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1. ABSTRACT 
 

The transition metal copper (Cu) is an essential 
trace element for all biota. Its redox properties bestow Cu 
with capabilities that are simultaneously essential and 
potentially damaging to the cell. Free Cu is virtually absent 
in the cell. The descriptions of the structural and functional 
organization of the metallothioneins, Cu-chaperones and P-
type ATPases as well as of the mechanisms that regulate 
their distribution and functioning in the cell have 
enormously advanced our understanding of the Cu 
homeostasis and metabolism in the last decade. Cu is stored 
by metallothioneins and distributed by specialized 
chaperones to specific cell targets that make use of its 
redox properties. Transfer of Cu to newly synthesized 
cuproenzymes and Cu disposal is performed by the 
individual or concerted actions of the P-type ATPases 
ATP7A and ATP7B expressed in tissues. In mammalians 
liver is the major captor, distributor and excreter of Cu. 
Mutations in the P-type ATPases that interfere with their 
functioning and traffic are cause of the life-threatening 
Wilson (ATP7B) and Menkes (ATP7A) diseases.  

 
 
 
 
 
 
 
 
2. INTRODUCTION 
 

The indispensability of Cu arises from its redox 
properties  and specific incorporation into a diverse but 
limited number of enzymatic and structural proteins (1). Cu 
displays four oxidation states: metallic Cu, cuprous ion 
Cu+, cupric Cu2+ and trivalent Cu ion Cu3+. The 
electronic/oxidation state of Cu deeply conditions its 
biochemistry since no other element provides to proteins 
the redox properties embodied in Cu. Any Cu+ present in 
an aqueous environment is quickly oxidized by the 
oxidizing agents present unless it is stabilized by complex 
formation. Cu functions as an electron transfer intermediate 
in reactions involved in cellular respiration (2, 3), free 
radical defence (4-7), cellular iron metabolism (8, 9), 
synthesis of connective tissue (10), pigmentation (11), 
blood clotting (12, 13), peptide hormone production (14) 
and synthesis of neurotransmitters (15). In addition, Cu 
functions as a cofactor of enzymes and operates as an 
allosteric component that confers into proteins diverse 
structures (16-19) . Overall Cu is essential for normal cell 
growth and development. While Cu+ prefers sulphur 
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Met/Cys, Cu++ uses nitrogen His or oxygen Glu/Asp as 
ligands (20) 

 
Excessive Cu exposure is toxic. In the cell, under 

normal conditions, free Cu is virtually nonexistent. Is the 
redox chemistry of Cu and its capacity to catalyze the 
transformation of a superoxide radical anion ( O-

2) to the 
highly reactive hydroxyl radical ( OH) via the metal-
catalyzed reaction what makes Cu a potentially toxic metal 
(21). 
 
 O-

2  + Cu2+
  O2 + Cu+  

 
  Cu+ + H2O2  Cu2+ + OH- + OH      (Fenton reaction)  
 

In addition, the toxicity of Cu also results of its 
ability to displace other metal cofactors, mainly Zn, as well 
as to bind ectopically and damage proteins (22). The need 
for Cu and its potential toxicity has forced the development 
in cells and organisms of refined homeostatic mechanisms 
that conserved through evolution maintain Cu levels within 
a physiological range, avoiding both deficit and excess 
(22). 
 
3. Ctr1 AND Cu UPTAKE  
 

Transfer of Cu across the plasma membrane into 
the cell is driven by the highly specific Cu translocase Ctr1 
(Km for Cu+, 1 µM). Ctr1 is conserved from yeast to 
humans (23, 24). In yeast, Cu2+ is reduced by plasma 
membrane reductases before its transport as Cu+ by the 
yCrt1 and yCrt3 transporters (25). Two other forms, Ctr2 in 
S. cerevisiae and Ctr6 in S. Pombe (26, 27), serve to 
mobilize vacuolar Cu stores to cytosolic Cu-chaperones 
(28, 29). Human hCtr1 was identified in complementation 
studies of Cu uptake performed in yeast with a yctr1/ yctr2 
phenotype (24). The 44.4 kD hCrt1 is an ubiquitous, highly 
glycosylated, three transmembrane domain protein. 
Assembly of hCtr1 into homotrimers results in the 
formation of membrane pores (30).  

 
A MX3M motif in the second transmembrane 

domain of Ctr1participates in the uptake of Cu+ ions, but is 
not involved in delivery of the transporter to the cell 
surface  (31). Cu transport by Ctr1 does not require ATP, 
is saturable and time dependent (32). The observation in 
yeast that Cu uptake by Ctr1 is coupled with K+ efflux 
may indicate that is mediated by a Cu+/2K+ antiport 
mechanism (32). In addition, Cu+ uptake is further 
facilitated by the functioning of cellular chaperones and 
the absence of free Cu ions in the intracellular medium. 
In mammalian Ctr1, the partly protonation of the  His139 
residue  close to the exit site of the pore may narrow the 
pore and slow down the transport process, therefore 
impeding the transfer of the ion (33). In vitro studies 
performed in yeast have also shown that a pair of well 
conserved Cys and His residues in the C-cytoplasmic 
domain of yCtr1 facilitate the transfer of Cu+ to the Atx1 
chaperone for further distribution (34, 35). To note, cells 
with reduced glutathione (GSH) levels are slower in Cu 
uptake from medium and as result have lower steady-
state Cu concentrations. 

Transfection studies expressing epitope-tagged 
constructs of Ctr1 made known that the translocase 
constitutively recycles between the plasma membrane and 
endosomes and uses the M4-3XM cluster near the 
transmembrane region for endocytosis (36). Furthermore, 
clathrin-dependent endocytosis of Ctr1 is rapidly stimulated 
by Cu concentrations near the Ctr1 Km for transport, and 
the Cu binding to the transmembrane MX3M motif (36, 
37). The rapid lysosomal degradation of endocytosed Ctr1 
in response to excess intracellular Cu provides a rapid 
mechanism to regulate high-affinity Cu uptake that may be 
significant in the uptake of dietary Cu (36, 37).  The 
observation that Ctr1 is predominantly apical in the 
intestinal cells of the new born, while most of it is 
sequestered into endosomes in  the adult, probably reflects 
differences in the levels of dietary Cu (38). 
 

The ability of Ctr1-/- deficient cells to 
accumulate Cu (39) and the observation that Ctr1+/- mice 
without obvious growth or developmental abnormalities 
show a striking tissue-specific reduction in Cu levels, point 
to the functioning of Ctr1-independent Cu uptake systems 
in some tissues (40, 41).  

 
 4. GSH AND METALLOTHIONEINS, Cu 
SEQUESTRATION AND STORAGE  
 

The results of kinetic studies of 67Cu uptake 
showing that GSH binds 67Cu before the metal is 
complexed by metallothioneins (MT) and that depletion of 
cellular GSH inhibits the incorporation of 67Cu into MT, 
support a model in which Cu is complexed by GSH, the 
most abundant low-molecular-weight thiol, immediately 
after entering the cell and then is transferred from the 
intermediate to the MT (42, 43). The small 3.5-14 kD Cyst-
rich MT Cu acceptors are found in virtually all biota. Their 
extreme versatility in the capacity to fight stress situations 
of different origin  is proverbial and makes of them an 
invaluable tool in cell homeostasis (44-47). Their unique 
homeostatic capacity resides in the arrangement of its many 
Cyst into CC, CXC and CX2C sequences with potent metal 
binding and redox capabilities. Whereas the 6kD class 1 
metallothioneins (MT1) chelate four divalent ions within 
cluster A of the alpha domain and three divalent ions within 
cluster B of the beta domain, the 7 kD class 3 
metallothioneins (MT3) bind heavy metals and contains 
three Zn2+ and three Cu+ atoms per polypeptide chain and a 
negligible amount of Cd2+. The extraordinary stability 
(stability constant, 10-19–10-17) and the high binding 
stoichiometry of the Cu+-MT complexes (>7 Cu+/mole) 
explains the remarkable effectiveness of MT in functioning 
as Cu scavengers in the cell (48). Although the Cu toxicity 
has not been investigated to any extent in MT-/- mice, the 
high sensitivity of the yeast and Drosophila with disrupted 
MT genes to high Cu concentrations strongly suggests that 
MT play an important  role in the detoxification of Cu in 
mammals (49, 50). While the high stability of the Cu+-MT 
complexes would argue against a role of MT as temporary 
Cu-storage/donors, harnessing toxic Cu for biologically 
useful roles may have provided an advantage in evolution.  
In vivo studies have shown in Drosophila that the induction 
of the transcription of MT genes and the accumulation and 
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detoxification of  high amounts of Cu in the gut, is later 
used to donate controlled amounts of the sequestered Cu to 
tissues in need of the metal during Cu scarcity (51). 
Furthermore, the disappearance of the Cu luminescence 
that marks sites of Cu accumulation in the larval midgut 
and fades within 10 h upon withdrawal of Cu from the 
food, is also consistent with the view that Cu is not 
irreversibly trapped in Cu-binding MT in intestinal cells. In 
other examples of the role of MT in Cu homeostasis, the 
land snail Helix pomatia uses the MT isoform in the mantle 
to presumably regulate the Cu supply to hemocyanin (52) 
and in a cell-free system Cu-loaded MT can donate Cu to 
the Cu/Zn superoxide dismutase (53). From the inwards 
rotation of the cysteinyl sulfurs exposed at the surface of 
the metal domains upon the metal binding, it follows that 
modifications that induce the outwards rotation may play a 
role in regulating the metal release (54). On the other hand, 
the Cu accumulation in mice intestinal epithelial cells with 
the Ctr1 selectively silenced is followed by a rise in the 
levels of Cu-chaperones and a reduction in the Cu-
ferroxidase acceptor hephaestin. This cause-effect 
relationship points that the Cu taken up by Ctr1-alternative 
mechanisms and transferred to MT may not be always 
bioavailable (55).  Furthermore, the ability of zinc to 
induce tissue MT and the formation of tight Cu+-MT 
complexes appear to explain that the oral administration of 
Zn acetate reduces Cu absorption in the intestine and 
prevents the iron-cause acute hepatitis in Long-Evans 
Cinnamon (LEC) rats by decreasing the hephaestin levels  
(56).  

