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Abstract Copper is an essential but potentially harmful
trace element involved in many enzymatic processes that
require redox chemistry. Cellular copper homeostasis in
mammals is predominantly maintained by posttranslational
regulation of copper import and export through the
copper import proteins hCTR1 and hCTR2 and the copper
exporters ATP7A and ATP7B. Regulation of copper
uptake and export is achieved by modulation of transporter
expression, copper-dependent and copper-independent
trafficking of the different transporters, posttranslational
modifications, and interacting proteins. In this review we
systematically discuss the contribution of these different
mechanisms to the regulation of copper transport.
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ATP7A - ATP7B

Introduction

Copper homeostasis is a strictly regulated process that
balances the cellular need with the potential toxic nature of
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copper. Copper is a transition metal that can switch from the
oxidized cupric (Cu*") to the reduced cuprous (Cu™) form
by accepting or donating an electron. Owing to this redox
activity, copper is an essential cofactor in many enzymatic
pathways, including respiratory oxidation, neurotransmitter
synthesis, iron metabolism, and pigmentation. This same
redox activity can catalyze the Fenton reaction, yielding
harmful reactive oxygen species. The necessity of copper
homeostasis is clearly illustrated by two genetic disorders in
humans in which the cellular copper-export machinery is
severely impaired. The genes encoding the homologous
copper-transporting P;g-type ATPases ATP7A and ATP7B
are mutated in the fatal X-linked neurodevelopmental dis-
order Menkes disease (OMIM 309400) and the hepatolen-
ticular copper-overload disorder Wilson disease (OMIM
277900), respectively. Mutation of ATP7A or ATP7B results
in cellular copper accumulation, but Menkes disease and
Wilson disease have very different clinical presentations
owing to tissue-specific expression of these genes.

To maintain cellular copper homeostasis within narrow
boundaries, cells have evolved intricate and essentially
conserved systems of copper import, intracellular distri-
bution, and copper export. Copper import in mammals is
primarily mediated by the copper transporter (CTR) family
of proteins that comprises the homologous CTRI1 and
CTR2. CTR1 is absolutely required for dietary copper
absorption and is essential for cellular copper uptake [1-7].
Cellular copper export is equally important and is depen-
dent on ATP7A and ATP7B [8-12]. In contrast to other
organisms, hardly any transcriptional regulation of genes
primarily involved in copper homeostasis exists in mam-
malian cells [13], and it is commonly accepted that regu-
lation of copper homeostasis occurs predominantly by
posttranslational mechanisms. We systematically discuss
here the posttranslational regulation of copper homeostasis
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in mammalian cells. We focus on the regulation of copper
import and export with respect to transporter protein
structure, copper-dependent and copper-independent traf-
ficking, and the role of posttranslational modifications and
interacting proteins.

Structure—function relationship of copper-transporting
P-type ATPases

Cellular copper export is dependent on the expression of
ATP7A or ATP7B [9, 10, 14-18]. ATP7A and ATP7B
have dual functions depending on the cellular copper sta-
tus. As trans Golgi network (TGN)-resident proteins, they
mediate copper transport into the biosynthetic pathway for
subsequent incorporation in cuproenzymes. After relocal-
ization to the plasma membrane or to vesicles at the cell
periphery under conditions of copper overload, these pro-
teins are essential for cellular copper export [9, 10, 14—18].

