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Abstract

Copper is essential for normal growth and development of human organisms. The role of copper as
a cofactor of important metabolic enzymes, such as cytochrome c oxidase, superoxide dismutase,
lysyl oxidase, dopamine-p-hydroxylase, and many others, has been well established. In recent
years, new regulatory roles of copper have emerged. Accumulating evidence points to the
involvement of copper in lipid metabolism, antimicrobial defense, neuronal activity, resistance of
tumor cells to platinum-based chemotherapeutic drugs, kinase-mediated signal transduction, and
other essential cellular processes. For many of these processes, the precise mechanism of copper
action remains to be established. Nevertheless, it is increasingly clear that many regulatory and
signaling events are associated with changes in the intracellular localization and abundance of
copper transporters, as well as distinct compartmentalization of copper itself. In this review, we
discuss current data on regulation of the localization and abundance of copper transporters in
response to metabolic and signaling events in human cells. Regulation by kinase-mediated
phosphorylation will be addressed along with the emerging area of the redox-driven control of
copper transport. We highlight mechanistic questions that await further testing.

1. COPPER AUTO REGULATES ITS CYTOPLASMIC LEVELS BY
MODULATING THE AMOUNTS OF A HIGH-AFFINITY TRANSPORTER CTR1
AT THE PLASMA MEMBRANE

1.1. Acute Regulation of CTR1 through Copper-Dependent Trafficking

Copper enters human cells through at least two independent pathways. The high-affinity
copper transporter CTR1 is responsible for the 60—70% of total copper influx, while the
remaining uptake is mediated through a low-affinity transport mechanism (Lee, Petris, &
Thiele, 2002). The identity of the low-affinity transporter(s) remains unknown. Several
candidates have been proposed (Arredondo, Munoz, Mura, & Nunez, 2003; Zimnicka, Ivy,
& Kaplan, 2011); the role of the divalent metal transporter DMT1 in copper acquisition in
the brain has recently been questioned (Zheng, Chen, & Zheng, 2012). Human CTR1,
hCTR1, is a homotrimer with a relatively long His/Met-rich N-terminal tail exposed at the
extracellular side, three transmembrane (TM) segments, and a very short cytosolic C-
terminus containing the His-Cys-His motif (Kaplan & Lutsenko, 2009; Puig et al., 2007). In
the vast majority of cells, hCTR1 is responsible for acquisition of copper from the blood; in
intestine, it plays an essential role in the dietary copper absorption (Nose, Kim, & Thiele,
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2006). Copper uptake by hCTR1 is tightly controlled: the short-term regulation is mediated
via copper-dependent changes in the abundance of hCTR1 at the plasma membrane (PM).
Copper depletion increases the amount of hCTR1 at the PM through the recruitment from
the intracellular pools (Kuo, Gybina, Pyatskowit, Gitschier, & Prohaska, 2006), whereas
elevated copper induces rapid endocytosis of the transporter from the PM to vesicles (Guo,
Smith, Lee, Thiele, & Petris, 2004) (Fig. 1).

The mechanisms through which copper triggers hCTR1 internalization and, reciprocally, the
loss of copper initiates the return of hCTR1 to the PM are unclear. Biochemical and
molecular modeling experiments revealed the presence of copper-binding sites at both the
extracellular and cytosolic portions of hCTR1 (De Feo, Aller, Siluvai, Blackburn, & Unger,
2009; Haas, Putterman, White, Thiele, & Franz, 2011; Tsigelny et al., 2012). Mutations to
Ala of residues at the entrance of the copper translocation pathway (Met150 and Met154 in
the TM2) eliminate copper uptake. In contrast, mutations/deletions of Met, His, or Cys
residues in the N-terminal or C-terminal tails of hCTR1, respectively, change the rate of
transport (Du, Wang, Li, & Sun, 2012), but do not fully abolish the transport activity,
pointing to the regulatory functions for the N-terminal and C-terminal copper-binding sites.
The binding of copper to one or more of such regulatory sites and subsequent
conformational changes in the protein (Eisses & Kaplan, 2002) are likely to be the first steps
toward hCTR1 internalization. Further steps involve a clathrin-dependent pathway, as
suggested by the co-localization of hCTR1 with the transferrin receptor and the inhibition of
hCTR1 endocytosis by chlorpromazine and methyl-g-cyclodextrin (Petris, Smith, Lee, &
Thiele, 2003).

