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Abstract Copper is essential for a variety of important

biological processes as a cofactor and regulator of many

enzymes. Incorporation of copper into the secreted and

plasma membrane-targeted cuproenzymes takes place in

Golgi, a compartment central for normal copper homeo-

stasis. The Golgi complex harbors copper-transporting

ATPases, ATP7A and ATP7B that transfer copper from the

cytosol into Golgi lumen for incorporation into copper-

dependent enzymes. The Golgi complex also sends these

ATPases to appropriate post-Golgi destinations to ensure

correct Cu fluxes in the body and to avoid potentially toxic

copper accumulation. Mutations in ATP7A or ATP7B or in

the proteins that regulate their trafficking affect their exit

from Golgi or subsequent retrieval to this organelle. This,

in turn, disrupts the homeostatic Cu balance, resulting in

copper deficiency (Menkes disease) or copper overload

(Wilson disease). Research over the last decade has yielded

significant insights into the enzymatic properties and cell

biology of the copper ATPases. However, the mechanisms

through which the Golgi regulates trafficking of ATP7A/

7B and, therefore, maintains Cu homeostasis remain

unclear. This review summarizes current data on the role of

the Golgi in Cu metabolism and outlines questions and

challenges that should be addressed to understand ATP7A

and ATP7B trafficking mechanisms in health and disease.
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Introduction

Golgi complex operates as a central compartment in the

biosynthetic pathway: it receives newly synthesized pro-

teins from the endoplasmic reticulum (ER), provides

machinery for their post-translational modifications (e.g.,

glycosylation, proteolytic cleavage) and sorts modified

proteins toward appropriate post-Golgi destinations (Pol-

ishchuk and Mironov 2004; Wilson et al. 2011). Over the

years, novel functions of the Golgi have gradually

emerged. This organelle appears to serve as a hub for

initiation of several signaling pathways as well as an

important compartment involved in cell fate decision and

lipid metabolism (Wilson et al. 2011). Studies over the last

decade also revealed that the Golgi is a central station for

cellular copper (Cu) homeostasis (La Fontaine and Mercer

2007; Lutsenko et al. 2007).

Cu is an essential but toxic metal. Its ability to undergo

reversible oxidation from Cu(I) to Cu(II) under physiologic

conditions is utilized by enzymes for critical biochemical

processes that include cellular respiration, free radical

detoxification, pigmentation, neuropeptide processing,

cross-linking of collagen and elastin, and iron transport

(Lutsenko 2010; Nevitt et al. 2012). However, oxidation of

Cu(I) produces reactive oxygen species, and unchelated Cu

can be toxic to cells. Therefore, cells evolved a complex

network of regulatory mechanisms that operate to satisfy

the metabolic demand for Cu and to control Cu levels both

at the cellular and at the systemic levels. High-affinity

transporter CTR1 imports Cu from extracellular space into

the cytosol, where the metal is captured by cytosolic
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copper chaperones and shuttled toward different intracel-

lular destinations (Fig. 1). The copper chaperone ATOX1

carries copper to the trans-Golgi network (TGN), where it

is transferred to ATP7A/7B, which in turn load Cu into

newly synthesized cuproenzymes that move through the

secretory pathway (La Fontaine and Mercer 2007; Lut-

senko et al. 2007).

ATP7A and 7B are complex multispan membrane pro-

teins that belong to a P1B-type ATPase family (Fig. 2a).

The N-terminal portion of both proteins contains six metal-

binding domains followed by eight transmembrane

domains that form a copper translocation pathway to move

Cu from the cytosol at the expense of ATP hydrolysis.

Autophosphatase, nucleotide binding and phosphorylation

domains in 2nd and 3rd cytosolic loops coordinate the

catalytic activity of ATP7A/7B. Apart from their biosyn-

thetic function in the TGN, both Cu ATPases exhibit a

unique property to traffic out of the Golgi in response to the

increasing cytosolic Cu to post-Golgi structures and then to

the plasma membrane. This regulated trafficking serves

multiple functions. In intestinal cells, it allows copper

export from the enterocytes into the bloodstream for further

distribution to other tissues (La Fontaine and Mercer 2007;

Lutsenko et al. 2007). In hepatocytes, movement of ATP7B

to post-Golgi Cu excretion sites serves to remove excessive

Cu, which is toxic for the cell due to its high redox

potential (La Fontaine and Mercer 2007; Lutsenko et al.

2007). In melanocytes, trafficking to melanosome is nec-

essary to maintain the activity of tyrosinase in this spe-

cialized compartment (Setty et al. 2008). The inability of

Cu ATPases to traffic in response to changing Cu levels

and/or to pump Cu across the membrane results in severe

aberrations of Cu metabolism, which are especially

apparent in Menkes and Wilson diseases caused by muta-

tions in ATP7A and ATP7B genes, respectively (de Bie

et al. 2007; La Fontaine and Mercer 2007; Lutsenko et al.

2007).

