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Copper plays an essential role in human physiology. It is
required for respiration, radical defense, neuronal myelination,
angiogenesis, and many other processes. Copper has distinct
physicochemical properties that pose uncommon challenges for
its transport across biological membranes. Only small amounts
of copper are present in biological fluids, and essentially none of
it exists in a free ion form. These properties and the low redox
potential of copper dictate special structural and mechanistic
features in copper transporters. This minireview discusses
molecular mechanisms through which copper enters and exits
human cells.

Dietary Acquisition and Excretion of Copper

Dietary copper is acquired via the small intestine through a
process that is not fully understood. Earlier studies showing the
major involvement of the mammalian transporter CTR1 in cel-
lular copper uptake (1) led to the assumption that in entero-
cytes CTR1 mediates the acquisition of dietary copper at the
apical membrane. Recent studies questioned this assumption.
Cell-surface labeling revealed that the majority (and perhaps
all) of surface hCTR1? in Caco-2 cells, a model for enterocytes,
is located at the basolateral border, i.e. the blood side, and thus
cannot mediate apical copper entry (2). Basolateral CTR1 is also
observed in renal cells and hepatocytes. Furthermore, in mice
with an intestine-specific deletion of CTR1, enterocyte copper
levels are higher (and not lower) than in normal mice, arguing
against the direct role of CTRI1 in apical uptake (3). It seems
most likely that in enterocytes some other transporter plays a
major role in copper uptake from the fluid that exits the stom-
ach (Fig. 1). The existence of such pathways is supported by the
observation that fibroblasts from CTR1 knock-out mice retain
~25-30% of their copper uptake (4). Divalent metal trans-
porter DMT1 was suggested as a candidate for copper uptake
(5). Other systems not thought of as major copper transporters
may accept copper as a surrogate substrate and contribute to
the overall copper absorption. Endocytic mechanisms may also
contribute to apical copper entry. It is not yet clear how the
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copper pool from apical dietary uptake in enterocytes interacts
with the copper that enters from the blood (Fig. 1).

In intestinal cells and tissue, CTR1 was detected at the
plasma membrane and in vesicles (2, 6). Thus, CTR1 in entero-
cytes may take up copper from the blood (as in other cell types)
and also from the vesicles in which dietary copper has been
sequestered (Fig. 1). This latter role is suggested by the finding
that, although the intestinal deletion of CTR1 results in high
copper levels in enterocytes, this copper is not available (3). It is
tempting to speculate that CTR1 is uniquely positioned to make
copper bioavailable either because it has a specific recognition
mechanism and/or it is directly coupled to the copper chaper-
ones that distribute copper for further utilization.

After copper crosses the membrane, it is delivered to accep-
tor proteins by cytosolic metallochaperones. The Cu-ATPase
ATP7A accepts copper from Atoxl and facilitates copper
export from enterocytes to blood (and hence to other tissues).
Mutations of ATP7A (in Menkes disease patients) result in
intestinal accumulation of copper, impaired efflux of copper
from enterocytes, and pathologies due to diminished activity of
copper-dependent enzymes. Recently, the second Cu-ATPase,
ATP7B, was detected in mouse intestine and in Caco-2 cells (7).
The role of ATP7B in the intestine is unclear (Fig. 1); however,
based on the vesicular localization in high copper, ATP7B is
thought to play a role in copper sequestration (7), similar to its
proposed role in kidneys (8).

The major homeostatic control of copper takes place
in the liver. Copper enters the liver from the blood via CTR1;
the liver-specific inactivation of CTR1 disrupts copper
uptake into the liver (9). Copper is then used in the liver for
many purposes, one of which is to synthesize holo-cerulo-
plasmin, an abundant secreted copper ferroxidase. Excess cop-
per is exported from hepatocytes by ATP7B. The ATPase-
driven copper export is unlikely to be mediated directly across
the plasma membrane; rather, Cu-ATPases sequester copper
into vesicles that subsequently fuse with the plasma membrane,
and copper is extruded.

Special Characteristics of Copper Transport

Essentially all intracellular copper is bound to cellular
constituents. Hence, the definition of cellular copper con-
centration (rather than content) is imprecise. Because in the
extracellular fluid all copper is also bound, the electrochem-
ical potential and concentration gradients, essential in
understanding the transport mechanisms of ions such as
sodium and potassium, have been less useful in the charac-
terization of copper transport. Furthermore, copper exists as
Cu(I) and Cu(Il), and many important copper-dependent
biological processes employ the redox chemistry to cycle
copper between these two states. This raises interesting
questions related to the redox state in which copper is
bound, transported, and released. In yeast, copper uptake via
Ctrlp depends upon a Cu(II)/Fe(IlI) metalloreductase, Frel,
and Cu(]) is the presumed transported species. In agreement
with this, in human cells, divalent metal ions do not inhibit
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FIGURE 1. Copper transport in enterocytes. Copper is shown to enter the enterocyte from the blood via
hCTR1 and from the intestine through an unidentified mechanism. Copper then binds to copper chaperones,
which deliver it to the target proteins, including ATP7A and ATP7B. CTR1 and CTR2 may also be involved in