ATP7A and ATP7B share approximately 54% homol-
ogy. The overall topology of ATP7A and ATP7B is com-
parable. ATP7A and ATP7B have eight transmembrane
helices and their amino termini and carboxy termini
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Fig. 1 Membrane topology and structural elements of copper-trans-
porting P-type ATPases. ATP7A and ATP7B are transmembrane
proteins with eight transmembrane helices. Several characteristic
domains for P-type ATPases are involved in the catalytic cycle that
mediates ion transport at the cost of ATP hydrolysis: the nucleotide
binding domain (N) with the conserved SEHPL motif; the phosphor-
ylation domain (P) with the invariant aspartic acid in the DKTG
motif; and the actuator domain (A) with the TGEA motif. Typical for
the copper-transporting P-type ATPases are the Cys-Pro-Cys (CPC),
the Asp-Tyr (YN), and the Met-Xaa-Xaa-Ser (MxxS) metal binding
sites in the membrane domain that bind copper as part of the copper-
export cycle in the sixth, seventh, and eighth transmembrane helices,
respectively. The amino-terminal peptide contains six highly con-
served copper-binding sites containing the MXCXXC motifs that bind
copper and accept copper from the copper chaperone ATOX1, which
contains a similar MXCXXC motif. The amino-terminal part of
ATP7B contains the F3;AFDNVGYE,s sequence that is involved in
trafficking of ATP7B to the apical membrane, whereas a dileucine/
trileucine (LLL) motif in the carboxy terminus in ATP7A and ATP7B
is involved in retrograde transport to the trans Golgi network
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protrude into the cytosol (Fig. 1). The copper-transporting
P-type ATPases contain several specific motifs that are
essential for copper transport. Six metal binding domains
(MBDs) are present in the amino-terminal domain of
ATP7B and ATP7A, each comprising the typical Met-Xaa-
Cys-Xaa,-Cys (MXCXXC) copper-binding sites (Fig. 1).
Structural analysis by NMR spectroscopy and X-ray
spectroscopy revealed that these MBDs adopt a conserved
Paffaf ferredoxin fold [19-24]. These copper-binding
sites are surface-exposed and thus accessible for copper
binding. To enable copper translocation across the
membrane, P-type ATPases have a metal binding site
(M-domain) in the transmembrane helices [25]. Copper
coordination in the M-domain is essential for ATPase-
dependent copper transport, and therefore three transmem-
brane helices contain invariant residues that coordinate
copper in the M-domain (Fig. 1); the Cys-Pro-Cys (CPC)
motif in helix 6 [24], the Asp-Tyr (YN) motif in helix 7, and
the Met-Xaa-Xaa-Ser (MxxS) motif in helix 8 coordinate
copper in the M-domain [26-28]. Copper export by ATP7A
and ATP7B is essentially dependent on the cyclic ATP
hydrolysis activity [25]. ATP7A and ATP7B have several
conserved motifs that are essential for their ATPase activity.
These include the nucleotide-binding domain (N-domain),
the phosphorylation domain (P-domain), and the actuator
domain (A-domain) (Fig. 1).

Structure—function relationship of the copper-uptake
proteins CTR1 and CTR2

CTR proteins are highly conserved members of the solute
carrier superfamily expressed in eukaryotic cells. The
human genome encodes two CTRs (hCTR1, SLC31Al;
and hCTR2, SLC31A2). hCTRI1 was identified as a high-
affinity CTR by functional complementation of a yeast
strain deficient in high-affinity copper uptake [29-32]. The
characterization of CTR1 as a high-affinity CTR marked
the start of extensive studies on the structure, function, and
cellular localization of the CTR protein family [2, 6, 7,
33-42]. Overexpression of hCTR1 in several cell lines
results in a substantial, specific, and saturable induction of
cellular copper import with a K, of approximately 1-5 pM
[7, 35, 39]. Ctrl knockout mice died during midgestation,
indicating an essential role for Ctrl in embryonic devel-
opment [2, 4]. Interestingly, Ctr1*'~ mice that survived the
embryonic stages displayed copper deficiencies in brain
tissue, indicating that Ctrl is indispensable for copper
transport in mammals [2]. Mouse embryonic fibroblasts
isolated from Ctrl knockout mice have a substantial defect
in copper uptake and copper incorporation into cuproen-
zymes [3]. Finally, analysis of conditional knockout mice
that lack Ctrl expression specifically in hepatocytes or in
intestinal epithelial cells revealed a relatively minor
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Fig. 2 Membrane topology and structural elements of the copper-
import proteins hCTR1 and hCTR2. hCTR1 and hCTR2 are integral
membrane proteins that contain three transmembrane helices with
their amino termini exposed in the extracytoplasmic lumen, whereas
the carboxy termini protrude into the cytosol (left). The amino
terminus of hCTR1 is substituted with N-linked glycans and O-linked
glycans, whereas glycosylation is absent in hCTR2. The amino
terminus of hCTR1 contains stretches of methionine and histidine
residues (Mets motifs; gray boxes), which are absent in hCTR2.
However, the penultimate methionine in hCTR1 that is required for
copper uptake is also present in hCTR2 (asterisk). In contrast to
hCTR1, hCTR2 has a significantly shorter carboxy-terminal tail that

COOH

contribution of Ctrl to liver copper uptake [43], but an
essential role for Ctrl in intestinal copper uptake [5].
hCTR2 was only recently characterized as a functional
CTR that mediates copper uptake with relatively low
affinity compared with hCTR1 [6, 7].