Despite the importance of ATP7A/B trafficking in the

maintenance of Cu homeostasis, the mechanisms of Cu

ATPase targeting to the Golgi and their transport from this

organelle remain poorly understood. In this review, we

focus on outstanding mechanistic questions related to the

interplay between Cu ATPases localization and function.

Answering these questions, in our view, has the potential to

open new avenues in ATP7A/B trafficking studies.

Localization and function of Cu ATPases in the Golgi

The main function of ATP7A/B in the Golgi is to supply

Cu to newly synthesized cuproenzymes that move through

the secretory pathway. ATP7A/B receive Cu from the

chaperone ATOX1 through direct interactions (Lutsenko

et al. 2007; Lutsenko 2010; Nevitt et al. 2012). Then, the

Cu pumps transport the metal across the membrane into the

Golgi lumen, where Cu is loaded on a number of enzymes

with important functions in the central nervous system

(dopamine b-hydroxylase, peptidylglycine a-amidating

monooxygenase), connective tissue and blood vessel

development (lysyl oxidase, superoxide dismutase 3),

pigmentation (tyrosinase) as well as in iron and Cu trans-

port (ceruloplasmin, hephaestin). The lack of biosynthetic

ATP7A/B function in the Golgi leads to a number of severe

symptoms that are manifested in Menkes or Wilson dis-

eases (Table 1) (de Bie et al. 2007; Tumer and Moller

2010).

Within the Golgi stack, Cu ATPases reside mainly in the

TGN compartment, as revealed by co-localization studies

with different markers (Cobbold et al. 2002; La Fontaine

et al. 1998, 2001) and immuno-EM labeling (La Fontaine

et al. 1998, 2001, Hasan 2012 #391). Why ATP7A/B prefer

the TGN to the earlier Golgi compartments is not entirely

clear. It is possible that the lower pH environment in the

TGN lumen facilitates the release of Cu from ATP7A/B to

the cuproenzymes (Safaei et al. 2008). On the other hand,

the TGN operates as the Golgi exit site where the cargo

proteins undergo sorting and packaging into the post-Golgi

transport carriers (De Matteis and Luini 2008; Luini et al.

2008; Polishchuk and Mironov 2004). Thus, in the case of

intracellular Cu increase, TGN localization allows ATP7A/

Fig. 1 Schematic depiction of copper distribution in a mammalian

cell. Copper, taken up via CTR1 (red), is transferred to chaperones

ATOX1, CCS and COX17, which ferry it (black dash arrows) to

ATP7A/B (blue) in the Golgi, to Cu–Zn superoxide dismutase

(magenta) in the cytosol and to cytochrome c oxidase (green) in the

mitochondria, respectively. In the Golgi, ATP7A/B load Cu on newly

synthetized cuproenzymes (orange ball), which traffic along the

biosynthetic pathway (orange arrow). Significant increase in intra-

cellular Cu induces export of ATP7A/B (blue arrow) toward post-

Golgi compartments and plasma membrane where ATP7A/B drive

the efflux of excessive Cu from the cell. Solid black arrows indicate

Cu translocation across the membrane
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B to leave the Golgi rapidly and without the need to cross

the entire Golgi stack in the cis-to-trans direction.

Several studies have been done to identify signals within

the protein structure that retain Cu pumps in the Golgi. A

38 amino acid sequence containing the transmembrane

domain 3 appears to be sufficient to support ATP7A

localization in the Golgi complex (Francis et al. 1998). It is

clear, though, that several other determinants contribute to

TGN compartmentalization of ATP7A/B at basal Cu con-

ditions. The di-leucine and tri-leucine endocytic motifs in

the carboxyl-tails of ATP7A and ATP7B, respectively, are

required for their efficient retrieval to the Golgi from the

peripheral Cu excretion sites (Cater et al. 2006; Francis

et al. 1999; Petris et al. 1998).

Given that copper stimulates Cu ATPase activity and

also triggers the redistribution of ATP7A/7B from the TGN

to vesicles, it is interesting to consider the role of copper

transport in TGN targeting and retention. The catalytically

inactive ATP7B-D1027A mutant (with a replacement of

invariant aspartate in the conserved phosphorylation

DKTG motif; see Fig. 2) remains within the TGN even at

elevated Cu levels, similar to the E1064A Wilson disease-

causing mutation that prevents exit from Golgi (Dmitriev

et al. 2011). In contrast, studies of the disease-associated

ATP7A isoforms identified mutations in the phosphatase

A-domain that disrupted retention of the pump in the Golgi

and induced its redistribution to the PM (Petris et al. 2002).

These observations led to the suggestion that phosphor-

ylation/dephosphorylation of aspartate during the catalytic

cycle is directly coupled to trafficking events. Given a very

different time scale for the enzyme turnover [hundreds per

second (Lewis et al. 2012)] and the TGN exit (which is

usually complete within hours), the direct causative link

seems unlikely. However, the conformations that copper

ATPases adopt in the absence of copper (and hence low

transport activity) and in a copper-saturated state could be

markedly different and could be easily distinguished by

cellular retention and trafficking machineries.