1.2. Does Low or High Copper Serve as a Physiologically Relevant Signal for CTR1

Trafficking?

It should be noted that most of the current evidence for hCTR1 internalization and recycling
has been obtained using the recombinant overexpressed protein. There is little doubt that the
recombinant hCTR1 traffics to the intracellular compartments upon exposure to copper,
whereas treatment with the copper chelator (or cisplatin) stabilizes protein levels at the PM
(Guo et al., 2004). Given these observations, it might be worth considering why the results
of early experiments on the endogenous hCTR1 are notably different from those with the
overexpressed protein. In cells of various origin, the location of the endogenous hCTR1 was
found to be predominantly intracellular. In addition to vesicles, the PM location was
observed in HEK293 cells (Eisses et al., 2005), Caco-2 cells (Klomp, Tops, Van Denberg,
Berger, & Klomp, 2002) and in polarized Jeg-3 cells (Hardman et al., 2006). High copper
did not affect the PM localization of endogenous CTR1 in any of these cells, and no obvious
internalization was observed. More recently, endocytosis of recombinant and endogenous
hCTR1 was examined using surface biotinylation (Molloy & Kaplan, 2009). In these
experiments, partial endocytosis (20-60%) was detected for both the recombinant and
endogenous hCTR1 in some, but not all cell types. Internalization of endogenous CTR1 was
seen in polarized MDCK cells and in HepG2 cells; no significant internalization of hCTR1
in response to extracellular copper was detected in HeLa and T47D cells (Molloy & Kaplan,
2009).
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In mouse tissues, MCTRL1 is also predominantly intracellular with a notable exception of the
liver where it was immuno-detected at the PM (Hardman et al., 2006; Kuo et al., 2006; Ralle
et al., 2010)]. In copper-deficient tissues, there is a distinct upregulation and recruitment of
mMCTR1 to the PM, especially in the intestine (Kuo et al., 2006). High copper has an
opposite effect on protein localization, but not under all circumstances. The decreased levels
of mCTR1 at the PM were observed in the liver tissue with a prolonged (20 weeks)
intracellular accumulation of copper (Ralle et al., 2010), whereas high dietary copper did not
seem to have such an effect (Araya et al., 2012). Altogether, these observations raise an
interesting possibility that under physiologically relevant conditions the distribution of
CTR1 between the intracellular and PM pools is controlled by the metabolic demands of a
cell (i.e. by the need for copper for biosynthetic purposes) rather than by extracellular
copper. This hypothesis would be consisted with a repeatedly observed increase in the CTR1
levels (total and at the PM) in response to copper deprivation. Hardman et al. (2006) have
also found decreased intracellular staining of CTR1 in the insulin-treated Jeg-3 cells and
proposed that insulin influenced the recruitment of hCTR1 to the PM through the
mechanism resembling that of the glucose transporter GLUTA4.

1.3. Copper Sensor Sites in CTR1 are Probably Cytosolic

How copper levels are sensed by CTR1 and then transferred into a signal for redistribution
between cellular compartments is an interesting unresolved problem. The fact that the
endogenous hCTR1 in HEK293 cells does not traffic in response to extracellular additions of
copper, whereas a stably transfected hCTR1 does, suggests that the rate of copper entry and
accumulation in the cytosol (which is higher in cells overexpressing hCTR1) may play an
important role in triggering the internalization of the transporter. Consistent with this
hypothesis, the recombinant CTR1, which lost its transport activity due to mutations of
critical Met150 and Met154 (see above), does not traffic from the PM to vesicles despite the
presence of the extracellular copper-binding sites at the N-terminal tail (Guo et al., 2004).
Finally, since CTR1 internalization is a reversible process (i.e. copper depletion triggers the
return of CTR1 to the PM) it seems that a “copper sensing” site is present at the cytosolic
face of the molecule, where copper can be easily exchanged. Consistent with this idea,
exposure of cells to higher copper delays the return of internalized CTRL1 to the PM (Molloy
& Kaplan, 2009), although this phenomenon could also be due to time needed to clear extra
copper by the efflux systems.