Studies in yeast and mammalian cells revealed that CTR
proteins are integral membrane proteins, which contain
three transmembrane helices. Extensive experimental evi-
dence supports the topological model described in Fig. 2
[37, 39, 40, 44]. The carboxy terminus protrudes in the
cytosol, whereas the amino terminus is located at the ex-
tracytoplasmic side of the membrane. The amino terminus
of CTRI contains a number of conserved methionine and
histidine residues, arranged in so-called Mets motifs. These
motifs likely contribute the sulfhydryl ligands that coor-
dinate copper for subsequent transport. Whereas only the
penultimate methionine in these motifs is absolutely
required for copper transport, their presence highly

absent in
hCTR2

MAMHFIF-SDTAVLLFDEFWSVHSPA hCTR2

lacks the His-Cys-His (HCH) motif, but the Cys-His (CH) motif in the
second transmembrane helix might fulfill a similar role in hCTR2.
Furthermore, hCTR2 contains a dileucine motif in its carboxy
terminus, which might be involved in internalization of hCTR2. Both
hCTR1 and hCTR2 contain a dileucine (LL) motif in the cytoplasmic
loop. hCTRI contains a putative YNSM internalization motif (boxed).
Within the transmembrane helices, hCTR1 and hCTR2 contain the
conserved Met-Xaas-Met (MxxxM) motif, which is essential for
copper transport, and the Gly-Xaa3-Gly (GxxxG) motif, which is
involved in interhelical interactions. Evidence from literature indi-
cates that hCTR1 (and hCTR2) functions as a trimer to create an
aqueous pore that is large enough to enable copper transport (right)

increases copper transport affinity [41]. In contrast, CTR2
lacks these Mets-motifs with the exception of the penulti-
mate methionine, providing an explanation for the reduced
affinity compared with CTRI1. The amino terminus of
hCTR1 is substituted with N- and O-linked oligosaccha-
rides [37, 45]. The function of the N-linked glycosylation is
not completely clear, whereas the O-linked glycans are
possibly involved in the stability of the protein [45].
Biochemical analysis and electron microscopic crystal-
lography revealed that h(CTR1 subunits assemble as homo-
oligomeric complexes comprising three hCTR1 subunits
[7, 33, 34, 37, 39]. Homo-oligomerization may involve
mutual interactions of the amino termini of hCTR1, as was
suggested by yeast-two-hybrid experiments [37]. A cys-
teine residue in the carboxy terminus [36] and a Gly-Xaas-
Gly sequence in the second transmembrane helix [33, 34]
have also been implicated in hCTR1 oligomerization.
Together, these data support the notion that multiple
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domains within CTR1 proteins contribute to the formation
of oligomeric transporters. Electron microscopy analysis of
protein crystals comprising recombinant hCTR1 reconsti-
tuted in native phospholipid bilayers permitted determi-
nation of the structure of the hCTR1 oligomer at
approximately 6-A resolution. These studies revealed that
hCTR1 forms compact trimeric complexes containing nine
transmembrane helices [33, 34]. Experiments using hCTR2
indicated that oligomerization is a general characteristic of
human CTR proteins [7]. These data suggest that oligo-
merization of hCTRI1 is required for functional high-
affinity copper transport activity by permitting the forma-
tion of copper-permeable channels necessary for copper
uptake. Formation of such channels would permit copper
transport by coordination of copper by a series of six
methionine residues buried within the transmembrane
helices of the CTR trimer. Finally, the cytoplasmic car-
boxy-terminal domain of hCTR1 contains a conserved His-
Cys-His motif, which may generate the thermodynamic
energy that drives copper import and which may prevent
unregulated entry of “free” copper into the cytosol.

