuzZnSOD (126) or the delivery of
Cu to the cytosolic enzymes (119). Thus, there is an impressive body of evidence
that Cu-GSH complexes have the capacity to mediate Cu(l) transfer to a variety of
binding sites on macromolecules, which extend GSH beyond being a protectorate
of Cu toxicity into the role as a major player in internal Cu metabolism.

The Copper Chaperones

Cu chaperones are a family of cytosolic peptides, better known as metallochaper-
ones, thatform transient complexes with Cu(l). Aninvariant MXCXXC metal bind-
ing motif in the N-terminal region is a structural feature of most chaperones. Their
functionisto escort Cuions in transit to specific proteins that require Cu (141). The
prototype of metallochaperones is MerP, a small, soluble mercury-binding protein
that transports Hg to a membrane transporter and eventually to a reductase that
reduces the Hg to the volatile H§ as part of a detoxifying mechanism (77).
Chaperones for Cu follow a similar agenda in moving Cu from one location in
the cell to another, often crossing membrane boundaries. Chaperones differ from
nuclear activating factors by showing no capacity to enter the nucleus or engage
DNA. ATX1, a copper chaperone isolated fr@ncerevisiagand copZ, a chaper-

one inEnterococcus hiragoth have ferredoxin-like folds with thee 8 o 8 motif

in the folded chains.. Cu as Cu(l) is bound to two cysteine sulfur groups that form
a linear bidentate ligand. This arrangement presumably allows facile exchange of
the bound Cu to a structurally similar Cu-binding site on the receiving protein
(100). Other structural features allow the peptide to specify the target proteins
with practically zero tendency for mismatch. Targets are cytochimoxédase in

the mitochondria, ATP7B in thig|ans-Golgi, and apo-CuZnSOD in either peroxi-
somes or the cell cytosol. The finding of chaperones in bacteria, yeast, plants, and
mammalian cells has rekindled concepts of a uniform intracellular transport system
and virtually revolutionized thinking of intracellular Cu transport. An advantage
of a chaperone is in being more decisive in selecting the receiving molecule. This
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contrasts with Cu(l)-GSH, which has no target-specifying property. A concep-
tual disadvantage is that chaperones force a partitioning of Cu into multiple pools
in order to replenish Cu enzymes. What constitutes a partitioning mechanism or
regulates the size of each pool has not been determined.

To date, three chaperones have been described in yeast and all three are known
to share structural features with mammalian and plant counterparts. The following
is a brief description of known chaperones.

ATX1 (anti-oxidant 1) was discovered as an antioxidant gene that suppressed
oxygen toxicity in yeast cells that lacked superoxide dismutase actaatyl{)
and were auxotrophic for lysine (74, 75). ATOX1 (formerly HAH1), the human
homologue of ATX1, was screened from a human liver cDNA library using an
ATX1 probe and shown to complement yeast lacking ATX1. The cDNA product
encodes a peptide with 47% amino acid sequence identity to ATX1. Like ATX1,
the human orthologue contains one MTCXGC Cu-binding domain (64). CCH
(copper chaperone) in arabidopsis encodes a peptide with a 48—amino acid exten-
sion at the C-terminus but otherwise has a 36% sequence identity with ATX1 (56).
Chaperones with the ATX1 structural domain target P-type ATPases. In yeast, the
ATPase is Ccc2p, a membrane-bound protein that mediates the transfer of Cu to
a late Golgi compartment (152). Borrowing the same understanding, ATOX1 in
mammals is believed to target ATP7B, a P-type ATPase identified with Wilson
disease. Whereas Ccc2p conveys the Cu to FET3p, a multi-Cu oxidase responsi-
ble for oxidizing F&* to Fe* for delivery via the ferric iron transporter, ATP7B
transfers Cu to apo-ceruloplasmin or forces its extrusion into the bile (see below).