1.4. Regulation of Copper Uptake by Modulation of Total Levels of CTR1

The long-term regulation of CTRL1 is achieved through transcriptional/translational changes.
The basal levels of CTR1 are influenced by the HIF2a. transcription factor (Pourvali et al.,
2012); however, which proteins directly control expression of CTR1 in response to changing
copper levels or other metabolic needs is not entirely clear. Furthermore, similar to studies
on CTR1 trafficking, there is some discrepancy in the literature on whether an elevated
copper influences the levels of CTR1 messenger RNA (MRNA). Recent studies
demonstrating that regulation of the CTR1 abundance could be affected by various
metabolic factors offer potential explanation for such inconsistencies between the reports.
For example, incubation of HepG2 cells in high copper results in decreased amounts of
CTR1 mRNA and protein, whereas treatment with estradiol alleviates this copper effect
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(Arredondo et al., 2010). It is also interesting that overexpression of the exogenous CTR1 is
associated with downregulation of the endogenous CTR1 mRNA indicating a tight
homeostatic control of the total hCTR1 levels (Liang, Tsai, Lee, Savaraj, & Kuo, 2012).

The role of glutathione in regulating copper transport machinery is another intriguing
finding. Overexpression of recombinant gamma-glutamyl-cysteine synthase -y-GCSht0090, a
rate-limiting enzyme in the biosynthesis of glutathione, in human lung cancer cell line is
associated with a two- to three-fold increase in the cellular levels of glutathione (Yamane et
al., 1998). This, in turn, coincides with an increase in the CTR1 mRNA and protein level as
well as increased copper uptake (Chen et al., 2008). In another set of experiments, the
expression of CTR1 was shown to be upregulated upon copper depletion and downregulated
under replete conditions. These changes in CTR1 levels paralleled changes in the levels of
the transcription factor specificity protein 1 (Spl) leading to the suggestion that Spl
oscillations in response to copper availability regulate hCTR1 expression (Liang et al., 2012;
Song et al., 2008).

Increases in the CTR1 mRNA and protein have also been observed in a cell model of
inflammation. Treatment of BV-2 microglial cells with -y-interferon resulted in a two-fold
increase of the CTR1 mRNA levels, increased rates of copper uptake, and higher copper
accumulation (Zheng et al., 2010). Very similar phenomena, i.e. an increase in the CTR1
mRNA along with higher copper accumulation was observed in RAW264.7 cells exposed to
hypoxic conditions (4% oxygen) (White, C., Kambe, T., Fulcher, Y.G., Sachdev, S.W., Bush,
AL, Fritsche, K., et al., 2009a). The mechanisms behind these interesting and potentially
important regulatory events remain largely unexplored; however, the role of a kinase-
mediated signaling appears increasingly likely. Recent study revealed an unexpected
requirement for the CTR1-mediated copper uptake in signaling via the Ras/mitogen-
activated protein (MAP) kinase pathway (Turski et al., 2012). In these studies, genetic
inactivation of CTR1 in flies and in mouse cells as well as copper deficiency induced by
metal chelation were shown to reduce the ability of the MAP kinase kinase Mek1 to
phosphorylate the MAP kinase Extracellular signal regular Kinases (ERK1/2), whereas Akt
kinase remained unaffected (Turski et al., 2012). Surprisingly, silver (which would be
expected to mimic the effects of copper) had effect similar to copper chelation, i.e. it
decreased cells’ response to insulin, as evidenced by the diminished ERK1/2
phosphorylation. An important finding in this set of experiments was the observation that the
addition of copper to the CTR1+/+ cells did not potentiate insulin signaling, whereas the
same treatment of the copper-deficient CTR1-/- cells partially restores the ability of insulin
to signal via the ERK1/2 phosphorylation pathway. These results seem to imply that the
CTR1 function in insulin signaling is to maintain normal cell metabolism, rather than
directly deliver copper to a copper-dependent kinase(s), although there is a convincing
evidence for the direct Cu* binding to Mek1 kinase in vitro (Turski et al., 2012).
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2. REGULATION OF COPPER EXPORT VIA PROTEIN TRAFFICKING AND
KINASE-MEDIATED PHOSPHORYLATION