The idea that protein conformations of Cu ATPases

contribute significantly to ATP7A/7B targeting and traf-

ficking received further support in recent studies analyzing

the role of kinase-mediated (non-catalytic) phosphorylation

in the Golgi targeting of ATP7A/B. Serine cluster at

positions 340–341 favors Golgi localization of ATP7B as

substitution at these positions to alanine (or any other

residue) induces ATP7B redistribution to peripheral vesi-

cles (Hasan et al. 2012). In contrast, the mutations of S1469

within the C-terminal part of ATP7A and S478/481/1121/

1453 in ATP7B have been reported to keep the protein in

the Golgi (Pilankatta et al. 2011; Veldhuis et al. 2009). The

important role of the precise inter-domain contacts is also

evident from studies on the N-terminal region of ATP7B,

where mutation of a single residue Y44A not only dimin-

ishes the retention of ATP7B in the TGN, but also causes

mis-sorting of ATP7B to a basolateral membrane (the

normal destination of ATP7B in polarized cells is apical

membrane) (Braiterman et al. 2009).

The above studies have raised questions about the spe-

cific role of a kinase-mediated phosphorylation in ATP7A/

7B compartmentalization. Earlier reports have shown that

both Cu ATPases have a basal level of phosphorylation and

became hyperphosphorylated in response to copper eleva-

tion (Vanderwerf et al. 2001). This phosphorylation is

distinct from the catalytic phosphorylation of aspartate and

involves serine residues. Variation of phosphorylation

status may change conformation/inter-domain interactions

in Cu ATPases and therefore enable or prevent their

interaction with the components of the post-Golgi traf-

ficking machinery. Unfortunately, the kinases that execute

phosphorylation at the traffic-relevant sites of either ATP7a

or ATP7B are yet to be identified. The TGN-associated

PKD1 represents an attractive candidate, as its activity is

required for ATP7B export from the Golgi (Pilankatta et al.

2011). On the other hand, PKD inhibitors do not impact

trafficking of ATP7A (Cobbold et al. 2002).

Finally, to reach the Golgi destination, newly synthe-

sized ATP7A/B proteins must be properly folded. Investi-

gation of Wilson disease-causing ATP7B mutants

(including the most clinically frequent H1069Q and

Table 1 Mammalian enzymes, which receive Cu in the Golgi, and

their suggestive relationship with symptoms in Menkes or Wilson

disease

Enzymes Biological

activity

Symptoms

Dopamine

b-hydroxylase

Catecholamine

production

Ataxia, Hypothermia,

Hypotension

Peptidylglycine

a-amidating

monooxygenase

Activation of

peptide

hormones

Widespread aberrations in

nervous and endocrine

system

Lysyl oxidase Collagen and

elastin cross-

linking

Loose skin and joints,

Emphysema, Hernias,

Bladder diverticula, Arterial

aneurysms, Loose skin and

joints, Osteoporosis,

Petechial hemorrhage, Poor

wound healing

Tyrosinase Pigment

formation

Hypopigmentation

Ceruloplasmin Iron and copper

transport

Anemia

Hephaestin Iron transport Anemia

Peptidylglycine

a-amidating

monooxygenase

Activation of

peptide

hormones

Widespread aberrations in

nervous and endocrine

system

Sulfhydryl

oxidase

Cross-linking

of keratin

Abnormal hair, Dry skin
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R778L) revealed their strong retention in the ER (Forbes

and Cox 2000; Payne et al. 1998). Despite the residual Cu-

translocating activity, retention and degradation of these

mutants in the ER do not allow them to load Cu on the

enzymes and to remove excess metal from the cell. Thus,

identification of the molecules that improve the ER-to-

Golgi export of these ATP7B mutants represents an

important task as its application could benefit a large group

of Wilson disease patients.

Trafficking of Cu ATPase from the Golgi

Apparently, the ability to exit from the Golgi toward Cu

excretion sites (Fig. 2b) was developed by ATP7A and

ATP7B during the evolution of high eukaryotes. Yeast reg-

ulates their intracellular Cu levels mainly through the metal

responsive expression of genes operating in Cu influx, efflux

and storage rather than through relocation of the proteins

between different compartments (Nevitt et al. 2012). Indeed,

the yeast homolog of ATP7A/B, Ccc2, never moves away

from the Golgi where it performs, almost exclusively,

biosynthetic functions (Yuan et al. 1997). Compared to

mammalian orthologues, Ccc2 is a smaller protein: it con-

tains only 2 N-terminal metal-binding domains instead of 6

and lacks targeting signals for the apical or basolateral

delivery in polarized cells. This observation suggests that

domains, missing in yeast, may determine the ability of

ATP7A/B to traffic in response to Cu.

An important challenge faced by mammals in main-

taining whole-body Cu homeostasis is associated with the

development of Cu sensing and Cu transport mechanisms

beyond the level of individual cells. At the organismal

level, these mechanisms have to accommodate not only

multiple cell types in various organs with different meta-

bolic demands for Cu, but also the special and temporal

separation of major Cu consumption sites. The post-Golgi

trafficking of Cu ATPases to distinct apical/basolateral

membranes in polarized cells and the differential expres-

sion of Cu ATPases in tissues and organs allow higher

vertebrates to deal with systemic changes in Cu levels

(Lutsenko 2010; Nevitt et al. 2012).