COX17 is essential for the transport of Cu to cytochrome oxidase in the mito-
chondria of the yea$§. cerevisia€b, 49). A human homologue of COX17 has also
been reported (2). Best described as a mitochondrial Cu shuttle, Cox17 is the only
chaperone discovered to date that violates the GMXCXXC consensus motif. The
Cubinding sites on COX17 are tandem cysteine residues (Cys-14 and Cys-16) posi-
tioned near the N terminus. Another unique property isthat COX17 binds Cu(l)asa
binuclear cluster very similar to the Cu cluster in metallothionein, only more labile
(123). Its role in feeding Cu to cytochrongexidase has not been fully clarified,
althoughirS. cerevisiathe mechanism appears to involve two inner mitochondrial
membrane proteins, SCO1 and SCO2, that are penultimate receivers of the Cu (48).

LYS7 is a 27-kDa protein required to deliver Cu to the ApoSOD1 (21, 22).
Yeast LYS7 mutants are defective in SOD1 activity and are unable to incorporate
Cu into the protein. A single MHCXXC consensus sequence is present in the
N-terminal region of the protein. A human counterpart of comparable size and
28% sequence identity is designated CCS (copper chaperone for SOD).

THE COPPER-TRANSPORTING ATPAsEs

No event has had a more profound effect on the field of cellular Cu transport
than the discovery, cloning, and sequencing of the genes responsible for Menkes
and Wilson diseases. The two diseases have been the paradigm of abnormal
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Cu metabolism in humans, and their causes have been shrouded in mystery for
decades. Menkes disease originates in utero and manifests full symptoms during
the perinatal period (146). The disease is X-linked and is characterized by a failure
to pass Cu ions completely across the intestinal mucosa. The entrapment of Cu
within the intestinal cells leads to a Cu deficiency in peripheral organs and tissues
and a severe impairment of neurological and connective tissue functions (26, 28).
Menkes disease is perhaps the best-documented evidence for a Cu deficiency in
humans. The disease was originally diagnosed as a degenerative disorder of the
central nervous system that affected growth and hair texture (87). The sobriquet
“kinky hair” is commonly used when referring to the disease. In contrast, Wilson
disease, or hepatolenticular degeneration, is an autosomal recessive disorder that
results from pathological accumulations of Cu, predominantly in liver and brain
tissues. The dominant symptoms relate to a failure to release liver Cu into bile or to
incorporate Cu into ceruloplasmin, the major Cu binding protein in the circulation.
Both diseases have provided unprecedented molecular insights into genetic factors
that regulate Cu transport and bioavailability to organs and tissues. Both diseases
can be fatal and both portray a mismanagement of Cu as their root cause (27, 115).
Skin fibroblasts from patients with Menkes disease (50, 57) or Wilson disease (17)
accumulate prodigious amounts of Cu when grown in traditional growth medium,
thus demonstrating that the primary defect can be seen outside the patient.

The isolation and sequencing of the Wils®p) (13, 98, 135, 137) and Menkes
(MNK) (19, 89, 145) disease genes has revealed that both code for P-type Cu-
ATPases. These are complex integral membrane proteins that are part of an evo-
lutionary family of ion-transporting proteins akin to the Ca transport and Na/K
transport proteins in cell membranes. The Wilson and the Menkes proteins trans-
port Cu specifically (122). Moreover, the protein for Wilson disease (ATP7B) and
the protein for Menkes disease (ATP7A), in addition to having a 57% sequence
homology to one another (146), have remarkable parallels to Cu-binding proteins
in bacteria (117). The gene for Menkes disease spans about 150 kb (34, 140). Its
mMRNA is 8.3-8.5 kb encompassing 23 exons that range in size from 77 to 4120 bp,
with a single open reading frame and an ATG start codon in the second exon.
Exon 23 contains the TAA stop codon, 274 bp that are translated, and a 3.8-kb
untranslated region that has the polyadenylation site (140). When analyzed as a
cDNA, ATP7A mRNA encodes a protein of exactly 1500 amino acids, but it may
have additional nucleotide sequences at tlem8 that were not reported originally
(140). A 22—amino acid presequence generated by an in-frame ATG site upstream
occurs is some ATP7A transcripts (54). Strong expressidaMK mRNA is seen
in muscle, kidney, lung, and brain; placenta and pancreas are weaker, and liver
shows only traces (19, 89). The Wilson transcript is 7.5 kb and encodes a protein
of 1411 amino acids. In contrast to Menkes, the Wilson gene is strongly expressed
in liver and kidney (13, 150).