2.1. ATP7A and ATP7B are Copper-Transporting ATPases Important for Maintaining
Cellular Copper Homeostasis

Human cells express two homologous copper-exporting ATPases, ATP7A and ATP7B, that
transport copper across a membrane bilayer by using the energy derived from ATP
hydrolysis. Both ATP7A and ATP7B belong to the P-type ATPases family, i.e. during their
catalytic cycle they form a transient phosphorylated intermediate (catalytic phosphorylation)
that is stimulated by binding of the exported ion, copper. ATP7A/B contains eight TM
domains and several cytosolic domains (Fig. 2). The cytosolic N-terminal domain is
composed of six metal-binding domains (MBDs) that are connected by flexible loops. Each
MBD binds one copper (Lutsenko, Petrukhin, Cooper, Gilliam, & Kaplan, 1997); the
binding induces conformational changes within the domain (DiDonato, Hsu,
Narindrasorasak, Que, & Sarkar, 2000) that are accompanied by the rearrangements of the
loops connecting MBDs (Bartee, Ralle, & Lutsenko, 2009). The nucleotide-binding domain
(NBD), the phosphorylation (P) domain and the actuator (A) domain are central for the P-
type ATPase function. The NBD and the P-domain are involved in ATP binding and
hydrolysis, whereas the A-domain is required for conformational changes during ATP
hydrolysis. Both the N-terminal domain and C-terminal tails of ATP7A/B are important for
proper targeting of the protein. The 1-63 region of the N-terminal domain of ATP7B
contains a region (F3” AFDNVGYE*®), which is involved in trans-Golgi network (TGN)
retention/apical targeting (Braiterman et al., 2009), whereas the C-terminal tail contains
residues important for endocytosis (Cater, La Fontaine, Shield, Deal, & Mercer, 2006;
Francis et al., 1999; Stephenson, Dubach, Lim, Mercer, & La Fontaine, 2005) and copper-
responsive trafficking to the apical membrane (Braiterman, Nyasae, Leves, & Hubbard,
2011).

2.2. Localization of Human Copper Efflux Transporters is Regulated

ATP7A and ATP7B have two main localizations within cells. One compartment is the TGN
where these copper-ATPases supply the copper cofactor to cuproenzymes; the other
compartment is vesicles-PM, to which copper-ATPases traffic in order to remove excess
copper out of the cells (Gupta & Lutsenko, 2009). Copper regulates the distribution of
ATP7A and ATP7B between these two locations. In basal or low copper, the TGN is the
primary site for the localization and function of copper-ATPases; in high copper, the
transporters exit the TGN and relocate to vesicles, which eventually fuse with the PM. This
copper-regulated trafficking of ATP7A/7B is important for cellular copper homeostasis.
Despite its central role, the exact mechanism of ATP7A7B trafficking between cellular
compartments remains only partially characterized. It has been established that both
ATP7A/7B undergo kinase-mediated phosphorylation and the level of phosphorylation is
copper dependent and reversible. Therefore, the kinase-mediated phosphorylation of
ATP7A/7B is likely to be an important regulatory step for trafficking of ATP7A/7B and/or
for modulation of their copper transport function.
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2.3. Both Copper-ATPases are Phosphorylated on Multiple Sites

Biochemical and mass spectrometry (MS) experiments suggest that both ATP7A and ATP7B
are phosphorylated by kinases on serine residues (Vanderwerf, Cooper, Stetsenko, &
Lutsenko, 2001; Vanderwerf & Lutsenko, 2002; Voskoboinik et al., 2003). The level of
kinase-mediated phosphorylation is linked to the intracellular localization of copper-
ATPases. Under basal conditions, while in TGN, ATP7A/B are basally phosphorylated.
Upon copper elevation, the kinase-mediated phosphorylation increases, and this coincides
with the trafficking of ATP7A/B to vesicles. Return to the basal media or copper depletion
with chelators triggers trafficking back to the TGN. In parallel, the regulatory
phosphorylation of ATP7A/7B reverts to its basal levels; suggesting that copper-dependent
phosphorylation might be required for either exit from the TGN or retention in vesicles
(Vanderwerf et al., 2001; Voskoboinik et al., 2003).

The identification of phosphorylation sites is necessary for determining the precise
physiological role of ATP7A/7B phosphorylation. The in-cell and in vitro studies indicate
that more than one residue is phosphorylated in either ATP7A or ATP7B (Pilankatta, Lewis,
Adams, & Inesi, 2009; Vanderwerf et al., 2001; Voskoboinik et al., 2003). For ATP7B, it has
been shown that the copper-responsive phosphorylation occurs at different site(s) than the
basal phosphorylation site(s) and different regions of the protein are involved in these events
(Vanderwerf et al., 2001). The C-terminal tail and the N-terminal domain of ATP7B are not
required for basal phosphorylation, indicating that at least some of the basal phosphorylation
site(s) are located in the Ser 796-Tyr 1384 region of ATP7B. On the other hand, the copper-
induced phosphorylation requires the presence of the N-terminal domain (Vanderwerf et al.,
2001), which is a target of phosphorylation both in vitro and in cells (Bartee et al., 2009).
MS analysis of the in vitro phosphorylated N-terminal domain of ATP7B pointed to the loop
connecting MBD3-MBDA4 as a site for the kinase-mediated modification (Bartee et al.,
2009). Other putative copper-responsive phosphorylation sites were identified by MS
analysis of the full-length ATP7B expressed in mammalian cells (Table 1): these sites are
located in the N-terminal domain (Ser 478 and Ser 481), the NBD (Ser 1121) and the C-
terminal tail (Ser 1453) (Pilankatta et al., 2009; Pilankatta, Lewis, & Inesi, 2011).