 
5. CHAPERONE-BASED Cu HOMEOSTASIS AND 
DISTRIBUTION 
 

Cu trafficking in the cytoplasm is mediated by a 
small set of specialized chaperones that serve to specific 
cuproproteins and simultaneously provide the cell with 
protection against exposure to the Cu ions in transit. The Ccs 
chaperone conveys Cu+ to the Cu/Zn superoxide dismutase 
(57), Cox17 to the cytochrome c oxidase (COX) complex  in 
the mitochondria (58-60), and the yAtx1/mAtox1chaperone  to 
the P-type ATPases Ccc2p/ ATP7A/ATP7B inserted into the 
TGN and plasma membrane (61-63) (Figure 1).  

 
Cu-chaperones bind the metal as Cu+ and with the 

exception of Cox17, which uses a C2XC motif to bind three 
Cu+ atoms arranged in a polyCu cluster (64), the akin-metal 
chaperones use a MXCX2C domain to bind Cu+ (65). Proton 
nuclear magnetic resonance studies show that the majority of 
the Cu-chaperones have an "open-faced beta-sandwich" global 
fold with a conserved MXCX2C metal-binding motif (65, 66). 
Two different models propose that Cu+ is bound digonally o 
trigonally to the MXCX2C motif through the Cys residues, 
using in the trigonal coordination GSH or a His/Cys residue as 
the third Cu ligand (67). Is remarkable the different metal 
specificity of the same MXCX2C within different metal 
chaperones, probably the result of variations in the local 
environment and disparities in their tertiary structure (68, 69). 

 
5.1.  Via to the Cu/Zn superoxidase dismutase Sod1 

The 27 kD yeast LYS7 and the 29 kD 
mammalian Ccs  are soluble chaperones with the identical 

role of feeding the apo-Sod1 with Cu (70). They are 
organized in three highly conserved distinct domains. 
Whereas the N-Atox1 like domain, homologous to the 
Atox1 chaperone functioning in the P-type ATPase via, 
provides the MXCX2C motif that binds Cu+, the 
intermediate Sod-like domain interacts with Sod1, and the 
short C-terminal domain uses a CXC motif to transfer the 
Cu+ ion to Sod1. Transfer occurs previous formation of a 
Cu+ cluster within a Ccs dimer/tetramer and the physical 
contact between the two proteins (71-73). The failure of 
yeast with normal levels of Sod1 and a  lys7D null mutation 
to incorporate 64Cu into Sod1, and the capacity of LYS7 to 
complement the defect in vivo, demonstrate that LYS7 is 
essential for Cu incorporation into Sod1 (57). The reduced 
incorporation of 64Cu into Sod1 in Ccs (-/-) mice and the 
development of phenotypes characteristic of So1 
(sensitivity to paraquat, reduced fertility), in the absence of 
abnormalities in Cu uptake and incorporation into other 
cuproproteins, demonstrate that Ccs is essential in the 
specific transfer of Cu to Cu/Zn Sod1 (74).  Yet, there is 
evidence indicative of the functioning of a Ccs-independent 
mechanisms for Cu loading onto Sod1 in the human and C. 
Elegans. The Ccs-independent pathway appears to involve 
GSH as Cu donor and forms of Sod1 lacking two conserved 
Pro residues that may preclude the docking of the Cu 
loaded GSH to Sod1 (75-77). 

 
 
 
In some mammalian cells the 32 kD homodimeric 

Sod1 that is expressed in all eukaryotes and certain 
prokaryotes, makes 1-2 % of the total protein (78, 79). The 
localization of Sod1 to the cytosol, nucleus and the 
intermembrane space of mitochondria, reflects the 
importance and amplitude of its protective function in the 
cell. The Sod1 loaded with two Cu+ ions catalyses the 
dismutation of  O-

2 by two successive encounters of the 
anion with the redox-active Cu+ site (80).  

 
Cu+ + O-

2 + 2H+ 
   Cu2+ + H2O2 

 
       The superoxide anion radical ( O-

2) 
spontaneously dismutes to O2 and hydrogen peroxide 
(H2O2) quite rapidly (~105 M-1 s-1 at pH 7), but the catalytic 
activity of the Sods is biologically essential because O-

2 
reacts even faster with certain targets and this may damage 
their biological activity. The benefit of the superoxide 
dismutation reaction is therefore to lower the steady-state 
concentration of the free O-

2 and moderate its damaging 
potential in the cell. It is remarkable, that while the absence 
of Cu increases the rate of degradation of other Cu-
chaperones, in the cell one-third of the total Sod1 exists as 
stable apoprotein and the transfer of Cu by Ccs plays a 
main role in controlling the activity of the enzyme. This 
explains that in the Ccs (-/-) mouse the levels of Sod1 are 
normal and the enzymatic activity is markedly reduced 
(81). 
 
5.2. Via to mitochondrial cytochrome c oxidase (Cox)  

Genetic studies of yeast mutants unable to 
assemble the mitochondrial COX complex have been 
decisive to better understand the mechanism of Cu delivery 
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Figure 1. Cellular Cu distribution by chaperones. Dual role of Cu-P-type ATPases in the biosynthesis of cuproenzymes and Cu 
excretion. The cartoon depicts the ingress, distribution and egress of Cu in an epithelial cell with the attributes of both an 
intestinal mucosal cell and the hepatocyte. Proteins are referred in the cartoon by their gene symbols The apical and basolateral 
plasma membrane domains are separated by the tight junctions (TJ). The transporter Ctr1 facilitates the uptake of Cu+ in the 
apical (intestinal epithelial cell) and basolateral (hepatocyte) plasma membrane. In the cytoplasm the Cu+ ion is either stored in a 
complex with metallothioneins (MT), in a reaction probably mediated by GSH, or is captured and distributed by specific 
chaperones. The Ccs chaperone conveys the Cu+ to the Cu/Zn superoxide dismutase Sod1/2; Cox17 to the CuA  and  CuB sites of 
mitochondrial COX, via Sco1-2, and Cox11, respectively; and, Atox1 to the P-type ATPases ATP7A/ATP7B trafficking between 
the TGN and plasma membrane, where they perform their biosynthetic and secretory roles. Cu ions used in the metallation of 
COX and Sod1 appear to bind either Cox17 and Ccs in the cytoplasm, or ingress into a novel Cu pool within the mitochondrial 
matrix via an unidentified factor (X) before their transport to the Cox17 and Ccs targets in the intermembrane space. Whereas 
ATP7B and the cuproferroxidase ceruloplasmin (CP) are targeted to the apical and basolateral membrane, respectively, ATP7A is 
targeted to the basolateral membrane where it supplies Cu  to the albumin (ALB) and transcupreine in the circulation. Established 
and alternative Cu pathways are marked with solid and discontinuous arrows, respectively.  

 
to the mitochondria. COX is a large inner integral 
mitochondrial membrane protein composed of 13 protein 
multisubunits. COX functions as a heme-Cu terminal 
oxidase and in the electron transport system of the 
respiratory chain is crucial in creating the electrochemical 
gradient that generates the driving force required for ATP 
synthesis. COX has two Cu redox centers, CuA in subunit I 
and CuB in subunit II. The CuA and CuB sites bind four and 
two Cus, respectively. The proper assembly of COX 
complex requires the import of Cu from the cytoplasm. 
Four proteins, Cox17 and the downstream Sco1-2 (58, 59, 
82) and Cox11 (60) participate in the Cu insertion into the 
two Cu redox centers. Cox17 functions as a Cu donor of the 
Sco1 and Cox11 proteins and then Sco1 and Cox11 deliver 
the Cu to the CuA and Cub sites, respectively (83, 84). In 

yeast strains with Cox17, Sco1/2 and Cox 11 defects and in 
human cells from SCO1/2-defficient patients the assembly 
of COX complex is aborted (58, 85, 86).  

 
5.2.1. Cox17 

The 8kD small Cox17 is a cysteine-rich 
cytoplasmic protein that in vitro exists in a dimer-tetramer 
equilibrium. Sequence and genetic studies as well as 
spectroscopic analyses have shown that Cox17 uses a 
C2XC motif to coordinate Cu+ ions. Cox17 binds Cu with 
great affinity. Recent studies indicate that metallation of 
Cox17 occurs in the intermembrane space of the 
mitochondria, but is unclear how Cu makes its way from 
the cytosol to Cox17 (87). The pathway of Cu in the 
mitochondria is prolonged into the matrix that retains 90% 
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of the Cu in the mitochondria. The matrix Cu pool is 
dynamic, non-proteinaceous and is unclear if it is used as a 
reservoir, supplies Cox17 and Sod 1 with the metal or 
buffers the Cu changes in the cytosol.Cox17 becomes 
functional after its insertion into the inner mitochondrial 
membrane through its C-domain (88). Though the results of 
ESI and ESI-Ms of yeast and mammalian Cox17 are different 
(89, 90), it appears that the Cys residues of the C2XC motif 
localized to its N-domain coordinate with the help of three 
other Cys residues 4 Cu+ ions and form a Cu4S6-type 
cluster/molecule (89). The 4Cu+ cluster appears to facilitate the 
metal exchange with the Sco1 acceptor, but is not required for 
the Cox17 target to the mitochondria. Cox17 molecules with a 
double Cys/Ser mutation and no Cu+ binding are still target to 
the intermembrane mitochondrial space (91), but the single 
substitution of the Cys residues aborts the COX complex 
assembly and results in loss of its activity (91).  