Although their structures may be similar, their biological functions are not. The
Menkes protein (ATP7A), for example, appears to regulate the release of Cu ions
at the outer membrane. Overexpression of ATP7A allows Chinese hamster ovary
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(CHO) cells to tolerate highly toxic amounts of Cu in their immediate environ-
ment (14). Superior tolerance is manifested by forced expulsion, thus preventing
Cu accumulation (144). Although similar in overall appearance to the Menkes
protein, the Wilson protein (ATP7B) resides within an internal compartment of
the cell, where it functions to incorporate Cu into apo-ceruloplasmin in either the
endoplasmic reticulum or a Golgi compartment, or to force the release of Cu into
the bile (37, 151).

Included in the structure of the ATP7A is a comparatively large, heavy-metal
binding domain (Hmb) consisting of six metal-binding cysteine clusters within
the structural motif GMT/HCXSC, which comprises eight transmembrane (Tm)
regions that serve to anchor and orient the protein as well as define the channel
through which Cu ions pass. ATP7A is classified as a type 2 membrane pro-
tein because both the -NH2 and the -COOH termini are on the cytosolic side
of the membrane.Two flexible loops, one a 135-residue chain and the second a
235-residue chain, extend into the cytosol. The smaller one is between Tm 4 and
5 and the larger is between Tm 6 and 7. The bacterial CopA protein contains a
smaller Hmb with a single GMT/HCXXC motif (121). A yeast Cu-ATPase has
the motif at most twice, which leads one to speculate whether the 650-residue
Hmb region performs some transport-related function other than binding Cu for
export (see below). Other important features include a Cys-Pro-Cys motif in Tm
6 that is believed to form the channel that allows Cu in the cytosol to be trans-
ported through the membrane by the energy-dependent shift (122). Fusion protein
constructs containing the heavy-metal binding sites have confirmed a preference
for Cu(l) binding in ATP7A and ATP7B (33,79). Although Zn(ll) also shows
binding, there is little or no affinity of the Hmb to bind to columns charged with
Fe(ll), Fe(llN), Ca(ll), Mg(11), Mn(ll), or Ni(ll) relative to Cu.

Immunochemical studies have localized ATP7A to the perinuclear area within
the region of the cell thought to represent the Golgi. Localization to this region
has been inferred on the basis of a punctated pattern that is seen when cells are
stained with a fluorescent-labeled antibody (35). The patternis believed to represent
small vesicles that gather in Cu.These vesicles are not fixed, but relocate to the
plasma membrane in response to high extracellular Cu. Camakaris and coworkers
(14) have postulated that ATP7A-laden vesicles are continually moving between
the Golgi and plasma membrane. Agents that affect Golgi structure or transport
function, such as NCI, chloroquin, brefeldin A, or bafilomycin A1, cause the
more dispersed pattern of fluorescence indicative of a major interference with
localization or aggregation of ATP7A within the secretory vesicles of the Golgi.
High concentrations of Cu in the exterior of the cell induce movement of the
fluorescent marker to the cell boundary. The Wilson ATP7B is also localized in the
Golgi (151). Atruncated homologue of ATP7B lacking four of the eight membrane-
spanning domains appears to reside in the cytosol (151)COt&2gene in yeast,