copper release from the intracellular vesicles. TGN, trans-Golgi network.
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hCTR1, whereas silver ions that are isoelectronic and of sim-
ilar size to Cu(I) block the hCTR1-mediated copper uptake.
Ascorbate converts Cu(II) to Cu(I) and stimulates copper
uptake in some (but not all) cell lines. This could be due to
different amounts of oxidoreductases such as the STEAP
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FIGURE 2. Structural model of hCTR1 from De Feo et al. (15) and the hypothetical structure of human
Cu-ATPase based on the structure of archaeal CopA from Wu et al. (31) and modeling predictions for the
N-terminal MBS1-4 (gray). The A-domain (yellow) and N- and P-domains (green) interact with the MBS in the

Cu(I) is also the form for intracel-
lular distribution. Atox1 binds Cu(I)
(11) and transfers Cu(I) to the MBSs
in Cu-ATPases. In which form cop-
per is released into the blood (from
the intestine) or into the bile (from
the liver) is not known. We also lack
quantitative measurements of cop-
per transport. The indications are
that the transport rates are low (12,
13). It is assumed that when copper
transport across membranes is
assayed, it is the permeation step
that is rate-limiting. This may not be
the case. Protein-protein interac-
tions that facilitate transfer to and
from the transporter or the reduc-
tion of Cu(II) to Cu(I) (or oxidation
upon release) may be slow steps in
the pathway.

Structural Requirements for
Copper Uptake

Channel-like Design of CTRI
Could Be the Key to Its Transport
Mechanism—Recent studies yielded
the first insights into the general
organization and operating princi-
ples of copper transporters (Fig. 2).
Despite their important role in cell
physiology, the CTR1 orthologs
vary greatly in primary sequence
and length. Thus, the overall design
of CTR proteins rather than
sequence identity is the key to their
transport mechanism. hCTR1 has
only 190 amino acids and, like other
CTR proteins, forms a stable trimer
(1, 14, 15). The monomer has three
TMSs with an extracellular N termi-
nus and cytosolic C terminus (16).
The N terminus of hCTR1 is N- and
O-glycosylated (16, 17). The latter
may serve to protect the protein
against proteolysis because its
absence leads to intracellular pro-
teolytic removal of the N terminus
(17). Whether the sugar chains
influence the in vivo delivery of cop-
per to hCTR1 or the trafficking of
hCTRI to its cellular destinations is
not known.

The three-dimensional structure of hCTR1 has recently been
described (14, 15). It strongly supports the proposal (18) that
the translocation pathway is formed at the center of the hCTR1
trimer. How copper is delivered from the serum to the pore
remains unclear. Serum copper is largely associated with a high

molecular weight fraction enriched in «,-macroglobulin,
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which may transfer copper directly to hCTR1 or may act as a
source of exchangeable copper (19). The N terminus of CTR1,
rich in His and Met residues, is likely to play a role in detecting
copper carriers and in guiding copper toward the permeation
pathway. The MxxMxM motif indeed binds copper with um
affinity (20). In vitro, a large portion of the N terminus can be
deleted without significant loss of transport function (18). This
suggests that the N terminus is important in vivo, where free
copper is not available.

In addition to its possible role as a copper acceptor, the N
terminus may act as a sensor. When fully loaded with copper, it
may signal the need for endocytosis and removal of hCTR1
from the plasma membrane (21). From this perspective, it is
interesting to compare the roles of the N termini in CTR1 and
Cu-ATPases. Although very different structurally, both may
perform an important role in receiving copper from specific
donors and regulating transporter activity and intracellular
localization (Ref. 21 and below).

Molecular Events at the Extracellular and Cytosolic Portions
of CTR1 Are Coupled—Current data suggest that copper is
guided to the permeation pathway through a narrow structure
(Fig. 2) that includes highly conserved Met residues (Met"*°
and Met!®* in hCTR1). Mutation of these Met residues abol-
ishes copper transport in all examined CTR1 proteins. In addi-
tion to selecting and directing Cu(I) toward the pore, the con-
served Met residues may couple the copper entry and exit from
the pore. The binding of copper to hCTR1 at the extracellular
surface leads to the conformational changes in the cytosolic
loop (16). It seems that copper binding to conserved Met resi-
dues allows copper entry into the pathway that in turn facili-
tates opening of a “gate” at the exit of the pore (Fig. 2).