ATP7A is expressed in most tissues (except adult

hepatocytes), but its most important function is in the

Fig. 2 Structure and localization

of Cu-translocating ATPases.

a Three-dimensional

representation of the Menkes

(ATP7A) and Wilson (ATP7B)

Cu ATPases. Both proteins are

predicted to have eight

transmembrane (TM) domains,

with most of the protein on the

cytoplasmic side. They contain

ATP-binding (red), phosphatase

(green), and phosphorylation

(blue domain), which regulate

catalytic activity. N-terminal

region comprises six copper-

binding motifs (black balls) that

interact with copper chaperonins

and presumably deliver copper to

the channel. In addition, CPC

motif in the 6th transmembrane

domain plays a key role in Cu

translocation along the channel,

while LL signal in the C-tail is

required for ATP7A/B

endocytosis. b Cu-dependent

compartmentalization of ATP7B.

At low Cu conditions, endogenous

ATP7B in HepG2 cells exhibits

significant overlap with the TGN

marker Golgin-97. Upon Cu

increase, ATP7B moves from the

TGN to the peripheral vesicles

and, to some extent, to the cell

surface, where Cu excretion takes

place
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small intestine and the choroid plexus. In enterocytes,

ATP7A receives adsorbed dietary Cu and moves from the

Golgi to the basolateral surface of the cells to release Cu

toward portal circulation (Fig. 3). Mutations, which result

in a loss of the ATP7A protein, its transport activity or a

failure to traffic out of the Golgi, do not allow Cu to

move beyond the intestinal barrier. As a result, severe Cu

deficiency is observed in most tissues of Menkes disease

patients, with a notable exception of intestine and kidneys

(de Bie et al. 2007; Lutsenko et al. 2007; Lutsenko 2010).

In contrast to ATP7A, ATP7B is highly expressed in the

liver and present at lower levels in many other organs. In

the liver, ATP7B receives Cu from the portal circulation

and utilizes it in the Golgi for metallation of ceruloplas-

min, which uses copper for regulation of iron balance. Cu

elevation beyond a certain threshold activates ATP7B

export from the Golgi to the ‘‘vesicular compartment’’

and biliary surface in the apical part of hepatocytes

(Fig. 3). There, ATP7B supports the efflux of excess Cu

into the biliary flow for further elimination of the metal

from the body. In Wilson disease, the lack of ATP7B

activity and/or delivery of the pump to the apical domain

of hepatocytes induces a marked accumulation of Cu in

hepatocytes, development of morphologic and metabolic

abnormalities, culminating in liver failure (de Bie et al.

2007; Lutsenko et al. 2007, 2010).

Despite the fundamental importance of ATP7A/B post-

Golgi trafficking for the regulation of Cu balance in the

body, many mechanistic questions are yet to be answered

in full detail. These include the molecular basis of sorting

within Golgi, the characteristics of post-Golgi routes for

ATP7A or ATP7B, and the machinery involved in the

anterograde, retrograde trafficking and recycling.

Several transport pathways, which are directed to the

cell surface and/or endo-lysosomal system, originate from

the TGN. The complexity of post-Golgi trafficking

increases in polarized cells, as the cell surface-destined

proteins have to be delivered to distinct domains (apical or

basolateral) of cell membranes (De Matteis and Luini

2008; Muth and Caplan 2003; Rodriguez-Boulan et al.

2005). Earlier studies examined whether ATP7A reaches

the PM via the post-Golgi pathway utilized by the consti-

tutively secreted proteins. Insensitivity of ATP7A exit from

the Golgi to inhibitors of constitutive secretion, such as a

dominant negative PKD mutant, led to the suggestion that

ATP7A is sorted from the TGN into the specific route

regulated by Cu (Cobbold et al. 2002). On the other hand,

ATP7A trafficking was suppressed by Cdc42 and PKA

inhibitors, which were equally effective against constitu-

tive cargo proteins (Cobbold et al. 2002). Thus, to firmly

identify the ATP7A export route from the Golgi, the

approach using molecular inhibitors should be comple-

mented with other methods (see below).

While some aspects of ATP7A post-Golgi trafficking

are understood, the mechanisms of ATP7B export from the

Golgi remain poorly studied. With the exception of the role

of PKD in ATP7B trafficking from the Golgi (Pilankatta

et al. 2011), there are no studies identifying molecular

players that support ATP7B export from the Golgi. Thus,

the existing body of evidence does not allow us to assign

ATP7B to any well-studied pathway or identify its itinerary

as a newly identified post-Golgi route.

In this context, it will be important to understand whether

ATP7A or ATP7B can be packed into the post-Golgi car-

riers containing cargoes moving through the constitutive

pathway (such as VSVG, CD8, GPI-anchored proteins,

Na/K-ATPase) (De Matteis and Luini 2008; Polishchuk and

Mironov 2004). The biogenesis and morphology of such

carriers has been extensively characterized (Polishchuk

et al. 2000, 2003) as well as the methodologies that allow

efficient analysis of their composition (Polishchuk et al.