a structural analog d¥INK or WND, also encodes a P-type ATPase that exports
cytosolic Cu to the extracytosolic domain of Fet3p, a Cu oxidase required for iron
uptake (152).
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In embryonic mice, RNA in situ hybridization analysis has shown that Atp7a,
the mouse homologue, is expressed in all tissues but is particularly strong in
the choroid plexes of the brain. The brain site, more specifically the blood brain
barrier, places the ATPase in a strategic position to control the flow of Cu into
the ventricles of the brain (106). The macular mutant mouse, an animal model
of Menkes disease, shows a gradual erosion of cytochmmeadase activity
in the brain that can be partially prevented by a single injection of Cu in an
early perinatal period (84, 85). In this mutant, Cu shows a propensity to accu-
mulate in brain blood vessels and in astrocytes, apparently stymieing its move-
ment to neurons (66, 67). Studies with mice have further shown that unlike that
of adults, embryonic mouse liver does express Atp7a mRNA (68). Early expres-
sion of Atp7b, the rat homologue of ATP7B, is limited to the central nervous
system, heart, and liver and, with development, appears in intestine, thymus,
and respiratory epithelia (68). Based on transfection assays in yeast, the two
ATPases have similar biochemical functions (16, 95). The Atp7b in hepatocytes
from long Evan cinnamon (LEC) rats, a model for Wilson disease, follows the
distribution of ceruloplasmin in cotransfected cells. The data support a meta-
bolic connection between the plasma Cu protein and the Wilson disease
ATPase (92). ATP7B may also be localized on the apical surface of hepatocytes,
a location that allows the protein to expel Cu ions into the bile via the biliary
canaliculi (15).

How Cu-transporting ATPases are able to translocate Cu is still unknown.
Vesicles prepared from the endoplasmic reticulum of rat hepatocytes (7) or the
Golgi-rich fraction from CHO cells (143) or membraneskafhirae (120) have
shown saturation kinetics with increasing Cu and a high sensitivity to vanadate, an
ATPase inhibitor. Transport of Cu into hepatocytic vesicles requires ATP and will
not function with GTP, CTP, UTP, ADP, or a nonhydrolyzable analog of ATP
(7). Becausé. hiraeshows facility with Cd” and Agh, one may argue that the
preferred transport form of the metal is monovalent (121). That a sulfhydryl re-
ducing agent must be present further suggests that Cu(l) as opposed to Cu(ll)
is the only transport form. Liver endothelium, consisting primarily of ATP7B,
however, shows ATP dependence with a Cu(ll) oxalate complex but not with
Cu(l) (8). This raises the question as to whether both Cu(l) and Cu(ll) can en-
gage the transporter. It is important, however, to distinguish Cu ions that en-
gage the heavy-metal domain from those that penetrate the membrane. The two
are not necessarily the same. For example, an analog of ATP7B with no heavy-
metal binding sites is still able to transport Cu ions (valence unknown) across
membranes (10).

The analysis of mutant forms of the ATPase have been of some advantage in
singling out key residues that partake in ATP binding, phosphorylation, or trans-
duction across the membrane. Some mutations that occur in human patients and
animal models, however, give rise to truncated forms of the Menkes and Wilson
protein and are not suitable for aresidue by residue analysis (137, 139). Asequence
comparison of the primary structure of ATP7A from rats, hamsters, mice, and
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humans has permitted the identification of highly conserved, inviolable residues
essential for function (105). Most deviations occur in the heavy-metal binding do-
main of the ATPase and less frequently in other regions of the protein. Particularly
preserved are residues in the internal cytoplasmic loops that govern protein-protein
recognition and energy transduction functions. In a stretch of 333 amino acids,
291 were unaltered across all species examined. The human ATPase and no other
ATPase has an eight-amino acid residue inclusion string in the Hmb region be-
tween Cu binding sites 4 and 5. The function of this string of charged amino acids

is not known.

A response to a toxic threat is paramount to maintaining Cu homeostasis
within the cell. Movement of ATP7A to the membrane is a function of the pri-
mary structure of the protein. The heavy-metal binding domain, specifically
GMTCXXC motifs in these regions, appear to play a dominant role in sensing
the Cu and triggering the movement (144). The Wilson disease protein ATP7B
likewise shows a disparity in structure and function of its six heavy-metal binding
sites. Only those closer to the transduction site appear to influence Cu movement
(42).