Mutagenesis data provide strong evidence that tight interac-
tion with specific residues within the pathway is not required
for copper transport (18). This explains poor conservation of
intramembrane residues (with the notable exception of the
GxxxG motif, which is required for oligomer stability) (22). The
mechanism of copper release from CTR1 is a fascinating prob-
lem. Does copper diffuse out of the permeation pathway and
bind to accessible copper-binding proteins based on their affin-
ity, proximity, or abundance, or is the opening of the gate facil-
itated by intracellular copper acceptors such as the copper
chaperones, making copper release a more targeted process?
Whatever the answer, it is clear that as an ion transport mech-
anism, this process is quite unique.

CTR2—CTR2, a second mammalian copper transporter (23),
is smaller than hCTR1 (143 amino acids), lacks most of the N
terminus, and has limited sequence homology with hCTR1. In
cells, CTR2 is detected in lysosomes and late endosomes (24); a
fraction of overexpressed hCTR2 appears at the plasma mem-
brane, where it can mediate copper uptake (25). By analogy with
yeast Ctr2p, which has a role in mobilizing copper from intra-
cellular stores (26), hCTR2 may be involved in retrieving cop-
per from intracellular compartments (Fig. 1).

Structure and Mechanism of Human Cu-ATPases—Export-
ing copper from the cytosol poses challenges that are similar to
those faced by the copper uptake machinery. Free cytosolic
copper is negligible and specific copper capture prior to the
transport step is necessary. The absence of free copper also
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implies that the metal status of donor and acceptor proteins
(holo or apo) may have a profound effect on the kinetic prop-
erties of the copper pumps. Mutation in the acceptor (cerulo-
plasmin) affects the cellular location of the Cu-ATPase ATP7B
(27); however, the effect on transport kinetics has not yet been
explored. It is also important that the human Cu-ATPases
translocate copper from the cytosol into the lumen of the trans-
Golgi network or endocytic vesicles, where the low luminal pH
may have a marked effect on copper release and ATPase turn-
over. This is in contrast to prokaryotic systems, where Cu-
ATPases are located at the plasma membrane and extrude cop-
per directly into the outside milieu.

Studies of ATP7A and ATP7B produced direct evidence of
their function as P-type ATPases and yielded many details of
their regulation (28). The analysis of bacterial homologs has
further enriched our understanding of their enzymatic charac-
teristics (29, 30). Recent electron microscopic reconstructions
of Cu-ATPases yielded the overall shape of the molecule and
the predicted orientation of functional domains (Fig. 2) (31).
Human Cu-ATPases are 165-170-kDa proteins with eight
TMSs and intracellular N and C termini. The Cu-ATPases cou-
ple the energy of ATP hydrolysis with the transfer of copper
from the cytosol into the intracellular compartments. ATP
hydrolysis is performed by the cytosolic nucleotide-binding
(N-domain) and phosphorylation (P-domain) domains (Fig. 2),
connected by a short linker. The hydrolysis is accompanied by a
transient phosphorylation of the invariant Asp residue in the
DKTG signature motif. The sequence of the N-domain and the
nucleotide coordination environment in Cu-ATPases are
unique compared with other P-type ATPases (32, 33), whereas
the three-dimensional fold of the domain is common for all
P-type pumps. These data suggest that the domain architecture
(rather than the details of ligand binding) is central to the func-
tion of these transporters. That the P-type ATPases share gen-
eral operating principles is apparent from the similarity in
conformational transitions between archaeal CopA and mam-
malian Ca-ATPase (34).

At the same time, Cu-ATPases have distinct mechanistic
properties. Some Cu-ATPases can form a phosphorylated
intermediate in the absence of copper (29, 35). Human Cu-
ATPases do not form measurable intermediate in the absence
of copper; however, the well known chemotherapeutic drug
cisplatin stimulates formation of phospho-intermediate (12,
35). The effect of clinically important drugs on Cu-ATPase
function may have important practical implications.

Copper Delivery to Cu-ATPases—The transport cycle of
human Cu-ATPases is initiated by the cytosolic copper chaper-
one Atox1, which interacts with the N-terminal domain of Cu-
ATPases and transfers copper initially to one of the N-terminal
MBSs (MBS2 in ATP7B) (36) and subsequently to other MBSs
(37). Human Cu-ATPases have six MBSs in the N terminus; the
first four sites are regulatory, whereas the two sites close to
TMS1 are necessary for the transport function. All N-terminal
MBSs are formed by the GMTCxxC sequences that provide a
linear coordination environment for Cu(I) via conserved Cys
residues. By analogy with archaeal CopA (38), the membrane
portion of human Cu-ATPases may have two additional cop-
per-binding sites.
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Recent studies on archaeal CopA provided convincing evi-
dence for the transfer of copper from the metallochaperone to
the membrane sites in the absence of cytosolic MBSs (39).
Unlike CopA, human Cu-ATPases require at least one N-ter-
minal MBS for their activity. In addition, the inactivation of the
N-terminal MBS2 disrupts copper transfer from Atox1 to the
membrane sites (36), arguing in favor of a less direct, stepwise
process of copper delivery to the membrane in the human sys-
tem. Such a transfer process may include copper transfer to the
N-terminal MBSs, which alters the interdomain interactions in
the ATPase and increases the affinity or accessibility of the
membrane sites for copper. Atox1 then transfers copper to the
membrane sites either directly or, more likely, via the “interme-
diary” sites in proximity to the membrane.