 
5.2.2. Sco1, Sco2 and CuA 

The rescue in a yeast Cox17 mutant of the COX 
complex assembly and respiration defects by addition of Cu 
to the growth medium, suggested the existing of Cu-
chaperones that function downstream Cox17 to handle the 
Cu+ imported by Cox17 into the COX II subunit (58).  The 
Sco1 and Sco2 Cu-chaperone paralogs functioning 
downstream Cox17 were isolated as high-copy number 
suppressors of the Cox17-induced defects in yeast (82). 
The 33 kD Sco1 and 35 kD Sco2 are inserted into the inner 
mitochondrial membrane with the N-end facing the matrix 
and the C-domain retained in the intermembrane space. 
They can bind a single Cu+ or Cu2+ ions. While the Cu+ ion 
is trigonally conjugated by a separate His and the two Cys 
residues in the conserved CXXXC motif, the Cu2+ ion 
binds to a type II Cu2+ site with a higher coordination 
number (92, 93). 

 
Mutations in Sco1 result in COX deficiency, but 

no discernible phenotype has been associated with the 
SCO2 deletion, therefore suggesting that they play distinct 
roles in the pathway of Cu delivery (58). The direct Cu 
transfer from Cox17 to Sco1 in an in vitro purified protein 
system and the Cox17-dependent cuprenation of the soluble 
Sco1 domain expressed in the yeast cytoplasm, 
demonstrates that Cox17 transfers Cu to Sco1 (94). 
Furthermore, the failure of the COX17 overexpresion and 
of the Cu addition to the medium to rescue growth of yeast 
strains containing Sco1 mutations on a non-fermentable 
carbon source, firmly points that Sco1 functions 
downstream of Cox17 (82). Confirming these observations 
in yeast, the COX  deficiency is not rescue by COX17 
overexpresion in cells from SCO1 patients (95). This 
failure and the recovery of the COX deficiency by the 
COX17 overexpresion in cells of SCO2 patients, point  that 
in human cells Sco1 and Sco2 proteins have non-
overlapping functions in mitochondrial Cu delivery (95). 
Furthermore, the dominant-negative phenotype that results 
from the overexpression of either wild-type SCO protein in 
the reciprocal SCO1/SCO2 patient background, suggests a 
physical interaction between Sco1 and Sco2. The Sco1 and 
Sco2 chaperones may therefore function cooperatively in 
the insertion of Cu into the CuA center of the COX II 
subunit (95).  

The organization of the CuA center requires the 
binding of two Cu ions to two His and two Cys residues of 
the HxnCXEXCGX2-HX2M consensus motif (3, 96). Is 
interesting that Sco1/2 contain a thioredoxin fold 
characteristic of thiol:disulfide oxidoreductases (97), 
enzymes that catalyze the formation of  disulfide bonds into 
unfolded reduced proteins with concomitant reduction of 
oxygen to hydrogen peroxide. The thioredoxin fold and the 
redox chemistry undergone by the conserved Cys148 and 
Cys152 of the CXXXC motif in ySco1 crystals (90), 
suggests  that the Cys reduction of the COX II subunit by 
Sco1 may mediate the Cu insertion into the CuA center 
(97). Also interesting is the proposal that Cox19, a Cu+-

binding protein  structurally similar to Cox17, which 
resides in the intermembrane space and is required for the 
assembly of cytochrome c oxidase, may contribute to CuA 
site formation as Cu donor (98).  

 
 
 
A study of the completely sequenced prokaryotic 

genomes has shown that 18% of these prokaryotes have 
Sco but not CuA-containing proteins. This discrepancy, 
strongly suggests the Sco1/2 proteins may have in 
prokaryotes other functions (99). Recent studies in 
fibroblasts from Sco1 and Sco2-deficient patients show that 
the deficiency in COX exhibited by the fibroblasts of these 
patients can be rescue by the sobreexpression of a Sco2 
E140K mutant, but not the remarkable reduction in total 
cellular Cu. This dissociation strongly points to a new role 
of Sco proteins in Cu hoemostasis (100). If Sco2 catalyzes 
the oxidation of Sco1 through its intrinsic oxidoreductase 
activity (see below) and facilitates the transfer of Cu to 
COX, in Sco2-defficient fibroblasts the proportion of Cu-
loaded Sco1 would be expected to increase and signal a 
false state of Cu overload in the mitochondria that would 
turn on the mechanisms that facilitate cellular Cu excretion.  

 
5.2.3. Cox11 and CuB 

Whereas the Cox17/Sco1, Sco2 via feeds Cu into 
the CuA nucleus, the supply of Cu to the CuB nucleus in the 
COX I subunit is mediated by the separate 
Cox17/Cox11pathway (60). Structurally different of CuA, 
in the resting state CuB is formed by a Cu2+ ligated by three 
His residues in the binding motif Hx3Yx44HH and the 
haeme a33+, and therefore forms a binuclear Cu/iron center 
(3). Evidence that Cox11 supplies Cu to CuB, is indicated 
by the absence of COX as result of defective heme A 
biosynthesis and COX assembly in  a  cox11∆  yeast strain 
(101, 102), and the lack of a functional CuB nucleus in the 
COX of these mutants (103). Furthermore, Cox11 is unable 
to functionally complement the COX deficiency in either 
SCO1 or SCO2-deficient patient cells (95). 

 
The 34 kD Cu-chaperone donor Cox11 is inserted 

to the inner mitochondrial membrane, and chromatography 
and sedimentation equilibrium studies of a TrxCox11 
fusion suggest that Cox11 self-assembles into a homodimer 
(85). Membrane inserted Cox11 is arranged with the N-
domain projected into the mitochondrial matrix and the C-
domain exposed within the intermembrane space as shown 
by domain mapping studies (85, 104). In the dimer, the two 
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trigonally bound Cu+ ions, in transit from Cox11 to Cox, 
are hold at the interface between the monomers by three 
conserved Cys, including the two Cys of the conserved 
CXC motif in the C-domain. As expected, mutation of any 
of the three Cys implicated in the coordination of Cu 
reduces Cu+ binding and confers respiratory incompetence. 
Remarkably, the Cu+-binding domain from human Cox11 
cannot functionally replace the yeast sequence, probably 
because the interactions that the yeast domain establishes 
with Cox17 and/or COX (104). The importance of the 
supply of Cu for proper assembly of Cox1 is indicated by 
the specific reduction in the levels of the COX I subunit 
among the respiration deficiency-encoding alleles 
generated by random Cox11 mutagenesis, a reduction that 
can be explained by the misfolding of subunit I and its 
degradation in the absence of functional Cox11 (103). The 
transfer of Cu to the CuA and CuB centers through the 
Cox17-Sco1/2 and Cox17-Cox11 pathways appears 
therefore to facilitate a folding path that includes the 
complete organization of the catalytic core of COX, 
organization that conditions the final assembly of the 13 
subunits mature COX holoenzyme. 

 
The three redox-active Cu ions inserted into the 

two CuA and CuB centers of the mature holoenzyme play an 
essential role in the conversion of redox energy into a 
transmembrane proton motive force as the cooperative 
steps of H+ pumping coupled to electron transfer at the low 
potential CuA-heme a site and proton consumption in the 
reduction of the O2 reduction intermediates at the high 
potential heme a3-CuB binuclear center, contribute to the 
chemiosmotic mechanism essential in ATP synthesis at the 
mitochondria (105). 
 
5.3. Via to Cu-transporting ATPases  

The function of the Atx1, Atox1/ Cu-P-type 
ATPases pathway is to supply Cu to newly synthesized 
cuproenzyes and at excess Cu to pump the metal out of the 
cell. The two proteins pathway is highly conserved from 
yeast to human. 
 
5.3.1. Atx1, Atox1 

In the first study of Atx1 in yeast, the 8 kD small 
Cu-chaperone was classified as an antioxidant molecule 
with ability to suppress the oxygen–dependent growth 
defects produced in cells with a sod1∆ null mutation (106). 
Its physiological role in the export of Cu from the cytosol 
into an extracytosolic compartment was subsequently 
clarified by the observation that cells with a null mutation 
in Atx1 showed impeded iron uptake-linked to Fet3, a Cu 
oxidase which acquires the metal in the lumen of the trans-
Golgi via the Cu pump Ccc2 inserted in its membrane. 
Atx1 and its human homologue Atox1 (also called HAH1) 
have the ability to shuttle the Cu+ taken up through Ctr1 to 
Ccc2 and the mammalian Cu-P-type ATPases, Cu pumps 
that use the energy of ATP hydrolysis to move Cu+ through 
cellular membranes.  

 
Atx1 and Atox1 are soluble proteins that in the 

cytoplasm are organized as homodimers and bind one atom 
of Cu+ with a linear, two coordinated geometry to the Cys 
residues of a conserved N-domain MXCX2C motif. 

Nevertheless, according to recent data Atx1, Cu (I) and 
GSH form a high-affinity complex that involves the Atx1 
dimer and its two cysteines (107). It appears, as modelling 
based in X-ray absorption studies of Atox1 suggest, that 
after the docking of the chaperone to the  acceptor Ccc2/P-
type ATPase, an event that involves ionic interactions 
between oppositely charged faces of the proteins (108), the 
ion is transferred to the Cu+-binding domain (MBD) of the 
Cu-P-type ATPase through a three coordinated 
intermediate (109). The Cu-dependent physical interaction 
between the C-end of Atox1 and mammalian P-type 
ATPases has been directly demonstrated using a yeast and 
mammalian two-hybrid systems in combination with an in 
vitro assay, studies that have proven the involvement of the 
two Cys residues of the MTCXXC motif and at least 15 of 
the C-terminal residues of Atox1 (62). The possibility that 
the transfer of Cu is regulated has been raised by evidence 
that FKBP52, an immunophillin, stabilizes Atox1in a 
conformation that stimulates Cu efflux and favours the 
metal transfer (110). The collaborative effort between 
Atox1 and the P-type-ATPase ATP7A implicated in the 
translocation of Cu into the circulation, explains that the 
phenotype of the Atox1-deficient mice is the one produced 
by the inability to traffic Cu across the placenta in embryos, 
and in runted surviving mice across the intestinal mucosa 
(111). 