2004). If ATP7A or ATP7B are found within the post-Golgi

structures carrying known constitutive cargo proteins, then

the role of Cu in inducing the TGN exit would be to allow

the Cu ATPases to adopt the conformation necessary for

incorporation into well-known constitutive TGN-to-PM

route(s). The lack of co-localization with the conventional

markers of the post-Golgi pathways, on the other hand,

would indicate that ATP7A or ATP7B are transported along

a specific route regulated by Cu. If the latter scenario turns

out to be the case, it will be important to understand (1) how

Cu mechanistically triggers the formation of Cu ATPase

containing carriers from the TGN membranes and (2)

whether any other cargo protein(s) utilize this ATP7A/B-

specific post-Golgi pathway.

It is worth noting that, although both ATP7A and ATP7B

are targeted to the TGN, a closer examination of their

localization reveals significant segregation from conventional

TGN markers, such as TGN38, TGN46 or Golgin 97 (Guo

et al. 2005; Holloway et al. 2007; Nyasae et al. 2007).

Therefore, the TGN regions containing Cu ATPases could

constitute specific TGN subcompartments from where

ATP7A or ATP7B exit toward distinct post-Golgi destina-

tions (Guo et al. 2005; Holloway et al. 2007; Nyasae et al.

2007). A recent study revealed Arf1 to be involved in both

the maintenance and biogenesis of ATP7A containing TGN

membranes (Holloway et al. 2007). This finding may have an

interesting implication, as Arf1 recruits clathrin adaptor

proteins (mainly AP1, AP3, AP4 and GGAs) to the TGN,

where these adaptors drive both sorting and trafficking events

(Robinson and Bonifacino 2001). ATP7A and ATP7B pos-

sess, respectively, di-leucine and tri-leucine C-terminal

motifs that can be recognized by adaptor proteins. However,

recent studies have reported that the suppression of AP1,

clathrin or GGA, while causing intracellular ATP7A redis-

tribution, does not block ATP7A or ATP7B exit from the
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Golgi (Hirst et al. 2012; Holloway et al. 2013; Martinelli

et al. 2013). The role of AP3 and AP4 in the TGN exit of

ATP7A/7B as well as the biogenesis of the TGN subcom-

partment, where Cu ATPases reside, remains to be

determined.

The other important issue that has to be addressed is

whether ATP7A and ATP7B occupy the same TGN sub-

compartment or are sorted within the TGN into indepen-

dent domains. Although ATP7A and ATP7B localization

was studied in cell types where both proteins were

expressed (La Fontaine and Mercer 2007), a detailed

comparison of their localizations in the Golgi has not been

made. Generation of high-resolution maps of ATP7A and

ATP7B distribution over the TGN membranes (using

advanced light microscopy and immuno-EM) would allow

new insights into the mechanisms of Cu ATPase trafficking

and sorting at the TGN level.

Polarized cells utilize ATP7A or ATP7B function at the

basolateral or apical surface, respectively. The need to

deliver copper transporters to these distinct domains con-

stitutes additional complexity in the trafficking mecha-

nisms. Site-directed mutagenesis revealed the requirement

for a dileucine (1487LL1488) motif and the PDZ target

(1497DTAL1500) domain in the C-terminus of ATP7A for

localization at the basolateral membrane (Greenough et al.

2004). In contrast, the apical targeting of ATP7B has been

shown to rely on a novel N-terminal (37FAFDNVGYE45)

sequence that is absent from the corresponding region of

ATP7A (Braiterman et al. 2009). However, the mechanistic

details of how these signals are utilized by the trafficking

Fig. 3 Schematic representation of copper homeostasis in the body.

Cu is absorbed through the apical CTR1 channel by the enterocytes in

the small intestine and effluxed across the basolateral surface of these

cells by ATP7A into the portal circulation. The latter process requires

ATP7A trafficking from the Golgi to the basolateral surface of the

cells (blue arrow). Lack of ATP7B function in Menkes disease

patients (green bar) results in accumulation of Cu in the enterocytes

and overall copper deficiency in the body. Most of the newly absorbed

copper is normally taken up by the hepatocytes in the liver, where Cu

is loaded in the TGN by ATP7B on newly synthesized ceruloplasmin,

the principal Cu carrier in the blood. In cases of Cu overload, ATP7B

traffics to Cu excretion sites (orange arrow), i.e., apical (canalicular)

membrane and associated vesicular structures. Mutations in the

ATP7B gene that affect activity and trafficking of the corresponding

protein block Cu delivery to ceruloplasmin and its efflux into the bile

(red bars). As a result, Cu accumulates in the liver and causes its

toxicosis in Wilson disease patients
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machinery and where the sorting of ATP7A and ATP7B is

executed remain unclear.