Posttranslational regulation of copper transport

Regulation of subcellular localization
and copper-dependent protein trafficking

Under basal (low-copper) conditions, ATP7A and ATP7B
display a characteristic perinuclear localization [9, 11, 46],
which has been identified as the TGN by immunogold
electron microscopy [47]. Endogenous as well as overex-
pressed ATP7A and ATP7B were detected in the TGN in a
wide variety of polarized and nonpolarized cell types under
basal copper conditions, both in vitro and in vivo [9, 11, 12,
14, 47-62]. In ATP7A, a putative TGN-targeting signal
was identified within transmembrane helix 3 [54]. A certain
degree of homology within this region is present between
ATP7A and ATP7B, but it is currently unknown whether
transmembrane helix 3 in ATP7B contains a similar TGN-
targeting signal. Recent studies localized ATP7B to tight
junctions in hepatocytes, where it might be involved in
paracellular copper transport [63]. Taken together, the
general consensus is that ATP7A and ATP7B are localized
in the TGN under basal copper conditions. Incorporation of
copper into nascent cuproenzymes such as ceruloplasmin
in the TGN is dependent on expression of ATP7A and
ATP7B, which is consistent with the localization of
ATP7A and ATP7B in the TGN [64].

In most of these studies, copper-dependent localization
of ATP7A and ATP7B to post-Golgi vesicles or to the
plasma membrane was observed. This copper-dependent
relocalization of copper-transporting P-type ATPases is
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metal-specific, fast, does not require de novo protein syn-
thesis, and is reversible. Although ATP7A and ATP7B
both traffic in response to copper, their destination is
clearly different. Under high-copper conditions, ATP7B
displays overlap with the apical membrane in several
polarized hepatic cell lines [12, 51, 53], whereas others
observed that ATP7B does not traffic preferentially to the
plasma membrane but traffics to post-Golgi vesicles
instead [9, 46, 52, 65, 66]. Both in vitro and in vivo
experiments have illustrated copper-dependent trafficking
of ATP7B in hepatocytes [12, 51, 53, 67]. It appears that
copper-induced trafficking of ATP7B is a cell-type-specific
phenomenon. Barnes et al. [68] demonstrated that copper-
induced trafficking of endogenously expressed ATP7B in
kidney-derived HEK293T cells, MDCK cells, Cos-7 cells,
or primary kidney cells was perturbed, whereas copper-
dependent trafficking of ATP7A did take place in these
same cell types. Reversible copper-dependent trafficking of
ATP7A to the plasma membrane or post-Golgi vesicles in
nonpolarized cells [11, 54-58] and specifically towards the
basolateral membrane in polarized cells [59-62, 69, 70]
was observed.

Specific targeting of ATP7B towards the apical mem-
brane is dependent on an ATP7B-specific sequence,
F3;AFDNVGYE,s, and disruption of this motif results in
basolateral targeting [71] (Fig. 1). This sequence motif is
absent in ATP7A, and overexpression of ATP7A in hepa-
tocytes results in basolateral localization [70]. Deletion of
an ATP7A-specific PDZ-domain in the carboxy terminus
of ATP7A results in apical localization of ATP7A in
hepatocytes [70]. Apparently, these motifs are required for
trafficking to distinct membranes.

Retrograde transport of ATP7A and ATP7B back to the
TGN is induced by restoring copper concentrations to basal
levels [65]. A dileucine sequence in the carboxy-terminal
tail of ATP7A is required for retrograde transport to the
TGN [72-74]. This dileucine motif might induce classic
clathrin-dependent endocytosis of ATP7A [75], but con-
tradicting observations showed that endocytosis of ATP7A
is also clathrin-independent [75, 76]. Apparently, other
sequences contribute to the retrograde transport of ATP7A.
ATP7B has a comparable trileucine motif in its carboxy-
terminal tail (Fig. 1). Mutation of the trileucine in ATP7B
does not result in retention at the plasma membrane, but
ATP7B is constitutively localized in post-Golgi vesicles
instead [76]. Thus, the dileucine/trileucine clearly func-
tions in retrograde transport of ATP7A and ATP7B.