 
6. Cu-TRANSPORTING ATPASES 
 

Ccc2 and mammalian P-type ATPases have two 
and six MBDs, respectively, and while they are 
functionally equivalent, Ccc2 is exclusively localized at the 
trans-Golgi network (TGN) and serves to deliver Cu to the 
secretory pathway, while the two mammalian Cu-P-type 
ATPases, ATP7A and ATP7B, add the function of 
pumping out excess Cu through the plasma membrane 
(112-114) for a review see (115).  

 
The Cu-P-type ATPases, ATP7A and ATP7B, 

belong to the heavy metal transport P1B- ATPases, a 
subfamily of the P-type ATPases with a 6-8 
transmembrane topology and metal binding sites as well 
as characteristic sequence motifs at the N- and C-
cytoplasmic domains (Figure 2). The 180 kD ATP7A 
and 160 kD ATP7B share 67% protein identity and are 
large proteins structurally and functionally organized in 
separate modules (116). ATP7A is glycosylated, but 
ATP7B is not. The long N-cytoplasmic domain of the 
two translocases contains six Cu+ binding domains 
(MBDs 1-6) and plays a mayor role in the acceptance of 
Cu+ through its interaction with Atox1 (61, 62, 109, 
117) as well as in controlling their phosphorylation, 
traffic and activity (118-120). Downstream, the 
clustering of eight transmembrane helixes forms the Cu+ 
pore, and at the connecting loops in the cytoplasmic side 
of the transmembranes are localized the nucleotide 
binding (N)-, phosphorylation (P)- and phosphatase 
domains implicated in the cyclic phosphorylation of the 
translocase (Figure 2). 

 
Critical to the functioning and cellular 

distribution of the Cu-P-type ATPases is the coordinated 



Molecular mechanisms of copper homeostasis 

4884 

 
 

Figure 2. Cyclic phosphorylation-dephosphorylation of P-type ATPases and vectorial transport of Cu  through the ion channel.  
Contact of the P-type ATPase with the Cu donor chaperone Atox1 and transfer of Cu+ ( ) involves at least MBD 2 ( ) (1). 
Filling of MBDs 1-4  with Cu+ ( ) and the resulting changes in structure facilitate the binding of ATP to the N-site ( ), brings 
the bound ATP  ( ) in close proximity to the phosphorylation P-site ( ) and results in coordination of a Cu+ atom by two 
juxtaposed Cys in the plane of  TM1 and TM2 (2). Filling of MBDs 5, 6 with Cu favours the transfer of a Cu+ atom to the CPC 

motif in TM6 (3). Phosphorylation of the Asp residue in the P-site ( ) closes the access to the channel from the cytoplasm and 
may accommodate the exofacial vestibule to the reception of the translocated Cu+ (4). Release of Cu+ at the opposite side of the 
membrane (5) and the activation of the phosphatase in the A-site ( ) completes the phospho-dephosphorylation cycle ( ) and 
resets the channel to basal conditions. According to data compiled from (68, 108, 121, 123, 124,126, 123).  

 
interaction between their separate modules. Each of the six 
MBDs lined up in their N-domain can bind one atom of 
Cu+ (68, 121), but genetic and biochemical studies indicate 
that the MBDs are not functionally equivalent. Site-directed 
mutagenesis and cysteine protection studies indicate that 
among the six MBD, the MBDs 2 and 6 play a critical role 
in the Cu-dependent interaction of ATP7B with Atox1 and 
consequently in the transfer of Cu+ to the translocase (108) 
(61). Given the greater affinity of isolated MBD 4 for the 
ion is probably that the MBD 2 preference is established by 
the greater accessibility of MBD 2 or its higher ion 
affinity within the intact protein. Furthermore, the N-
extension of mammalian Cu P-type ATPases with four 
extra MBDs 1-4 and the stimulation of the ATP binding 
by either their loading with Cu+ or truncation, suggest 
that the N-extension may regulate negatively the 
translocase activity (122, 123) (Figure 2). Equally 
interesting is that the binding of Cu+ to MBDs 5 and 6 
stabilizes a conformation that favours the Cu+ binding to 
the CPC sequence in the 6 transmembrane segment, a 
critical event in the translocation of Cu through 
membranes (123, 124) (Figure 2). Nevertheless, some 

functional redundancy among the six amino terminal 
MBSs appears to exist since the number of missense 
mutations within the amino terminal tails of ATP7A and 
ATP7B that are cause of Menkes and Wilson disease is 
relatively low (125). 

 
With regard to the Cu transfer through the 

membrane, there is evidence that in the first transmembrane 
hairpin (TMS1,2), which is unique for the P1B-subfamily of 
ATPases, two Cys residues juxtaposed in the plane of the 
membrane appear to play a role in guiding Cu to the CPC 
site (126) (Figure 2).  

 
The Cu binding events and the formation of the 

Cu+-CPC complex initiate the phosphorylation/ 
dephosphorylation cycle that is characteristic of all the P-
type ATPases and couples Cu-transfer and translocase 
traffic (127-129) (Figure 2). The conformational changes 
resulting from the ATP binding to the N-site appear to 
bring this in close proximity to the P-domain facilitating 
the transfer of ATP and the phosphorylation of the P-
domain (130) (Figure 2).  
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Using purified recombinant protein fragments, 
ATP binding to both the N- and P-domain of ATP7B has 
been demonstrated and though the N-domain of ATP7B 
retains the common core structure of P-type ATPases, the 
nucleotide coordination environment within this fold is 
different and a role of the residues H1069, G1099, G1101, 
I1102, G1149, and N1150 in ATP binding has been 
established (131). Among the invariant ATP7B residues, 
mutations in E1064A and H1069Q drastically reduce 
nucleotide affinities (122, 131). 

 
The phosphorylation of the Asp residue in the 

DKTG motif of the P domain is a critical event since it 
closes the access to the Cu-CPC complex within the 
membrane from the cytoplasmic side, and the closing is the 
first step that drives the vectorial transport of Cu through 
the membrane (132-134) (Fig.2). Consistent with this, 
mutation of the CPC sequence in ATP7B  results in a non-
functional protein (124) and mutation of the Asp residue in 
either ATP7A or ATP7B completely prevents formation of 
the translocase-acylphosphate intermediate and results in 
total loss of Cu translocation activity (123, 127) (128).  

 
The Cu translocation and the phosphorylation-

dephosphorylation cycle end after hydrolysis of the acyl-
phosphate intermediate by the phosphatase A domain 
(Figure 2). Though the phosphatase mechanism is unclear, 
mutagenesis studies have shown that mutation of the 
conserved phosphatase TGE motif results in 
hyperphosphorylation of ATP7A and abolishes the Cu 
translocation (127). The released energy is used to transfer 
the Cu+ ion trapped in the membrane channel to the other 
side of the membrane (for a review see (134). In agreement 
with in vivo observations, the conformational changes and 
the in vitro Cu translocation activities of ATP7A and 
ATP7B, are ATP-dependent (135); (136, 137). 
Measurements of the kinetics of catalytic 
phosphorylation and dephosphorylation show that 
ATP7A complete each of these steps six fold faster than 
ATP7B, which would allow ATP7A to transfer and 
remove Cu from the cell more effectively than ATP7B 
(138).  

 
The release and transfer of Cu+ on the other 

side of the membrane is likely to involve acceptor Met 
residues strategically positioned in the luminal side of 
the pore and/or the TMS1,2 loop whose structure is 
similar to the MBDs (126). It is thought that the most 
significant difference between ATP7A and ATP7B in 
their luminal portions, the 17 residues long Met-rich 
insert in the extracellular loop connecting the TMS1 and 
TMS2 of ATP7A, may accelerate the release and 
transfer of Cu+ to the acceptor proteins in the lumen, 
and contributes further to the faster Cu transport by 
ATP7A. (126). Is believed that functioning of those Met 
residues as sensors of the Cu levels in the lumen of the 
TGN may provide a second layer in the control of the 
activity and relocation of the transporters, and that a 
redox environment created by helper molecules and 
propitiated by the lipid environment may also facilitate 
the structural changes in the transporter associated with 
the ion transfer and oxidization.  

The results of genetic and biochemical studies 
point that metallation of cuproproteins in the lumen of the 
TGN does not require the participation of Cu-chaperones, a 
lack of input that anticipates the physical interaction 
between Cu acceptor and donor recently confirmed by the 
coimmunoprecipitation of ATP7A with the TGN-resident 
Sod3, an interaction that is Cu dependent (139). With 
regard to the mechanism of transfer it is believed that the 
Met residues in the exofacial loops of the P-type ATPases 
may accelerate the transfer of the Cu+ to the cuproproteins 
acceptors (126).  

 
Also interesting is the dramatic decrease in Sod3 

specific activity in cultured ATP7A mutant fibroblasts with 
impeded Cu transport, a phenomenon that indicates the 
existence of some coordination between the biosynthetic 
rates of the ultimate Cu acceptors and the activity of the 
intermediaries. In this respect, is interesting that in ATP-
deficient fibroblast Atox1 is up-regulated and functions as a 
positive regulator of Sod3 transcription (139, 140).  