In general, the TGN operates as a main sorting station

along the secretory pathway from where cargo proteins are

delivered to their target compartments and surface domains

(De Matteis and Luini 2008; Polishchuk and Mironov

2004; Rodriguez-Boulan et al. 2005). Several apical and

several basolateral routes emerge from the TGN, and their

number may vary significantly in different cell types or

even during polarization of the same cell (Muth and Caplan

2003; Rodriguez-Boulan et al. 2005). In addition to the

TGN, several endocytic compartments are thought to per-

form sorting functions along the secretory pathway

(Mellman and Nelson 2008; Rodriguez-Boulan et al. 2005).

Specific apical or basolateral cargo proteins, which follow

either direct TGN-to-PM or ‘‘through-endosome’’ exocytic

routes, were identified as well as selective molecular tools

that allow the interception of trafficking along the indi-

vidual routes (Mellman and Nelson 2008; Rodriguez-

Boulan et al. 2005). The analysis of ATP7A or ATP7B

colocalization with such cargo markers in the post-Golgi

carriers and the treatments with specific molecular inhibi-

tors should allow us to determine (1) which pathway is

utilized by Cu ATPase to get from the TGN to the correct

surface domain and (2) whether this pathway involves an

endocytic intermediate.

Among the sorting endocytic stations, the so-called

AP1-B recycling compartment plays an extensive role in

basolateral targeting of several membrane proteins such as

VSVG, transferrin receptor and LDL receptor (Folsch

2008; Gonzalez and Rodriguez-Boulan 2009) and could be

involved in the basolateral sorting of ATP7A. Clathrin

adaptor complex AP-1B (containing epithelial-specific

mu1b subunit) drives sorting and transports events in this

compartment and, therefore, defines its identity (Folsch

2008; Gonzalez and Rodriguez-Boulan 2009). Interest-

ingly, high expression levels of mu1b subunit of AP-1B

were found in a number of tissues (kidney, intestine, pla-

centa, mammary gland) (Ohno et al. 1999) where both

ATP7A and ATP7B were detected (La Fontaine and

Mercer 2007; Lutsenko et al. 2007). In these tissues, Cu

pumps undergo delivery to the opposite membrane

domains where they execute specific functions (La Fon-

taine and Mercer 2007). However, whether AP-1B is

required for correct delivery of either ATP7A or ATP7B

remains unclear. ATP7B trafficking and sorting is unlikely

to involve AP-1B because hepatocytes do not express this

adaptor (Ohno et al. 1999), yet target ATP7B to the apical

(canalicular) surface (Guo et al. 2005; Roelofsen et al.

2000). Whether ATP7A trafficking requires AP-1B activity

also remains to be tested. Some membrane proteins with

similar multispan topology (like Na/K-ATPase) bypass the

AP-1B compartment on their route from the Golgi to the

basolateral surface (Farr et al. 2009). On the other hand,

expression of inactive Rab22 arrests ATP7A within the

post-Golgi recycling station (Holloway et al. 2013). Rab22

is known to cooperate in the regulation of recycling with

Arf6 (Weigert et al. 2004), which in turn recruits AP-1B to

the membranes (Shteyn et al. 2011). Therefore, the

engagement of post-Golgi recycling AP-1B station in

ATP7A basolateral delivery cannot be ruled out but has to

be verified using ablation of mu1b in polarized kidney or

intestinal cells.

In response to copper elevation, Cu ATPase ATP7B

moves from the TGN to large cytosolic vesicles (Cater

et al. 2006; Roelofsen et al. 2000). This observation sug-

gests that the endocytic intermediate is almost certainly

involved in the post-Golgi trafficking of ATP7B toward

apical surface of hepatic cells. Although the ATP7B-con-

taining vesicles remind endosomes, the earlier immuno-

EM microscopy did not detect a significant overlap of these

ATP7B-containing structures with the conventional endo-

lysosomal markers (La Fontaine et al. 2001). It has been

proposed (although not yet shown) that ATP7B pumps Cu

inside these vesicles and that vesicles fuse with the cana-

licular surface of hepatocytes to expel Cu from their lumen

directly into the bile (Cater et al. 2006). Whether ATP7B is

delivered to the apical canalicular membrane of hepato-

cytes during vesicle exocytosis remains an issue of ongoing

debate (Cater et al. 2006; Roelofsen et al. 2000). Several

studies fail to detect ATP7B at the canalicular membrane

of polarized hepatic cells (Cater et al. 2006), while others

provided compelling evidence that ATP7B reaches the

apical surface of hepatocytes (Guo et al. 2005; Roelofsen

et al. 2000). Determining whether ATP7B is present at the

apical membrane (either transiently during vesicle fusion

or for a longer time to mediate copper export) is essential

in order to understand copper homeostasis in the liver.

From the technical point of view, it is difficult to

investigate a coupling between ATP7B trafficking and Cu

excretion and to determine whether these events are coor-

dinated. The lack of comprehensive data on the molecular

composition and, therefore, identity of the ATP7B-con-

taining vesicles does not allow to judge, which molecular

players may be involved in the delivery of ATP7B from the

Golgi to vesicles and then from vesicles to the plasma

membrane. The isolation of ATP7B vesicles combined

with the characterization of their proteome would cir-

cumvent this obstacle as it would provide testable targets to

investigate the ATP7B trafficking to and from the vesicles.