Copper transport activity strongly correlates with cop-
per-induced trafficking of both ATP7A and ATP7B.
Mutation of the CPC copper-binding site in the transmem-
brane region prevents copper binding and copper-induced
relocalization [70, 77, 78], but results in a constitutive
localization in post-Golgi vesicles, concomitant with
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increased phosphorylation of the invariant D1027 in the
P-domain in ATP7B [57]. Furthermore, mutation D1027 in
ATP7B abolishes copper-induced trafficking from the TGN
to post-Golgi vesicles [52]. In contrast, mutation of the
TGEA motif results in localization of ATP7A in post-Golgi
vesicles and this localization is no longer affected by
changes in copper concentrations [78]. More importantly,
combining the TGEA mutation with deletion of the six
amino-terminal MBDs and the CPC motif in ATP7B cannot
reverse the peripheral localization [52]. Apparently, copper-
dependent localization of copper-transporting P-type
ATPases is dependent on the progression through the
different conformational stages associated with the catalytic
cycle.

hCTR1 is predominantly localized in intracellular
organelles, but a smaller or larger proportion of hCTR1 is
exposed on the plasma membrane depending on the cell
type (Fig. 3) [38, 39, 79]. The subcellular localization of
hCTRI1 is regulated by extracellular copper concentrations.
In steady-state conditions, hCTR1 constitutively cycles
between intracellular organelles and the plasma membrane
[38]. The cell surface pool of hCTR1 is rapidly internalized
and subsequently degraded in response to high copper
concentrations (200 uM CuCl,) [40]. This is dependent on
the Mets motifs in the amino terminus of hCTR1 [44]. This
forms a putative regulatory mechanism to prevent toxic
copper accumulation in the cell. In contrast, hCTR2 is
exclusively localized in endosomes and lysosomes, and its
localization is not affected by changes in the extracellular
copper concentration [7].

Comparison of hCTR1 and hCTR2 revealed highly
conserved dileucine motifs in their cytoplasmic loops,
whereas hCTR2 has an additional dileucine motif in its
carboxy terminus (Fig. 1). Furthermore, hCTR1 contains a
putative Tyr-Xaa,-(hydrophobic amino acid) internaliza-
tion motif in its cytoplasmic loop: Tyr-Asn-Ser-Met
(Fig. 2) [80]. Conformational changes induced by copper
binding might expose these motifs to the endocytosis
machinery, resulting in subsequent internalization. The two
dileucine motifs in hCTR2 might strengthen the internali-
zation potential of hCTR2, which could imply that hCTR2
only transiently appears at the plasma membrane followed
by immediate internalization into the endocytic pathway.
The contribution of these motifs to the subcellular locali-
zation requires further investigation.

Copper-independent regulation of hCTR1, ATP7A
and ATP7B trafficking, and protein expression

Stimuli other than copper affect the localization of copper
transport proteins in different tissues. Activation of the
NMDA receptor by glutamate in hippocampal neurons
results in reversible and copper-independent trafficking of

ATP7A from the TGN to neuronal processes [81]. This
results in glutamate-dependent copper excretion, which
prevents neuronal cell death owing to NMDA-receptor
activation [82]. Another tissue-specific copper-independent
localization pathway is present in melanocytes. These cells
require copper transport into melanosomes, where the
cuproenzyme tyrosinase mediates maturation of promela-
nin into melanin (pigment). After synthesis, tyrosinase
incorporates copper in the TGN, but the enzyme loses
bound copper during progression to the endocytic com-
partments. Interestingly, ATP7A is partially localized to
melanosomes [83]. Hence, copper-independent localization
of ATP7A to melanosomes ascertains organelle-specific
tyrosinase activity. Copper transport in macrophages is
regulated in an oxygen-dependent manner. Hypoxia indu-
ces ATP7A protein expression and trafficking of ATP7A
from the TGN to post-Golgi vesicles in a copper-dependent
manner [84]. Furthermore, hCTRI1 protein expression and
copper uptake are induced by hypoxia. During hypoxia,
copper delivery to Cu/Zn dismutase (SOD1) and to COX1,
a subunit of cytochrome ¢ oxidase, is inhibited, whereas
more copper is incorporated into ceruloplasmin in the
secretory pathway by ATP7A [84]. Apparently, hypoxia
results in an increased copper uptake and a redistribution of
copper to different compartments in the cell to adapt to
cellular need. The latter strongly suggests that copper
uptake, distribution, and export are coordinately regulated
(Fig. 3).