Similar to ATP7B, ATP7A has multiple phosphorylation sites. Residues associated with the
basal and copper-induced phosphorylation have been mapped to the N-terminal domain and
the C-terminal tail of ATP7A (MVeldhuis et al., 2009). Several other phosphosites/
phosphopeptides have been identified by the MS analysis and the results are summarized in
Table 2 (Fedjaev et al., 2012; Huttlin et al., 2010; Lundby et al., 2012; Monetti, Nagaraj,
Sharma, & Mann, 2011). Despite these important advances, it remains unclear which, if any,
of these sites represent primary targets of phosphorylation and how stoichiometry of
phosphorylation is regulated in response to changing copper levels. Mutation of two putative
phosphorylation sites revealed that the corresponding ATP7A variants, ATP7AS1469A and
ATP7ASI432A have different intracellular localization, indicating that phosphorylation may
have different consequences even when residues are located in the same domain (Veldhuis et
al., 2009). At the same time, different signaling events may yield phosphorylation of the
same region/sites triggering trafficking response similar to that induced by copper. For
example, treatment of placental Jeg-3 cells with insulin stimulates ATP7A exit from the
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TGN and, interestingly, downregulates the ATP7B protein levels resulting in lower copper
levels in cells (Hardman et al., 2006). In those earlier studies, the mechanism of insulin
action was not explored. However, more recent studies using the large-scale MS identified
numerous liver proteins phosphorylated following insulin signaling, including ATP7A and
ATP7B. The residues phosphorylated in response to insulin were found in regions that were
also known to be phosphorylated in response to changing copper level (Tables 1 and 2). How
different signaling pathways intersect and interact with each other is a complex and
fascinating question for further studies.

Several studies have been done to identify the kinases involved in the phosphorylation of
ATP7A and ATP7B. Protein kinase D (PKD) (Pilankatta et al., 2011) and casein kinase 11
(Vanderwerf et al., 2001) were suggested to be involved in kinase-mediated phosphorylation
of ATP7B. In contrast, PKD does not seem to affect ATP7A, whereas protein kinase A and
Rho GTPase Cdc 42 were implicated in ATP7A anterograde trafficking (Cobbold,
Ponnambalam, Francis, & Monaco, 2002).

2.4. Copper-Induced Trafficking of ATP7B Depends on the Conformational State of the

Transporter

The cytosolic copper chaperone Atox1 was shown to transfer copper to the regulatory MBDs
of the Cu-ATPases and regulate their occupancy (Walker et al., 2004). Current data indicate
that copper binding to N-terminal domain of both ATP7A and ATP7B is necessary for their
copper-responsive phosphorylation (Vanderwerf et al., 2001; Voskoboinik et al., 2003).
Upon binding, copper induces rearrangements of the loops connecting MBDs in the N-
terminal domain of ATP7B and also facilitates phosphorylation by a kinase, suggesting that
conformational changes due to copper binding might be important in the exposure of
additional phosphorylation sites (Bartee et al., 2009). An ATP7A mutant which cannot bind
copper (due to mutation of CxxC in MBDs to SxxS) (Strausak et al., 1999) has a basal level
of phosphorylation, but shows no increase in phosphorylation upon copper treatment and no
trafficking (Voskoboinik et al., 2003).

The Wilson disease-causing mutant ATP7B®591D is mislocalized to the endoplasmic
reticulum (ER) under basal conditions (de Bie et al., 2007) and has a basal level of
phosphorylation but no copper-induced phosphorylation (Vanderwerf et al., 2001). Similarly,
the ATP7BR875 variant is also localized in ER under basal/copper-depleted conditions and is
basally phosphorylated (Hasan et al., 2012). These findings indicate that the basal
phosphorylation of ATP7B occurs early in the secretory pathway (presumably in the ER).
The difference between ATP7BC%91D and ATP7BR87S s that ATP7BR87S binds copper and
under elevated copper conditions traffics to vesicles, which is also coupled with the increase
in the kinase-mediated phosphorylation (Hasan et al., 2012).