 
There is firm evidence that the levels of total 

cellular Cu regulate the traffic of ATP7A and ATP7B and, 
specifically, that while at normal Cu concentrations the 
translocases remain in the TGN to supply Cu to the newly 
synthesized cuproproteins transported through the secretory 
pathway, they are transferred to post-Golgi compartments 
to function in the dissipation of  Cu concentrations that 
exceed the physiological limits (141-143). Nevertheless, 
the basic of this Cu-regulated traffic is only beginning to be 
understood. In addition, it has been observed that glutamate 
receptor activation results in the rapid and reversible 
trafficking of Menkes ATPase to neuronal processes in an 
intracellular Cu-independent manner (144). 

 
Retention of transmembrane proteins in the Golgi 

is known to involve a dynamic process that is in part 
dependent upon cytoplasmic retrieval motifs, a variety of 
transmembrane sequences that may operate through kin 
recognition and formation of large size aggregates, and 
posttranslational modifications or bilayer-mediated sorting 
produced by the shorter size of the transmembrane 
segments (TMS) (145). One or more of these factors may 
function in the retention of the P-type ATPases in the Golgi 
as a  non-Golgi reporter molecule fused to the 38 amino 
acid sequence containing the third transmembrane domain 
(TMS3) of ATP7A is retained in the Golgi (146). 
Furthermore, mutants affected in the capacity to bind Cu 

and in its related cyclic phosphorylation show clear changes 
in distribution.  With regard to this, it has been advanced 
the possibility that the Cu+-binding to the TMS1,2 loop 
might alter the structure of the adjacent TMS3 and decrease 
the translocase retention in the TGN (126). 

 
Postranlational modifications and interactions with other 
protein factors often affect the functioning of the traffic 
motifs. Is remarkable that whereas mutations that block the 
phosphorylation of the DKTG motif and the Cu+-acceptor 
CPC motif (DKTG/EKTG; CPC/RPC;) inhibit the Cu-
induced relocation of the translocases to the plasma 
membrane, the same relocation is stimulated by mutations 
that stabilize the phosphorylated intermediate (MBDs 1-4 
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deletion; TGE/AAA) (127). Interestingly, of the six  
cytoplasmic MBDs only one of the two in the proximity of 
the membrane channel (MBDs 5, 6) appears to be 
necessary and sufficient for the Cu-induced redistribution 
of the ATP7A translocase (147, 148). This observation may 
explain why  the G591D mutation in MBD 6, which also 
disrupts the interaction with Atox1, is cause of Wilson 
disease (61). Nevertheless, though Cu binding is required 
for trafficking of ATP7B it appears not to be strictly 
essential  (129). 
 

With regard to the exact location of the Cu-
translocases retained in the Golgi, is known that ATP7B is 
retained in a syntaxin 6-rich TGN compartment and we 
have recently found that the insulin-regulated glucose 
transporter GLUT4 is also retained in the same syntaxin-
rich compartment. The retention of ATP7B and GLUT4 in 
the same Golgi compartment suggests that plasma 
membrane proteins with homeostatic functions that traffic 
between the TGN and the cell surface in a manner- 
regulated by changes in the physiological constants under 
their control, may use similar mechanisms of distribution 
and move through the same pathways. This is also 
supported by the observation that ATP7B and GLUT4 and 
ATP7B are released from the TGN upon truncation of their 
acidic C-ends (our unpublished results). Virtually nothing 
is known of the TGN-based protein machinery implicated 
in the packing of ATP7B/ATP7A into the vesicles that 
transport the translocases to the cell surface. Since the 
packing of GLUT4 into the vesicles that fuse with the 
plasma membrane involves the physical interaction with 
sortilin (149), it would be interesting to know if sortilin, 
which resides in the TGN and possesses a GGA binding 
motif, binds to ATP7B in the TGN and if the complex is 
recruited to clathrin-coated transport vesicles by the GGAs 
adaptors.  

 
Whereas studies of ATP7A distribution in 

MDCK cells loaded with Cu have implicated a diLeu motif 
proximal to the C-end in its targeting from the TGN to the 
basolateral membrane (150), the NH2-terminal 63 aas of 
ATP7B, a sequence which is absent from the homologous 
ATP7A, restores the Cu responsiveness and correct apical 
targeting of an N-truncated ATP7B construct lacking the 
first four MBDs (151). These observations suggest that in 
polarized epithelial cells ATP7B might be first transported 
to the basolateral membrane and then to the apical domain.  

 
With regard to the retention of the P-type-

ATPases in the surface of the cells loaded with Cu, recent 
studies of the ATP7A distribution in MDCK cells, an in 
vitro model that reproduces the distribution of ATP7A in 
the duodenum, indicate that a C-cytoplasmic PDZ-binding 
domain may play an important role in its basolateral 
retention (150). The protein factors recognized by the PDZ 
domain remain unknown.   

 
Since P-type ATPases are recycled to the TGN 

after the return of Cu to physiological levels, the 
mechanisms of recycling are of considerable importance. 
Nevertheless, except for the role of the C-diLeu motif in 
the clathrin mediated surface retrieval of ATP7A, and 

possibly of ATP7B,  (150) (152), is uncertain if other 
clathrin-independent mechanisms of internalization operate 
independently, as suggests the internalization of ATP7A in 
HeLa cells transiently expressing dominant negative 
dynamin and Eps15 mutants (153). In addition, nothing is 
known of the mechanisms implicated in the targeting of the 
endocytosed translocases to the TGN. 

 
7. DIETARY Cu UPTAKE, STORE, DISTRIBUTION 
AND EXPORT IN THE INTESTINE 
 

As the body cannot synthesize Cu, the metal 
supplied in the diet becomes critical. Foods contribute 
virtually all of the Cu consumed, the contribution of water 
being almost insignificant. The mean daily dietary intake of 
Cu in human adults ranges between 1 and 2.5 mg (22). 
Weak organic Cu complexes dissociate in the acid 
environment of the stomach, and amino acids and 
substances in gastrointestinal secretions maintain the metal 
in solution and facilitate its absorption in the alkaline 
milieu of the duodenum, the major site of Cu absorption 
(154-156). Regulated intestinal absorption is critical in the 
regulation of total body Cu (Figure 3).  

 
The accumulation of Ctr1 in the apical membrane 

of intestinal cells of suckling mice is consistent with a 
cause-effect relationship between the presence of Cu in the 
diet and the role of Ctr1 in its absorption (38). The defects 
in peripheral Cu accumulation, the decrease in the activities 
of cuproenzymes and the severe accumulation of reduced 
iron in peripheral tissues of mice with a specific excision of 
the Ctr1 locus in intestinal cells, are all explained by the 
ensuing severe intestinal Cu absorption block, and point to 
a main role of Ctr1 in dietary Cu absorption. This role is 
stressed by the correction of the above string of defects 
with a single Cu dose to the periphery (33, 39, 157).  
 

In the intestinal brush border Ctr1 binds Cu+ and 
the co-ordinated reduction of Cu++ by reductases is 
therefore essential for dietary Cu absorption. Nevertheless, 
the mechanisms of Cu++ reduction into Cu+ in the intestine 
remain obscure. Among the candidates to catalyze the Cu++ 
reduction in the intestinal mucosal are a b-type cytochrome 
reductase (dCytB) isolated from the brush border (158), 
and the duodenal Steap 1 and 2, two members of the Steap 
family of Fe+++/Cu++ reductases homologous to the yeast 
FRE family, that when transiently expressed in HEK-293T 
cells facilitate Cu uptake (159, 160) (Figure 3).  
 

With regard to the mechanisms that may control 
Ctr1 and Cu absorption in the intestine, is important that in 
response to excess Cu, Ctr1 is rapidly endocytosed by a 
mechanism that involves the second transmembrane MX3M 
motif and rapidly degraded in the lysosomes of transfected 
HEK293 cells (37) . This degradation may provide a rapid 
mechanism to regulate high-affinity Cu uptake in the 
intestine as suggested by the more efficient Cu absorption 
when dietary Cu levels are low (161). Is intriguing the 
dissimilar distribution of Ctr1 in the surface of intestinal 
cells (apical) and hepatocytes (basolateral) and the recent 
report that Ctr1 mediates basolateral uptake of Cu into 
enterocytes (162). In any case, it appears that not all the Cu 
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Figure 3. Coordinated Cu and iron absorption in the intestine. The apical and basolateral domains of the plasma membrane, 
separated by the tight junctions (TJ), face the lumen of the intestine and the circulation, respectively. Cu2+ ( ) and Fe3+ ( ) are 
reduced on the surface of the intestinal mucosal by the Cu-ferroreductases dCytp and Steap. Absorption of Cu+ is facilitated by 

the Ctr1 and/or Dmt1 transporters, while Fe++ is exclusively transported by Dmt1. In the cytoplasm Cu+ is captured and 
distributed by specific chaperones (Cu+-Chap., see Figure 1), or stored bound to Zn ( )-metallothioneins (MT). Fe++ is 
incorporated to ferritin (FT) and stored as Fe+++. Atox1 transfers the captured Cu+ to basolateral ATP7A. ATP7A  and ferroportin 
(FP) facilitate the transfer of Cu+ and Fe++, respectively, through the basolateral membrane. Upon their reduction in the 
basolateral surface by hepaestin (HEPH), Cu2+ is incorporated into serum albumin (ALB) and Fe3+ into transferrin (TF) for 
further transport by the circulation.  

 
absorption in the intestine is mediated by Ctr1. There is 
evidence that part of the Cu+ absorbed is linked to iron 
absorption by the divalent-metal transporter DMT1, a 
mechanism that becomes fully functional in iron 
deficient rats (163) and whose importance is stressed by  
the decrease in iron and Cu uptake by Caco-2 cells made 
deficient in DMT1 (164) (Figure 3). The intimate 
relationship between the Cu and iron absorption in the 
intestine is further emphasized by the remarkable 
elevation of the ATP7A levels in the duodenum of iron 
deficient animals, an increase probably directed to 
transport into the circulation the Cu accumulated at 
low iron levels (165, 166). Other candidates that may 
also participate in the absorption of dietary Cu are 
the ATP-driven high-affinity Cu transport system 
found at the brush-border of the enterocytes (167), 
and the uptake by the aqueous-phase pinocytosis 
(168, 169).  