Mother-to-fetus transport of copper in placental
trophoblasts is dependent on ATP7A as well as ATP7B
[62, 69, 85]. Interestingly, several hormones regulate
expression and localization of these proteins. Estrogen and
insulin result in upregulation of ATP7A messenger RNA
and protein expression [69]. These hormones induce cop-
per-independent trafficking of ATP7A from the TGN to the
basolateral membrane (fetal side of the cell). At the same
time, stimulation with these hormones results in decreased
ATP7B protein expression, and retention of ATP7B in the
TGN to prevent copper excretion at the apical (maternal)
side of the membrane. A minor increase in hCTR1 protein
expression was observed in JEG-3 placental cells after
stimulation with estrogen or progesterone. hCTRI is
localized at the lateral membranes of polarized JEG-3 cells,
but no clear changes in localization are observed in
response to hormone treatment [61]. In contrast, lactogenic
hormones trigger ATP7B relocalization to the apical
membrane (milk side) in mammary tissue, which results in
copper export to the milk [60]. Treatment with prolactin
results in increased copper excretion into the milk by
basolateral localization of CTR1 and ATP7A [59]. These
observations suggest that localization of copper transport
proteins is regulated in a coordinated manner in mammary
gland tissue.
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Fig. 3 Regulation of cellular copper transport. Cellular copper
uptake is dependent on hCTR1. Most of the hCTRI is located in
intracellular organelles in steady-state conditions, with a fraction of
the hCTR1 present on the plasma membrane. Increased extracellular
copper concentrations result in internalization of hCTRI1 (/a), and
subsequent degradation. Reduction of the extracellular copper
concentration results in repopulation of hCTRI1 at the surface (2a).

Copper transport is tightly correlated to resistance to a
group of cytotoxic platinum drugs that are used in cancer
treatment, such as cisplatin. Cisplatin enters the cell in an
hCTR1-dependent manner [86, 87], and expression of
hCTRI1 is downregulated by cisplatin. Cisplatin also reg-
ulates its own export by modulating expression of ATP7A
and ATP7B. Increased expression of ATP7A and ATP7B
correlates with decreased sensitivity to cisplatin [88, 89].
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Copper export is regulated in a similar fashion as an increase in
extracellular copper is sensed intracellularly and is converted to
trafficking of ATP7A/ATP7B to the cell periphery or cell surface
(1b). Similarly, removal of the excessive copper results in relocal-
ization of ATP7A/ATP7B to the trans Golgi network (2b). Similar
trafficking events can also be induced by hormones or the oxygen
concentration depending on the cell type

Regulation of copper transport by protein—protein
interactions

Protein—protein interactions as a potential way to regulate
activity of the different copper transport proteins have
attracted much recent attention. Protein—protein interactions
are known to manipulate protein localization, degradation,
and posttranslational modifications such as phosphorylation
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and ubiquitination and many other processes. In addition,
protein—protein interactions themselves are regulated by
posttranslational modifications. Copper binding to ATP7A
and ATP7B forms a key event in the catalytic cycle. An
essential step in ATP7A- and ATP7B-dependent copper
transport is copper delivery by the copper chaperone
ATOX1 [90-93]. The importance of ATOX1 in mammalian
biology is clearly illustrated by the AfoxI knockout mice
that displayed a copper deficiency phenotype similar to
Menkes disease [90]. ATOX1 contains an MBD with sig-
nificant homology and similar fold compared with the
MBDs of ATP7A and ATP7B [94], enabling copper-
dependent dimerization of these motifs [95] and copper
transfer between the copper-binding sites of ATOX1 and
the copper-transporting P-type ATPases. The interaction
between ATOX1 and ATP7A or ATP7B is essential for
copper translocation and for copper-dependent trafficking
of ATP7A and ATP7B [10, 11, 48, 55-58, 70, 77, 78, 91,
92, 96-100]. ATOX1 interacts with all MBDs in vitro in a
copper-dependent manner [101], but the different MBDs
are not equally involved in the regulation of copper-trans-
porting P-type ATPases.