2.5. The Sequence of Events Associated with the TGN Exit/Trafficking of Copper-ATPases

It is not yet clear how hyperphosphorylation and trafficking are linked, or which occurs first.
Copper binding to the regulatory N-terminal domain of ATP7A/7B might expose additional
phosphorylation sites and the addition of an extra negative charge (hyperphosphorylation)
may induce further structural changes necessary for the exit of copper-ATPases from the
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TGN. Alternatively, copper binding to the ATPase and the subsequent structural changes
may alone enable protein sorting within the TGN/interaction with the trafficking machinery,
whereas hyperphosphorylation may be a result of the relocalization of ATP7A/7B to the
correct vesicular compartment in which kinase(s) might be present.

Several sets of data support the important role of copper-induced structural changes in the
initiation of ATP7B exit from the TGN. Copper binding not only influences the
rearrangement of the N-terminal domain of ATP7B but also alters the domain—domain
interactions within the entire ATP7B molecule. Relative to the copper-free form, copper-
bound N-terminal domain interacts poorly with the NBD (Tsivkovskii, MacArthur, &
Lutsenko, 2001), but strongly with the A-domain (Gupta et al., 2011). Since copper binding
to the N-terminus of ATP7B alters the inter-domain contacts, the increased phosphorylation
might be a result of the exposure of additional phosphorylation sites in more than one
domain.

An alternative model is that the stabilization of ATP7B in a distinct conformational state is
sufficient to cause its trafficking from TGN to vesicles. This model is supported by the
observation that mutating residues that are not directly involved in copper binding may
significantly alter the targeting and trafficking of ATP7B. The mutant 8°8TGES60 > AAA,
which is catalytically inactive, is found in vesicles under basal copper conditions (Cater, La
Fontaine, & Mercer, 2007). This targeting is associated with the stabilization of this mutant
protein in the so-called E2 conformational state, as was demonstrated by the high level of
catalytic phosphorylation (whether this hyperphosphorylation caused by the loss of
phosphatase activity by the mutant is also coupled to the increase in regulatory kinase-
mediated phosphorylation has not been explored). Mutating the six N-terminal MBDs and/or
the TM Cys-Proc-Cys(CPC) motif individually results in a non-trafficking ATP7B; however,
simultaneous mutation of all sites produces protein targeted to vesicles even in basal
conditions (Cater et al., 2007). The fact that the conformation acquired by the
ATP7BTCE>AAA variant is sufficient to trigger its trafficking to vesicles suggests that
trafficking is driven by structural changes in ATP7B, rather than interactions with other
copper-binding proteins or phosphorylation by copper-dependent kinases.

Similar results were obtained by mutating S340/341 residues of the N-terminal domain of
ATP7B. The ATP7B mutants with S340/341 mutations are found in vesicles under basal
conditions. Metabolic labeling in cells with inorganic phosphate directly demonstrated that
mutation of S340/341 residues significantly decreased the level of ATP7B phosphorylation,
indicating that these residues were important for ATP7B modification by a kinase (Hasan et
al., 2012). Therefore, vesicular localization of the ATP7BSer340/341Gly protein was not due to
mutation-induced hyperphosphorylation of some other residues, but rather due to
conformational changes in ATP7B. Further studies revealed weakened interactions between
the N-terminal and NBD domains in ATP7BS340/341A compared to control ATP7B (Hasan et
al., 2012). Thus, the role of kinase-mediated phosphorylation might be to keep the N-
terminal and NBD domains apart and stabilize the protein in a particular confirmation that
can be recognized by the trafficking machinery, rather than acting as a specific recognition
sequence for such machinery (Hasan et al., 2012). Although 858TGE860 and $340/341
residues are located in different domains of ATP7B, the mutations of these sites may have
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similar effects on the overall conformation of ATP7B and thus produce a similar trafficking
response.