 
In vertebrates the Cu+ taken into the intestinal 

epithelial cells is immediately reduced and complexed by 
GSH prior binding to MT, a transfer that together with the 
released of the Cu+ already bound to MT may play a 

important role in controlling the download of Cu in the 
blood (Figure 3).   

 
In the mammalian intestine as in other tissues, 

ATP7A retains the dual function of supplying Cu to 
cuproenzymes and pumping the metal out of the cell. 
Among the cuproenzymes supplied with Cu in the 
intestinal epithelium stands out hephaestin, a multiCu-
ferroxidase homologous to ceruloplasmin (CP) that 
oxidises Fe++ into the Fe+++ ion for further transport by 
ferroportin across the basolateral membrane into the 
circulation (170) (Figure 3). Hephaestin is mutated in 
sex-linked anemia (SLA) mice and the defective 
basolateral export of iron from enterocytes results in 
iron deficiency and microcytic  hypochromic anemia 
(170). As in yeast, therefore, where the Ctr1/Ccc2 
pathway is coupled to the Cu-ferroxidase FET3 (112), in 
intestine the pathway from Ctr1/ATP7A is also coupled 
to the Cu-ferroxidase, hephaestin. In a manner opposite 
to that of Ctr1, a decrease in the intracellular Cu 
concentration provoked a marked decreased in the 
levels of hepaestin via degradation by the proteasome 
(171).   
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With regard to its second function, in the 
mammalian intestine the activity of ATP7A is crucial in the 
transfer of Cu into the circulation (Figure 3). Studies of the 
ATP7A distribution in MDCK and CaCo cells of intestinal 
origin and in rodent jejunum with elevated Cu levels have 
shown that ATP7A leaves the TGN and accumulates in the 
basolateral plasma membrane (150, 172, 173). 
Nevertheless, the results from different laboratories differ 
in the amount of ATP7A that is detected in the basolateral 
membrane and in intracellular vesicles, and although a role 
of ATP7A in the download of Cu from the intestinal 
epithelium into the blood seems clear, is controversial if the 
translocase mediates the transfer of Cu through the 
basolateral membrane or if Cu is excreted by exocytosis, as 
result of the fusion of Cu loaded vesicles with the 
basolateral membrane. The functional properties of ATP7B 
explain why the translocation of Cu to the blood is rate-
limiting, saturable and energy-dependent.  

 
Patients harbouring a non-functional ATP7A gene or 
mutations that retain the protein in the TGN, inherit 
Menkes, a childhood disease secondary to the block in 
intestinal Cu absorption that results in Cu overload of 
intestinal epithelial cells and deficiency in the periphery, 
(174, 175).  
 

After Cu is transferred to the other side of the 
intestinal mucosa and in a manner similar to iron, the 
delivery of the metal into the portal circulation is preceded 
by the oxidation of Cu+ into Cu++, a step required for its 
conjugation to albumin and transcuprein, the main Cu 
vehicles in the blood. 

 
8. Cu CIRCULATION IN THE BLOOD 
 

Size-exclusion chromatography studies of 67Cu-
labeled rat plasma indicates that the bulk of Cu is complex 
to albumin and transcuprein, and in a small portion to 
aminoacids, in particular to histidine (176-178). Albumin 
has been shown to inhibit uptake of Cu++ by hepatocytes 
(179), and since there are no albumin receptors in the 
hepatocyte cell membrane that might mediate uptake of Cu, 
the metal is probably transferred from albumin to the 
hepatocyte surface by a mediator. Though there is data 
consistent with histidine mobilizing Cu++ from albumin by 
competing for Cu++, and this could be followed by the 
interaction of the His2Cu++ complex with the Ctr1 
transporter and transport of Cu as free ionic Cu (179), the 
extremely high turnover of the Cu++ bound to amino acids 
and the amino acids inhibition of the Cu++ uptake by 
hepatocytes make unlikely that His mediates the transfer of 
Cu++ from albumin to the hepatocyte. This role is more 
likely to be played by transcuprein, which rapidly 
exchanges with Cu++ on albumin and does not inhibit Cu++ 

uptake by hepatocytes (180). The normal rate of Cu uptake 
and tissue distribution in analbuminemic rats intravenously 
injected with 64Cu points to the existence of some 
redundancy in the mechanisms of Cu transport in the blood. 
Transcupreine and aminoacids are the most firm candidates 
to substitute albumin as the main Cu++ vehicle (181). 
Though holoceruloplasmin moves approximately 80-90% 
of the plasma Cu, kinetic studies of the turnover of protein 

and Cu moieties suggest that ceruloplasmin is not an 
essential Cu-transport protein (182). The normal Cu 
metabolism and elevated iron stores in patients with 
aceruloplasminemia, agree with this conclusion and 
emphasize the ferroxidase function of ceruloplasmin and its 
role in mobilizing iron from tissue stores (183).  

 
9. Cu CAPTURE, STORAGE AND DISTRIBUTION 
IN THE LIVER, EXCRETION THROUGH THE BILE 
 
 Liver is not only the major captor of the Cu 
absorbed in the digestive tract, but is also the major 
reservoir and distributor of Cu to other tissues and organs. 
Cu may enter the hepatocyte by means of Ctr1, the 
transporter responsible for the uptake of dietary Cu in the 
intestine, but as said before the mechanisms that operate in 
the reduction of the oxidized Cu++ bound to albumin in the 
liver remain unknown. A role of DMT1 in the uptake of Cu 
by the hepatocyte can not be discarded. Approximately 
80% of the Cu entering the liver is not retained in and does 
not enter the protein fractions. The amount of Cu captured 
by the natural scavengers and transferred to ceruloplasmin 
is small. Nonetheless, liver is the major organ storage for 
Cu in vertebrates.  
 

As in other tissues Cu-scavenging in the 
hepatocyte involves MT and the resulting large stored 
Cu pool is presumably regulated by the tandem GSH 
and MT (184). In the hepatocyte the distribution of Cu 
is not different from that functioning in other tissues and 
involves the same set of specific chaperones and 
specific targets. Yet, ATP7A is not expressed in the 
hepatocyte and ATP7B plays the exclusive dual role of 
conveying Cu to newly synthesized cuproenzymes in the 
TGN and of excreting Cu into the bile. The hepatocyte 
is the mayor source of ceruloplasmin in the organism 
and the ferroxidase is the major Cu acceptor in the TGN. 
As for the ubiquitous ATP7A and other ion transporters 
with homeostatic roles, the function of ATP7B is 
controlled through the regulation of its traffic. ATP7B is 
not exception to the known timely target of homeostatic 
ion transporters to the membranes where they function 
and its regulation by changes in the physiological 
constants under their control.  

 
With the levels of Cu in the liver under 

control, the bulk of ATP7B in the hepatocyte appears to 
be retained in the TGN with a small amount cycling 
constitutively through the bile canaliculi. In the TGN, 
the function of ATP7B is devoted to the cuprenation of 
the newly synthesized enzymes transported through the 
secretory pathway, in particular the large amounts of 
ceruloplasmin synthesized in the hepatocyte. The route 
Ctr1/Atox1/ ATP7B in liver is the functional replica of 
the Ccc2/Fet3p pathway in yeast and the 
Ctr1/Atox1/ATP7A via in intestine (Figure 3). 
Ceruloplasmin and hephaestin are structurally 
homologous (170) and their functional similarity is such 
that while wild-type ATP7B complements the iron-
deficient phenotype of a yeast ccc2 strain (185), 
hephaestin complements the low-iron growth phenotype 
of  ∆fet3 mutant cells (186). 
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Figure 4. ATP7A and ATP7B expression in mammalian tissue: biosynthetic and homeostatic functions.  Most tissues and organs 
express simultaneously ATP7A and ATP7B, though often in separate cells. In the cell the P-type ATPases perform the dual 
function of supplying Cu to cuproenzymes (biosynthesis) and pumping the Cu out of the cell (Cu homeostasis). The differential 
targeting of ATP7A and ATP7B to the basolateral and apical membrane in epithelia cooperates in the extracellular routing of 
cooper and explains the different abnormalities of Cu distribution and homeostasis in Menkes and Wilson diseases. Functionning 
of ATP7A in the basolateral membrane of the mucosal epithelial cells of intestine and choroids plexus correlates with its role in 
the download of dietary Cu to the blood and brain. In kidney ATP7A functions at the glomeruli in Cu reabsorption. In the 
basolateral membrane of the syncytiotrophoblasts in placenta, ATP7A works in delivering Cu to the foetal blood. Consequently, 
dysfunction of ATP7A in classic MD (⊥) results in retention of large amounts of Cu in the intestinal mucosa, placenta and 
kidney, while brain and other tissues have unusually low Cu levels. Newborns may have large Cu deficit and brain damage. The 
role of ATP7B is critical for the elimination of Cu via bile into the stool, and in the biosynthesis of holoceruloplasmin (CP). 
Synthesis of holoceruloplasmin is essential for mobilization of iron deposits and iron homeostasis. Albumin (ALB) is the mayor 
carrier of Cu in the blood. In WD (⊥), the malfunctioning of ATP7B in the hepatocyte impedes Cu elimination via bile and the 
mobilization of iron stores, and results in serious hepatic and central nervous system toxicosis. The role of ATB7B in Cu 
reabsorption in placenta and kidney explains the high levels of Cu in placenta, renal cortex and urine. Organ inflow ( ) and 
outflow ( ). Excretion into bile and duodene lumen ( ). Biosynthetic (B, b) and homeostatic (H, h) functions, the letter size is 
proportional to the relative importance of the function.  