ATOX1-dependent copper delivery to the amino-ter-
minal MBDs in ATP7A and ATP7B was long thought to be
the mechanism of copper delivery into the copper-binding
sites in the M-domain. Arguello and Gonzalez-Guerrero
[102] recently postulated a novel theory in which the
amino-terminal MBDs regulate ATPase activity. Copper
delivery to the amino-terminal MBDs by ATOX1 disrupts
the interaction of the amino terminus and the N-domain.
This enables ATP binding to the N-domain and allows
ATOXI1 to deliver copper to the copper-binding sites in
the M-domain, thereby stimulating copper translocation
by these ATPases [103]. ATOX1 also interacts with the
immunophillin FKBP52 [104], a protein involved in pro-
tein trafficking, but the exact mechanisms by which
FKBP52 attenuates its role in the copper excretion pathway
need to be further characterized.

Recently, two novel ATP7B-interacting proteins were
identified by yeast-two-hybrid analyses [105-107]. First,
glutaredoxin displays a copper-dependent interaction with
ATP7A and ATP7B [106], and this interaction is depen-
dent on the availability of the MBDs in the amino terminus.
Glutaredoxins are involved in keeping cysteine thiols in a
reduced state. This may be a mechanism to keep the cys-
teines in the MXCXXC motifs available for copper binding
by preventing the formation of intramolecular disulfide
bonds that are not accessible for copper coordination [106].
Second, the amino terminus of ATP7B interacts with the
dynactin subunit p62 in a copper-dependent manner
[105]. The dynactin complex is involved in mobilization
of organelles along microtubules [108], suggesting that
this interaction may be involved in copper-dependent

relocalization of ATP7B. Of note, copper-independent
interaction with the carboxy terminus of ATP7A and the
PDZ-domain containing protein ATPase-interacting PDZ
protein was recently described [107]. These proteins are
involved in membrane trafficking, but their function in
ATP7A regulation is currently unclear.

One of the other ATP7B-interacting proteins that
recently attracted attention is COMMDI1. COMMDI1 was
characterized as the protein that was deleted in Bedlington
terriers affected by hereditary copper toxicosis [109—111].
The exact function of COMMDI in copper metabolism is
currently unknown. Although it has been reported that
COMMDI binds Cu** [112], a direct and copper-inde-
pendent interaction between the amino terminus of ATP7B
and COMMDI1 has been characterized [113, 114]. Tran-
sient knockdown of COMMDI by RNA interference
results in increased cellular copper levels in HEK293T
cells [115-117]. Together, these data suggest that ATP7B
and COMMDI1 cooperate in cellular copper export, which
might be the underlying defect in Bedlington terriers
affected by copper toxicosis. Interestingly, the interaction
between COMMDI1 and ATP7B is markedly increased
when Wilson-disease-associated mutations of ATP7B are
present [114, 118]. These mutations are associated with
misfolding, mislocalization of ATP7B to the endoplasmic
reticulum, and decreased protein expression due to
increased proteasomal degradation. COMMDI has been
implicated in regulation of protein stability of components
of the NF-xB and HIFI1 signaling pathways [119-122].
These observations suggest that COMMDI1 may affect
copper homeostasis by regulating the stability of newly
synthesized ATP7B.

With the exception of homo-oligomerization of CTR1,
no interacting proteins have been identified for the CTR
proteins, but it is speculated that CTR-mediated copper
transport is coupled to protein-interaction-dependent
transfer of copper to cytoplasmic proteins such as the
known copper chaperones. In addition, copper-responsive
internalization of CTR1 from the plasma membrane likely
involves interacting proteins.