2.6. Copper Binding to the Regulatory N-terminal Sites and Catalytically Important TM
Sites Has Different Effect on the Kinase-Mediated Phosphorylation of ATP7B

Mutating the N-terminal copper-binding site in MBD6 (ATP7BC575/578A) interferes with a
kinase-mediated phosphorylation, whereas mutating the intramembrane TM6 copper-
binding site (ATP7BC983/985A) does not have such an effect. Thus, copper binding to the
MBD®6 of N-terminal domain might be important for inducing the conformational changes
within the domain so the phosphorylation sites can be accessed by the kinase. Neither
mutant traffics in response to copper, i.e. the kinase-mediated phosphorylation of
ATP7BC983/985A js not sufficient for triggering its relocalization. At the same time, the
ATP7BC983/985A muytant has a lower phosphorylation level (or possibly a slower rate of
phosphorylation) compared to the wild-type (WT) ATP7B, suggesting that the extent of
phosphorylation might be important for ATP7B exit from the TGN or that this mutation
indirectly altered other sites (Pilankatta et al., 2011).

2.7. The Catalytic and Kinase-Mediated Phosphorylation Occur through Different
Mechanisms and are Independent Events

Both catalytic and kinase-mediated phosphorylation are stimulated by copper, but through
different mechanisms (Pilankatta et al., 2011). Supporting the model that both
phosphorylations are independent events, inhibition of the kinase-mediated phosphorylation
using a kinase inhibitor does not affect the formation of catalytic phosphorylation by ATP7B
(Pilankatta et al., 2011). Reciprocally, the catalytically inactive ATP7BP1027A and
ATP7BP1027N muytants are phosphorylated indicating that the catalytic transfer of phosphate
from ATP to D1027 is not necessary for their kinase-mediated phosphorylation (Bartee et
al., 2009; Pilankatta et al., 2011). The same phenomenon was observed for the
ATP7BC983/985A mytant, which had no catalytic phosphorylation, but showed kinase-
mediated phosphorylation (Pilankatta et al., 2011). In the cases of ATP7BP1027N ang
ATP7BC983/985A mytants, the kinase-mediated phosphorylation level was lower (or the
phosphorylation rate was slower compared to the WT), suggesting that the overall
phosphorylation level of ATP7B might be altered as a result of catalytic impairment
(Pilankatta et al., 2011).

In summary, both ATP7A and ATP7B undergo kinase-mediated phosphorylation, which is a
regulatory posttranslational modification coupled to the intracellular localization of the
protein. Copper binding to the N-terminal domain and/or trafficking to the post-Golgi
compartments (vesicular/PM) is associated with hyperphosphorylation, but in some cases
(ATP7BS340/341G or ATP7BTGE>AAA) the conformational state attained by the protein
determines its localization irrespective of copper binding. Several putative phosphorylation
sites have been identified; however, it remains unclear whether the stoichiometry of
phosphorylation or phosphorylation of distinct residues are important for the copper-
responsive trafficking of ATP7A/B.

Curr Top Membr. Author manuscript; available in PMC 2019 February 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hasan and Lutsenko

Page 10

3. REDOX CONTROL OF COPPER UPTAKE AND EFFLUX FROM HUMAN

CELLS

As described in Section 1, copper deficiency is associated with the increase of cellular
glutathione levels, which in turn stimulate production of hCTR1 (Tennant, Stansfield,
Yamaji, Srai, & Sharp, 2002). Recent studies indicate that the cellular glutathione status and
the intracellular redox potential may also have a significant effect on the copper export
activity of ATP7A and ATP7B. It has been suggested that under basal conditions, both
copper-ATPases can be glutathionylated, presumably at their metal-binding sites and that the
glutathionylation of ATP7A/7B and their interaction with glutaredoxin 1 are affected by
changes in copper levels (Singleton et al., 2010). The downregulation of glutaredoxins by
Small interfering RNA(SIRNA) resulted in increased intracellular copper accumulation
(Singleton et al., 2010), which was interpreted as evidence for direct regulation of copper
export by glutaredoxin 1. While the data are compelling, it remains to be established more
firmly whether the diminished copper export is due to a direct oxidation of copper-ATPases
or due to the effect of experimental manipulation on a cellular redox environment and
interference with the copper delivery system. Recent data suggest that copper export can be
controlled at the stage of copper transfer from the cytosolic chaperone to the copper-
ATPases.