 
Ceruloplasmin is the mayor acceptor of Cu in liver, and 
liver is its major producer (Figure 4). The biosynthesis of 
ceruloplasmin is unaffected by Cu accessibility, but the 
turnover of apoceruloplasmin is much faster (4-5 h) than 

the turnover of holoceruloplasmin (4-5 d) (187).  Little 
information is available on the mechanism of Cu transfer 
from ATP7B to ceruloplasmin. Yet, the physical interaction 
between ATP7A and Sod3 (139) suggests that the transfer
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Figure 5. Cu-dependent ATP7B  trafficking between Golgi 
and  bile canalicular membrane.  Polarized hepatoma Can 
20 cells cultured in DMEM/10% fetal calf serum were 
incubated for 4h with 50 µM bathocuproine (BCS, panel A) 
or 200 µM CuCl2 (panel B) and simultaneously stained for 
the tight junctions flanking the bile canaliculi using an anti 
ZO-1 antibody (FITC), and for ATP7B using an antibody 
developed against the N-cytoplasmic domain of the protein 
(Texas red). Observe the retention of ATP7B in the Golgi 
of the cells treated with the Cu chelator BCS and the 
translocation of ATP7B to the bile canaliculi of the cells 
loaded with Cu. 
 
of Cu to ceruloplasmin in the lumen of the Golgi is not 
mediated by chaperones. Newly synthesized ceruloplasmin 
binds tightly six Cu ions in the TGN before its secretion 
into the blood (188). Three of these atoms are organized in 
a mononuclear center that participates in the capture of 
electrons from oxygen, and the other three form a  
trinuclear cluster at the interface between the N- and C-

domains of the protein that is essential for ferroxidase 
activity (188-190). Ceruloplasmin is exported in large 
amounts from the liver and by catalyzing the oxidation of 
Fe++ to Fe+++ facilitates the loading of iron onto transferrin 
for delivery to peripheral organs, via transferrin receptor-
mediated endocytosis. The role of ceruloplasmin in iron 
oxidation is essential in determining the rate of iron efflux 
from cells and tissues with movable iron stores and 
therefore for iron metabolism (189). Humans and rodents 
with mutations of the ceruloplasmin gene and thus 
suffering aceruloplasminemia show no large defects in Cu 
metabolism , but its absence leads to iron accumulation in 
various organs including liver and central nervous system 
(191, 192). Nevertheless, since ceruloplasmin binds 95% of 
the serum Cu, oxidizes Cu and may bind reversibly 
additional Cu, it may play a secondary role in Cu 
homeostasis. This role would explain the small 
accumulation (x 2) of Cu in the liver of CP_/_  mice (193).   

 
The excretion of Cu into the bile is an attribute 

exclusive of the hepatocyte and bile is the major route of 
Cu elimination and the most important mechanism in Cu 
homoeostasis in mammals (Figure 4). Cooper excretion 
into the bile is the second major function of ATP7B in the 
hepatocyte. Increase in Cu levels in the hepatocyte results 
in massive release of the ATP7B retained in the TGN 
(142). The correlation between the release and the role of 
ATP7B in excretion of Cu into the bile is firmly 
established. Yet, though the bile canalicular membrane 
seemed the most natural destiny for the released 
translocase, studies of the Cu-induced relocation have 
resulted in identification of different membrane targets. The 
results of studies in polarized hepatoma OUMS29 and 
CHO cells, and in rat liver, postulate that ATP7B is 
targeted to endosomes and lysosomes, and that  the loading 
of lysosomes with Cu and the subsequent recycling  of 
ATP7B to the TGN are followed by the fusion of  the 
ATP7B-free/Cu-loaded lysosomes with the bile canalicular 
membrane and the download of Cu into the bile (142, 194-
196). The results sustaining the lysosomal model are in 
contrast with the demonstration in polarized hepatoma 
HepG2, Wif-B9 and Can10 cells that ATP7B is inserted in 
the bile canalicular membrane and with the accompanying 
conclusion that ATP7B transfers the Cu from the cytoplasm 
to the bile (143, 151, 197) (Figure 5). Differences in the 
cells and tissues used in these studies as well as the 
different ATP7B constructions and antibodies employed 
may explain the different results. Polarized hepatoma cells 
loaded with Cu or treated with BFA retain a significant 
amount of ATP7B in the apical recycling compartment 
(ARE; also called subapical compartment, SAC) (143, 
151). In the ARE converge the transcytotic and apical 
endocytic pathways and whereas basolateral membrane 
proteins bound to the apical domain stopover in the ARE,  
endocytosed apical membrane proteins are recycled back to 
the apical membrane (198-200). The detection of ATP7B in 
the ARE and the exclusion of this compartment from the 
biosynthetic and endocytic pathways that lead to 
lysosomes, strongly suggest that lysosomes may not be the 
natural target of the ATP7B released from the TGN in Cu 
excess conditions. Is unclear if the presence of ATP7B in 
the ARE and the redirection of an N-truncated ATP7B 
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construct to the basolateral membrane of polarized WIF 
cells (151) reflect the transport of ATP7B trough the 
basolateral surface by transcytosis.  The recent report of the 
Cu-regulated physical interaction between the MBDs 4-6 of 
ATP7B and the p62 subunit of dynactin (201), is also 
consistent with the apical destiny of ATP7B since only the 
apical transport of membrane proteins requires 
microtubules. The lack of interaction between dynactin and 
ATP7A (201) agrees with the basolateral destiny of ATP7A 
in polarized epithelial cells. The precision of ion 
transporters with homeostatic functions and regulated 
traffic in hitting different targets is often determined by the 
option to use alternative pathways of transport and its 
regulation by the physiological constants to which they 
respond. It would therefore seem reasonable to study if as 
in the distribution of GLUT4 (149) the presence of ATP7B 
in lysosomes reveals a degradation pathway that is only 
activated by specific physiological or pathological 
conditions.   

 
The recent observation that a significant 

population of ATP7B in the cell surface of hepatoma cells 
is associated with the tight junctions and is less responsive 
to changes in the levels of Cu, indicates that ATP7B may 
have separate functions in the surface of the hepatocyte 
(197). Is not known, but it seems unlikely that the 
association of ATP7B with the tight junctions facilitates the 
paracellular transport of Cu into the bile by perfused rat 
livers (197). 

 
Finally, though ATP7A and ATP7B basically use 

the same distribution mechanisms in the majority of the 
cells (127, 147, 148),  the role of  MBD 6 in targeting 
ATP7B from the TGN to vesicles (120) and of the first 16 
aminoacids and dynactin  in directing ATP7B to the apical 
membrane (151, 201) are good reminders of the  the 
existing differences.  
 

By transferring Cu+ to ceruloplasmin and 
eliminating excess Cu through the bile, ATP7B mediates 
the two major contributions of liver to iron metabolism and 
Cu homeostasis (Figure 3).  
 
10. ATP7B DYSFUNCTION AND Cu TOXICOSIS 
 

Wilson disease (WD), idiopathic Cu toxicosis 
(ICT), Indian childhood cirrhosis (ICC) and the endemic 
Tyrolean infantile cirrhosis (ETIC) are human disorders 
associated with Cu excess, a feature resulting from 
unbalance between Cu absorption and excretion (for a 
review see (125).  

 
WD is a rare autosomal recessive disorder 

Mendelian-linked to ATP7B (202). Clinical symptoms of 
the WD include cirrhosis and chronic hepatitis that end in 
liver failure, neurological defects that course with 
parkinsonian symptoms and seizures, and psychiatric 
features as depression, personality changes and psychosis 
(203). The Kayser–Fleischer ring, a deposition of Cu 
visible as a golden ring in the periphery of the cornea (204), 
the low serum levels of ceruloplasmin and high levels of 
Cu in the urine are often helpful in the diagnosis of the 

disease (205) (206). The age of presentation of the WD 
syndrome, the predominance of hepatic versus neurological 
symptoms and their severity are highly variable (125, 207, 
208) 
 

The accumulation of Cu and of the iron produced 
by deficient ferroxidase associated with low 
holoceruloplasmin levels (187, 190, 209), primarily explain 
the hepatic and brain intoxication (Figure 4). Nevertheless, 
the WD does not show the progressive neurodegeneration 
of the retina and the primary diabetes characteristic of 
aceruloplasminemia. This paradox is probably explained by 
the extrahepatic production of holoceruloplasmin and the 
supply to the serum of the concentration required to oxidize 
and mobilize the Fe++ retained in tissue stores (210). 
Excessive Cu-derived oxidants produced by free Cu2+-
catalyzed Fenton reactions and reduced Sods and GSH 
activities, also appear to contribute decisively to 
development and progression of liver abnormalities in WD 
(211).  

 
More than 300 mutations in the ATP7B gene 

have been associated with WD, the majority missense 
mutations (60%) (212). Mutations affecting to different 
extent the binding of Cu, the cyclic phosphorylation, traffic 
and postranslational modifications of ATP7B as well as its 
physiological interaction with other proteins, may 
potentially interfere with the dual role of ATP7B in the 
biosynthesis of the ceruloplasmin and in excreting excess 
Cu into the bile. 

 
Genotype variations in the mutations may partly 

explain the variability behind the clinical symptoms (125, 
213), but is also likely that this also results from the activity 
of modifier genes and gene-environment interactions (214, 
215) . 
 