Copper Release—Structurally diverse proteins receive copper
in the secretory pathway from ATP7A or ATP7B, and tight
interactions between the acceptor proteins and transporter are
not necessary for copper release (40). Copper could be released
from the ATPases as a free ion and then diffuse to the acceptor
molecule. Such a mechanism would require the acceptor pro-
tein to have a higher affinity for copper than for Cu-ATPases.
Because some of the well known acceptor proteins such as pep-
tidyl a-monooxygenase have a relatively low affinity for copper,
the binding of copper to intramembrane sites of the Cu-ATPase
when exposed to the lumen must be weak. In CopA, the
intramembrane copper-binding sites have a 3-fold coordina-
tion environment (38). One site appears to be formed by the
CPC motifin TMS6 and a conserved Tyr in TMS7. A conserved
Asn in TMS7 with Met and Ser in TMS8 may form the second
site. The affinity of each site for Cu(I) was estimated as 1 fwm,
indicating that the trigonal coordination must be disrupted
prior to copper exit from the ATPase. Because Asn, Ser, or Met
alone is not a very good ligand for Cu(I), whereas Cys is, it is
likely that the distortion of the unusual “second” site is a trigger
for copper release.

Alternatively, transient interaction of the acceptor protein
with the Cu-ATPase may facilitate copper transfer from the
intramembrane sites of the transporter to the binding site in the
acceptor. It is interesting that many Cu-ATPases, including
ATP7A and ATP7B, have Met residues at the luminal rim of
TMSs. This location suggests that methionines may “guide” the
released copper from the transport sides toward the extracellu-
lar surface. The role of Met residues here is reminiscent of the
predicted role of Met residues in hCTR1, except for the direc-
tionality of copper movement (Fig. 2).

Regulation of Copper Transport via Trafficking

Human copper transporters change their cellular location in
response to various stimuli (41-43). The trafficking to/from
specific compartments represents an important mechanism
through which mammalian cells allocate copper and modulate
intracellular copper levels. Trafficking in response to changing
copper levels is the best characterized. In basal growth medium
(containing 0.5—1.5 uM copper) or in cells treated with a copper
chelator, Cu-ATPases are found in the trans-Golgi network.
When copper increases, Cu-ATPases relocalize to endocytic
vesicles in proximity to basolateral (ATP7A) or apical (ATP7B)
membranes (43). Cu-ATPases sequester copper in the vesicles,
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which then fuse with the plasma membrane, and copper is
released to the extracellular medium. Only a small fraction of
the total Cu-ATPases is found at the plasma membrane (44),
likely due to rapid endocytosis (45). Recent studies indicate that
the trafficking of Cu-ATPase could also be coupled to hor-
mone-mediated signaling, changes in Ca>" fluxes, and kinase-
mediated phosphorylation (46). These data provide the first
mechanistic evidence of the tight link between copper homeo-
stasis and such complex physiological responses as lactation
(41), neuronal activity (47), hypoxia (48), and others.

hCTR1 has been detected at the plasma membrane and intra-
cellular sites, and recent data suggest functional roles for CTR1
in both locations (see “Dietary Acquisition and Excretion of
Copper”). Experiments in cell cultures showed that in elevated
copper hCTR1 is internalized; however, results diverge on the
extent of internalization and the fate of internalized CTR1.
Some reports suggest that internalized CTR1 is completely
degraded, and others suggest that internalization is a reversible
process and that hCTR1 returns promptly to the membrane
when copper is lowered. As with Cu-ATPases, recycling of
hCTR1 may provide a mechanism for an acute regulatory
response to changes in copper levels. However, many steps of
this process remain poorly understood. Does endocytosis
require saturation of the N-terminal copper-binding sites?
(Does CTR1 sense high extracellular copper, or does the signal
sensing high levels of copper come from inside the cell?) What
is the mechanism for return of hCTR1 to the membrane? Is
there a cell-specific storage pool? Do copper chaperones play a
role in “reporting” the cellular copper status? These and many
other questions remain to be addressed.

Concluding Remarks

Our knowledge of the mechanisms of human copper home-
ostasis is at best incomplete. We are close to obtaining impor-
tant mechanistic information on the isolated transporters.
However, an adequate understanding will come only from
probing the physiological interactions among the several play-
ers at cellular and higher levels of integration.
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