The copper-ATPases receive copper from a copper chaperone Atox1. This small cytosolic
protein has a characteristic copper-binding site CxxC, which is maintained in the reduced
state by glutathione (Hatori, Clasen, Hasan, Barry, & Lutsenko, 2012). Decrease in the
cellular ratio of reduced to oxidized glutathione (GSH:GSSG) results in Atox1 oxidation and
a diminished delivery of copper to the secretory pathway, as evidenced by the decreased
levels of secreted holo-ceruloplasmin (Hatori et al., 2012). The redox potential of Atox1 is
estimated at approximately —220 mV and, in resting cells, Atox1 is expected to be fully
reduced. However, upon cell proliferation and differentiation, the intracellular environment
changes significantly (Dong-Yun, Yu-Ru, Shan-Lin, Ya-Dong, & Lian, 2003; Markovic et
al., 2009; Ranjan et al., 2006). In Caco-2 cells, where both ATP7A and ATP7B are
expressed, the redox state of cellular GSH/GSSG pair changes to be 40 mV more oxidizing,
when cells progress from proliferation to contact inhibition and differentiation (Nkabyo,
Ziegler, Gu, Watson, & Jones, 2002). This shift would be sufficient to produce a partial
oxidation of Atox1 and presumably influence copper excretion. Direct testing of these
predictions would greatly expand our understanding between copper transport and cellular
redox balance.

Overall, the current results suggest that copper transport in and out of cells is likely to
fluctuate depending on cellular metabolic status, the stage of cell division, or differentiation.
An example of significant changes in the routes of copper distribution is provided by the
effects of hypoxia in macrophages (White, C., Kambe, T., Fulcher, Y.G., Sachdev, S.W.,
Bush, A.l., Fritsche, K., et al., 2009a). Oxygen limitation in RAW264.7 macrophage cells
stimulates copper uptake likely due to increased expression of hCTR1. Under these
conditions, copper transfer to the secretory pathway is also enhanced, as inferred from the
trafficking of ATP7A to vesicles. At the same time, the activities of cytosolic superoxide
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dismutase and mitochondria cytochrome ¢ oxidase are reduced in response to hypoxia
(White, C., Kambe, T., Fulcher, Y.G., Sachdev, S.W., Bush, A.l., Fritsche, K., et al., 2009a).
Thus, under hypoxic conditions copper delivery to the secretory pathway becomes the
primary pathway of copper distribution, presumably to facilitate copper incorporation into
ceruloplasmin.

In conclusion, human copper transporters are subject of a complex multilayer regulation by
various metabolic signals. Recent success in understanding the structure and biochemistry of
these transporters (see other chapters in this volume) provides strong foundation for trying to
link the molecular characteristics of the transporters to their behavior in cells.
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Extracellular signals: Insulin, Prolactin, y-INF

nucleus

GSH:GSSG

Figure 1.
Main regulation modes of copper transporters in human cells. The high-affinity copper

transporter hCTR1 is located at the PM, where it facilitates copper entry into the cell. It is
currently unknown whether hCTR1 is functional in the intracellular compartments. The
cycling between two compartments may be constitutive and involves the clathrin-dependent
pathway (CCV, clathrin-coated vesicles). Copper binding to “sensor” sites favors the
redistribution of hCTRL1 toward intracellular vesicles, whereas copper depletion facilitates
the delivery of hCTRL1 to the PM. Copper-transporting ATPases 7A and 7B are located in the
TGN under basal conditions where they have basal level of phosphorylation (indicated by a
star). In response to copper elevation and hormonal signaling, the Cu-ATPases become
hyperphosphorylated and traffic to vesicles, where they sequester excess copper. The return
to the TGN is linked to the decrease in copper levels and return to a basal level of
phosphorylation. Changes in glutathione (GSH) levels and/or alterations of the cellular
redox balance GSH:GSSG influence the levels and activity of copper transporters.
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The location of phosphorylated sites in ATP7A and ATP7B. (A, C) Schematic presentation
of the domain organization of ATP7A (A) and ATP7B (C). Filled circles represent the N-
terminal MBDs and are numbered 1-6. TM domains are numbered 1-8. The other domains
are as follows: A: actuator domain; P: phosphorylation domain; N: NBD. The 1-63 region

of ATP7B contains a region (F3’ AFDNVGYE*®) important for TGN retention/apical

targeting (Braiterman et al., 2009). The positions of identified phosphosites are shown.
Underlined residues are putative copper-responsive phosphosites; the star (*) labels the
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putative phosphosites identified in other species and aligned with human ATP7A or ATP7B.
(B,D) Sequence alignment of ATP7A (B) and ATP7B (D) orthologs in the regions with
identified phosphosites. Sites for basal/constitutive phosphorylation identified by MS are in
gray background. Copper-responsive phosphosites are in bold and underlined.
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