Several features of ATP7B vesicles are similar to

secretory granules or specific lysosome-related organelles

that release their content in response to stimuli (Raposo

et al. 2007). Like the above organelles, ATP7B vesicles are

employed in storage (as they accumulate Cu) and undergo

exocytosis upon specific stimulus (increase in Cu

Histochem Cell Biol (2013) 140:285–295 291

123



concentration) (Cater et al. 2006). Given these behavioral

similarities, it would be interesting to understand (1)

whether ATP7B vesicles share some components of the

molecular machinery with the exocytic storage organelles

and (2) what is the specific signaling mechanism that links

changes in intracellular copper with vesicle exocytosis.

Interestingly, ATP7A also undergoes redistribution from

the TGN to the specific post-Golgi vesicular structures

upon exposure of enterocytes to Cu (Nyasae et al. 2007).

Therefore, the existence of a Cu-sensitive post-Golgi

storage station may represent a common feature in traf-

ficking of both ATP7A and ATP7B. This vesicular pool

may provide additional sorting of ATP7A/7B toward the

plasma membrane (when copper is elevated), back to the

TGN (when copper becomes depleted) and/or forward Cu

ATPases for lysosomal degradation at the end of their life

span. Differential phosphorylation by kinases (reported for

both ATP7A and ATP7B) may play a key role in such

sorting along with specialized adaptor proteins such as

COMMD1. The existence of a specialized vesicular com-

partment may be especially useful in neurons where a

robust response at the synaptic cleft may require rapid

vesicular fusion rather than slow trafficking of ATP7A/7B

from the TGN. Participation of the ATP7A-containing

vesicles in rapid fusion (independent of trafficking from the

TGN) is seen in response to activation of the NMDA

receptor (Schlief et al. 2005).

Despite numerous gaps in our understanding of the

mechanisms responsible for ATP7A and ATP7B traffick-

ing, the regulatory role of Cu in these processes has been

firmly established by many studies (Hung et al. 1997; Petris

et al. 1996). It is thought that Cu stabilizes ATP7A and

ATP7B in a conformation favorable for interaction with the

components of membrane trafficking machinery; this

allows for the export of Cu ATPases from the Golgi and

their delivery toward post-Golgi destinations. Several

Cu-dependent binding partners of ATP7A and 7B were

predicted using yeast two-hybrid screen (La Fontaine and

Mercer 2007); none of them belongs to conventional traffic

machineries and so far their role in mammalian cells has

not been explored in detail. One potentially interesting

candidate is p62 subunit of dynactin–dynein microtubule

motor complex. p62 interacts with ATP7B in the presence

of high Cu (Lim et al. 2006) and, therefore, being in

complex with dynein motor, can potentially pull ATP7B-

enriched membranes along the MTs away from the bulk of

the TGN. Whether and how other components of mem-

brane budding/fission machinery can be triggered by

changes in Cu levels remains unclear. One unexplored

possibility is that Cu-induced structural changes in ATP7A/

7B open binding sites for lipids, such as cholesterol or

sphingomyelin, may influence Cu ATPase sorting within

the TGN subdomains or initiate assembly of trafficking

machinery. The ability of COMMD1 protein (a protein

with a known role in hepatic copper balance) to specifically

detect phosphotidyl inositols (PIPs) in vitro has been

experimentally demonstrated (Burkhead et al. 2009), but

the role of PIPs in ATP7A trafficking from Golgi and along

the secretory pathway remains unexplored.

Recent bioinformatics analyses suggest that about 1 %

of the entire eukaryotic proteome is composed of putative

Cu-binding proteins (Andreini et al. 2008), suggesting that

the list of Cu-dependent regulators of ATP7A and B traf-

ficking is likely to be expanded. To this end, generation of

ATP7A and ATP7B interactomes in low and high Cu

would provide a valuable tool for the identification of new

molecules involved in Cu ATPase trafficking.

Retrieval of ATP7A and ATP7B to the Golgi

After elimination of excess Cu at the cell surface, ATP7A

and ATP7B return to the Golgi where they switch their

activities toward metallation of the newly synthetized pro-

teins. It has been convincingly demonstrated that the

C-terminal di-leucine or tri-leucine signatures in ATP7A

and ATP7B, respectively, are essential for the retrieval of

proteins back to the Golgi (Braiterman et al. 2011; Francis

et al. 1999; Petris et al. 1998). The ability of the leucine-

based motifs to interact with clathrin adaptors (Robinson

and Bonifacino 2001) led to the hypothesis that ATP7A and

ATP7B undergo internalization through the clathrin-

dependent pathway (Francis et al. 1999; Petris et al. 1998).

However, the initial attempt to test this hypothesis experi-

mentally led to the opposite conclusion (Cobbold et al.