Transcripts for both ATP7A (108) and ATP7B (99, 151) are subject to alter-
native splicing. Such processing appears to be important for determining the lo-
cation of the ATPases in the cell. Loss of exon 10 by an A-T transversion in
intron 10 permits a constitutive skipping of exon 10. The product is an ATP7A
variant that remains resident in the endoplasmic reticulum or is incapable of en-
tering the secretory pathway (43, 101). This single splicing event is postulated
to be the basis of occipital horn syndrome (OHS), the milder form of Menkes
disease. Other variations in the genomic DNA at ther&l of the mRNA have
been connected with OHS as well (72). The mottled blotchy mice, considered
an animal model for OHS (109), suppress lysyl oxidase activity, which leads to
improper connective tissue structure (111). The blotchy mutant likewise shows a
defect in the splicing of the mRNA for Atp7a (88). In some tissues, ATP7B is
present in two forms, a 160-kDa parent structure and a 140 kDa-protein that is
the result of a posttranslational removal of a small peptide at the N terminus. The
140-kDa product is cell-type specific and resides in the mitochondria of liver but
not in CHO cells (78). A shorter form of the ATP7B that arises by alternative
splicing has also been reported (151). The shorter protein is soluble and found
in the cytosol. The significance of multiple transcripts of both ATPA and ATP7B
is not known, although splicing as a means of controlling the expression of the
full-length transcript is one possibility. For example, BeWo cells fail to express
the full-length ATP7A when developmentally arrested (104). The arrested cells
fail to efflux Cu ions into the medium. The appearance of a full-length ATP7A
MRNA occurs when the cells move toward differentiation, developing basolat-
eral and apical surfaces. Only then is Cu exporting activity observed (102). A
bizarre example of splicing occurs with the Wilson gene. In brain, two splice
variants of the Wilson disease gene codes for an ATPase (PINA) that is found in
the pineal gland and retina. The transcription start site of PINA resides between
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exons 8 and 9 and requiresc&-acting sequence that is common to two other
pineal-specific enzymes (73). The PINA variants are 100 times more prevalent
at night, and although lacking all six heavy-metal binding sites, the ATPase re-
tains its ability to restore Cu transport in a mutant th&.iserevisiaeleficient in
Ccc2p (10). Although still under investigation, PINA appears to be a night spe-
cific Cu-transporting ATPase that functions exclusively in the retinal and pineal
gland.

SUMMARY AND CONCLUSIONS

The cellular transport and metabolism of Cu comprises a series of small Cu-binding
proteins working in conjunction with Cu-ATPases in vesicles that communicate
between the Golgi and plasma membrane. The small proteins sense and respond
to intracellular Cu. It is amazing that the versatility of the system allows a cell to
function in a housekeeping mode, yet be poised to respond to a toxic Cu threat.
Other components of the system not discussed here are the Cu binding proteins that
remove the free ion from the cytosolic milieu and sequester it from the metabolic
stream. The intracellular chaperones move Cu to specific apo-enzymes. They
also transport Cu to membrane compartments or expel Cu from the cell. Newer
discoveries have shown that Menkes and Wilson diseases arise by mutations in
structural components of the respective ATPases that govern the movement of Cu-
laden vesicles to the membranes. It now appears that the motility of the vesicles
depends on an intact Cu-ATPase structure. The discovery of chaperones may
hold the key as to how Cu ions become prosthetic groups of enzymes. It is still
not clear what is taking place at the exchange site, although the chemistry of
that reaction is yielding information about an unmistakable specificity between
donor and recipient. One of the biggest challenges to be overcome is to determine
how intracellular Cu is prioritized to specific target enzymes. Ultimately, this
understanding may lead to therapeutic approaches to Cu disorders. Adding Cu
back as a chaperone complex may be the most efficient way to correct a Cu
deficiency. The impact of nutrition on chaperone levels is an area virtually untapped
and overflowing with a potential for significant discoveries. Lastly, we must submit
to the realization that we understand little about what controls ATP7A and ATP7B
expression at the transcription and posttranscription stages in the cell.
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