Regulation of copper transport by posttranslational
modifications

Signal transduction pathways that confer transient post-
translational protein modifications, such as phosphorylation,
acetylation, and ubiquitination, dictate the expression,
localization, stability, and function of many proteins. Deg-
radation of newly synthesized ATP7B can be partly inhib-
ited by inhibitors of proteasomal degradation, suggesting
that ATP7B expression is regulated by polyubiquitination
[114]. To date, no ubquitination sites have directly been
characterized in ATP7A or ATP7B. Internalization of Ctrlp
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in Saccharomyces ceriviseae requires ubiquitination of two
carboxy-terminal lysine residues (Lys340 and Lys345) of
Ctrlp [123]. However, these lysine residues are not con-
served, and the role of ubiquitination on trafficking of
mammalian CTR1 remains elusive. In analogy with other
membrane proteins, it is likely that trafficking and degra-
dation are regulated by specific monoubiquitination or
polyubiquitination [124].

Phosphorylation of ATP7B, in a manner distinct from
the transient phosphorylation of the invariant D1027 during
the catalytic cycle, has been described and correlated with
localization of ATP7B to the periphery of the cell [125].
This hyperphosphorylation of ATP7B appears dependent
on copper and on the presence of an intact amino terminus
[125, 126]. In contrast, copper depletion results in
dephosphorylation of ATP7B and concomitant retrograde
trafficking of ATP7B to the TGN [125]. The kinase
responsible for this phosphorylation event is currently
unknown, but it is tempting to speculate that coupling of
protein phosphorylation to copper binding at the amino-
terminal domains of copper-transporting P-type ATPases
comprises the mechanism by which the amino terminus
regulates protein function and localization in a copper-
dependent way. Alternatively, it is also possible that cop-
per-initiated signal transduction pathways exist and result
in phosphorylation of ATP7A or ATP7B. Furthermore, a
basal phosphorylation site that is independent of copper
was characterized, and involves serine residues in the
carboxy-terminal Ser796-Tyr1384 region of ATP7B [125,
126]. The function of basal phosphorylation is currently
unknown, but it may be involved in interactions with
proteins either to retain ATP7B in the TGN or to modulate
copper transport activity.

Recently, several novel serine phosphorylation sites
have been identified in the amino terminus and carboxy
terminus of ATP7A. Phosphorylation of Ser1342 and
Ser1469 is essential for copper-dependent trafficking from
the TGN to the plasma membrane [127]. However, copper-
dependent trafficking per se is not affected by mutations in
these sites, suggesting that these serines possibly regulate
direction of trafficking. These sites are strongly conserved
in ATP7B, suggesting that regulation of trafficking by
copper-dependent phosphorylation is conserved. These
observations mark an important step forward in our
understanding of regulation of copper ATPases by phos-
phorylation. Interestingly, some of these phosphorylation
sites are in close proximity to the PDZ-domain in ATP7A
and the dileucine/trileucine motif involved in internaliza-
tion. It is tempting to speculate that phosphorylation at
these sites modulates specific protein—protein interactions
at these different motifs, and thereby affects cellular
localization. In conclusion, identification of the exact
phosphorylation sites, the consequences of phosphorylation
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and the kinases responsible will greatly enhance our
understanding of regulation of ATP7B function. In addi-
tion, there is great demand for identification of other
potential posttranslational modifications of copper-trans-
porting P-type ATPases.

Conclusions

The regulation of ATP7A- and ATP7B-dependent copper
translocation and the regulation of the spatial distribution
of copper transport proteins in cells have been intensively
studied during the past few decades. The copper-depen-
dent trafficking of ATP7A and ATP7B is correlated to
their catalytic activity, but hardly any information is
available on the mechanisms that facilitate this relocal-
ization. The regulated trafficking to specific organelles
and membranes in the cell requires posttranslational
modifications and protein—protein interactions to direct
these proteins to their specific destinations. The catalytic
activity of ATP7A and ATP7B is regulated by intermo-
lecular and intramolecular interactions comprising the
amino termini and N-domains of ATP7A, ATP7B, and
ATOX1. However, the contribution of copper-dependent
phosphorylation to catalytic activity remains elusive. With
the current development of high-throughput proteomics
and high-throughput imaging systems much is to be
expected in the further characterization of protein modi-
fication and the effects on copper transport, transporter
localization, and regulation. Especially for the copper-
import proteins hCTR1 and hCTR2, understanding of
their regulation, modifications, and interacting proteins is
required.
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