2003), and only recently clathrin downregulation with RNAi

indicated that ATP7A endocytosed from the cell surface via

the clathrin-mediated pathway (Holloway et al. 2013). The

importance of the di-leucine motif for recognition by

endocytic machinery was recently confirmed in cells from

patients with a new disorder of Cu metabolism, ATP7A-

related distal motor neuropathy (Yi et al. 2012). The disease-

causing mutation in ATP7A, P1386S, is located in the

vicinity of the di-leucine motif and leads to a shift in steady-

state ATP7A localization from the TGN to the cell surface.

Reduced retrieval of ATP7A and ATP7B to the Golgi

was also observed when AP-1 function was suppressed

(Hirst et al. 2012; Holloway et al. 2013). In a recent, very

elegant study, Hirst and colleagues demonstrated that the

inactivation of AP-1 components results in a depletion of

both ATP7A and ATP7B from the clathrin-coated vesicles,

which are likely directed from the endocytic compart-

ment(s) to the Golgi (Hirst et al. 2012). The role of AP-1 in

the endocytic trafficking of Cu ATPases to the Golgi was

further confirmed by the study of mechanisms involved in

the pathogenesis of MEDNIK syndrome, a congenital
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disorder with alterations in Cu homeostasis (Martinelli

et al. 2013). This disease is caused by mutations in the

AP1S1 gene encoding r1A, the small subunit of AP-1.

Fibroblasts from MEDNIK patients exhibit ATP7A mostly

at the cell surface, even in the presence of Cu chelator,

therefore indicating that the mutation severely compro-

mised the retrieval of the Cu pump to the Golgi (Martinelli

et al. 2013). The reduced amount of ATP7A in the Golgi

could impair metallation of several Cu-dependent enzymes

(see Table 1) and produce neurologic, metabolic, pigmen-

tation and skin symptoms observed in MEDNIK patients

and in a model system, such as Ap1s1 zebra fish (Martinelli

et al. 2013; Montpetit et al. 2008).

Surprisingly, mutation of di- or tri-leucine motifs, as

well as the suppression of clathrin/AP-1 functions, does not

impact the export of ATP7A/B from the Golgi (Hirst et al.

2012; Holloway et al. 2013). This indicates that Cu ATP-

ases take a clathrin-independent exit route(s) from the

TGN. On the other hand, the above studies provide new

insights into the nature of the pathway that carries Cu

ATPases back to Golgi. Apart from ATP7A and ATP7B,

AP-1 suppression eliminates from clathrin-coated vesicles

several well-studied proteins, such as M6PR, Sortilin-1 and

furin (Hirst et al. 2012), which recycle from the endosomes

to the Golgi (Bonifacino and Rojas 2006). Therefore, it is

likely that Cu ATPases get delivered to the Golgi from

sorting endosomes through the pathway utilized by M6PR,

Sortilin-1 and furin.

Overall, Cu ATPases exhibit interesting and distinct

trafficking properties. Their export from the Golgi to the

sites of Cu excretion seems to require a specific exocytic

route, tightly regulated by Cu, whereas their retrieval back

to the Golgi seems to proceed through a more common

endocytic pathway.

Concluding remarks

The well-known role of ATP7A and ATP7B in the main-

tenance of Cu homeostasis has been recently expanded to

their involvement in other processes, such as modulation of

the Alzheimer disease phenotype, pathogen defense and

anti-cancer drug resistance (Gupta and Lutsenko 2009;

Wang et al. 2011). The list of these new functions con-

tinues to grow. Therefore, the Golgi complex, which

operates as a hub for Cu ATPases, will remain an important

focus of cell biology research on Cu metabolism. In this

review, we pointed to the main challenges and questions

related to Cu ATPase trafficking and hope that the need to

answer these many intriguing questions will gain attention

from both the copper and Golgi communities.

We believe that the advent of modern system biology

approaches could help achieve real breakthroughs in the

understanding of ATP7A and ATP7B trafficking pathways

and mechanisms. Next-generation sequencing is likely to

reveal new ATP7A and ATP7B mutants/variants as well as

new genes associated with cell responses to Cu toxicity and

deficiency (Fuchs et al. 2012); studies of new regulators will

determine their impact on the localization and trafficking of

Cu ATPases and expand the network of proteins involved in

the regulation of copper metabolism. Similarly, proteomics/

mass spectrometry approaches may help in the discovery of

new ATP7A- and ATP7B-binding partners that regulate

trafficking of Cu ATPases to and from the Golgi, as well as

establish the role of posttranslational modifications in Cu

ATPase targeting and sorting. Combining this approach

with immunoisolation of ATP7A- and ATP7B-containing

membranes would help characterize the post-Golgi com-

partments along the exocytic route(s) of both proteins.

Finally, high-content microscopy screening of the siRNA or

chemical libraries is expected to further expand or confirm a

list of new molecular players that regulate ATP7A and/or

ATP7B localization and activity. Taken together, such

studies will provide new insights into the role of the Golgi

in Cu homeostasis and will uncover new molecular targets

for the development of next-generation therapeutic

approaches to treat disorders associated with Cu imbalance.
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