Mutations completely disrupting the ATP7B 
structure, traffic and function are thought to be behind the 
most serious clinical phenotypes and the early presentation 
of the disease. The most prevalent mutations that explain 
the majority of the WD cases are H1069Q/G in Europe and 
North America, and R778L in southeast Asia (216). The 
H1069 residue plays a critical role in the ATP binding to 
the N-domain of ATP7B and its substitution by Q/G 
drastically inhibits the affinity of the translocase for ATP 
(217). This inhibition may potentially hamper the 
phosphorylation of ATP7B and as result disrupt the 
activation of its apical trafficking and the Cu translocation, 
two phenomenons required for Cu elimination into the bile. 
Yet, the demonstration that the H1069Q mutant is retained 
and quickly degraded in the ER suggests that these are the 
primary cause of the WD. The same traffic defect has been 
found in studies of the R778L mutant, the second most 
common mutation causing WD, and of the G85v, G591D, 
D765N and L776V mutants (218, 219).  

 
The association of WD with more than 40 

different mutations in the N-site of ATP7B and the fact that 
only four of these mutations affect residues implicated in 
ATP binding (H1069, G1099, G1101 and I1102) (131, 212) 
point, together with  the inhibition of the ATP binding in 
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the E1064A mutant (217), to the importance of cooperation 
between a large number of residues in the construction of a 
functional N-domain.  

 
Mutations disrupting the ATP7B traffic between 

the TGN and post-Golgi compartments, including the 
plasma membrane, have been also implicated in WD 
development. Patients with G943S and M769V mutations 
that inhibit the apical trafficking of ATP7B without 
interfering with its retention in the TGN, and whose DNA 
rescues the ∆Ccc2 phenotype in the yeast Ccc2 
complementation assay (124, 219), are expected to coexist 
with normal ceruloplasmin production and may not develop 
severe CNS intoxication. Whereas the substitution of AAA 
for the conserved TGE motif in the A-domain is known to 
inhibit the phosphatase activity and thus result in 
hiperphosphorylation and displacement of the translocase 
to the cell periphery in vitro (127), no TGE mutations have 
been associated with WD. Nevertheless in the Menkes 
disease-caused by the L873R mutation in ATP7A, the 
mutation affects a residue localized two positions upstream 
the TGE motif and the traffic defects expected for the  
TGA/AAA mutation are displayed in association with the 
disease (127).  

 
There is no example of a cause-relationship 

between a defect in ATP7B–Atox1 interaction since the 
G85V and G591D mutations produced in the vicinity of the 
MBD2 and 6, which inhibit the ATP7B interaction with 
Atox1 and cause WD, also provoke the retention of the 
translocase in the ER and its rapid degradation, two 
phenomenons that are probably the principal cause of the 
disease (218). Similarly the retention of the G591D mutant 
in the ER appears to be cause of WD and not the lack of 
Cu-induced phosphorylation of ATP7B (218).  
 

The aetiology of the ICT, ICC and ETIC diseases 
is unclear. Yet, the Cu toxicosis (CT) in Bendlington 
terriers and North Ronaldsay sheep is biochemically similar 
to the severe ICC, ICT or ETIC which develop without 
defects in ceruloplasmin, iron deposits or neurological 
symptoms (220, 221). Interestingly, CT is produced by 
deletion in COMMD1 (also called MURR1) (222) and 
probably by defects of other unidentified modifier genes as 
Cu accumulation is also detected in the CT of Bedlington 
terriers without homozygous COMMD1 deletions (223, 
224) . The demonstrated interaction of COMMD1 with 
ATP7B (225) and its ability to blunt the activation of NF-
κB by binding to IκB-α  and the Cul1 component of the E3 
ligase (226) points to the possibility that COMMD1 may 
regulate the degradation of ATP7B by the 
ubiquitin/proteasomal system and, consequently, that its 
deletion may result in  inadequate degradation of ATP7B 
and thus causing CT (218).  

 
Known the similarities between the 

pathophysiological features of Cu-associated diseases in 
humans and animals, model disease-animals are being used 
in the identification of the molecular defects underlying CT 
of undetermined origin and in resolving such perplexing 
problems as the variability in the relationship age-onset of 
the disease, the prevalence of hepatic versus neurological 

symptoms and the sometimes fulminating liver failure. It is 
known that the syndromes developed by the Long-Evans 
cinnamon rat  (5’ deletion) and the 'toxic milk' mouse 
(G712D) result in toxic accumulation of Cu and 
development of hepatic abnormalities without neurological 
symptoms, mimicking the disease in a group of WD 
patients. It would be interesting to study the cause for this 
absence of neurological symptoms, since the ATP7B 
knockout mouse in addition to hepatic abnormalities 
developed  neurological symptoms that resemble those 
found in another population of WD patients (227). Also 
remarkable is the observation that the livers of ELC rats 
victims of fulminant hepatitis have elevated levels of non-
heme iron, an observation that may be important in the 
prognosis of the hepatitis associated with CTs (228). The 
use of animal models should be also useful to advance in 
the use of liver cell transplant and gene therapy as 
alternative cures for Cu disorders. 

 
The capacity of Zn to induce MT and the 

formation of tight MT-Cu complexes in the intestinal 
mucose explains the effectiveness of oral administration of 
Zn acetate in reducing dietary Cu absorption and the levels 
of intestinal haefestin, two responses that ameliorate the 
clinical manifestations associated with Cu and iron 
accumulation in WD patients (229). In addition, WD 
patients can be medically treated either by other chelating 
agents (penicillamine, trientine and tetrathiomolibdate) or 
by liver transplantation when medical therapy fails or in 
case of acute liver failure (230). 
 
11. ATP7A DYSFUNCTION AND Cu DEFFICIENCY 
 

Menkes disease (MD) is an ATP7A defective X-
linked recessive disorder causing entrapment of Cu within 
the intestinal mucosa and general Cu deficiency (231). The 
incidence of 1:300 00010–12 among humans places MD as 
an exceptionally rare disease (232). The phenotype 
disparities between MD and WD, Cu deficiency versus 
surplus, are mainly determined by differences in tissue and 
cellular distribution between ATP7A and ATP7B. Whereas 
the basolateral ATP7A transports Cu across the duodene, 
blood-brain barrier and placenta, in liver the apical ATP7B 
plays a crucial role in the elimination of Cu through the 
bile.  

 
While the malfunctioning of ATP7A in the cell 

surface severely disturbs the distribution of Cu through the 
organism, the forfeit in the TGN hinders the acquisition of 
Cu by a group of cuproenzymes that play diverse, yet 
essential, roles in various aspects of cellular function. As 
result, the direct effect of the malfunctioning in almost all 
the extrahepatic tissues of lysyl oxidase, dopamine β-
hydroxylase, peptidylglycine α-amidating mono-
oxygenase, cytochrome C oxidase, superoxide dismutase 
and tyrosinase are the characteristic traits of MD.  

 
Over 200 MD-causing mutations have been identified in 
ATP7A, including small insertions/deletions, nonsense, 
missense and splice-site mutations that are represented with 
comparable frequency. Whereas small insertions/deletions 
and nonsense MD mutations are found throughout the 
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whole gene, the sequence linking the last metal binding site 
(MBD 6) and the first transmembrane domain hoards the 
highest percentage of MD mutations (233). Also 
remarkable is the relative lack of effect of missense 
mutations within the six MBDs lining the N-cytoplasmic 
domain, a phenomenon that is probably explained by the 
existence of some functional redundancy among the MBDs 
(125).  
 

A correlation between the extent to which 
mutations impair the function of ATP7A and the severity of 
the MD phenotype is firmly established. Based on the 
symptoms, two forms of MD have been described; the 
severe classic MD and a less severe form. A third form 
OHS (occipital horn syndrome) is allelic to MD.  

 
The classic syndrome affects more than 90% of 

the MD patients and is manifested not later than 2 months 
of age. Death usually occurs in the early childhood. 
Clinical features comprise premature delivery and low birth 
weight, delay of development, severe neurological defects 
(neurodegeneration, mental retardation, seizures), vascular 
abnormalities, laxity of skin and joints,  characteristic facial 
appearance, ‘‘kinky’’ hair, skeletal abnormalities and 
hypotonia, bladder diverticuli, hypothermia and 
hypopigmentation. Classic MD is often produced by nonsense 
and frameshift mutations that severely disrupt ATP7B 
synthesis or by missense mutations that result in ER 
mislocalisation and proteasomal degradation of the protein (i. 
e. R884H, G860V, G876R, A1325V and G1369R). In 
addition, missense mutations that disrupt the interdependent 
mechanisms of Cu transport activity, cyclic phosphorylation 
and trafficking of the ATPase, are also cause of classic MD. 
Examples of these are, the C1000R mutation that disrupts  the 
Cu-binding CPC motif and causes the retention of the 
translocase in the TGN (127), and the L873A mutation that 
affects a residue localized two positions upstream the TGE 
motif and displays the traffic defects expected for the  
TGA/AAA mutation in association with the disease (234).  

 
Mild MD is associated with mutations compatible with 
some residual ATP7A activity and as result patients 
affected by the disease have a longer lifespan and the 
neurological defects are less intense (subnormal 
intelligence) (235, 236). 
 

The frequent association of the OHS with splice 
site mutations between exons 21 and 22 and the residual 
synthesis of small amounts of normally spliced protein 
(233, 237, 238), explains the relative benignity of a 
syndrome that includes connective tissue abnormalities and 
less severe or absent neurological abnormalities (subnormal 
intelligence).  

 
As in humans affected by MD, in the series of 

mottled mice (Mo), dappled (Modp), brindled (Mobr) and 
blotchy (Moblo) the severity of the phenotypes correlates 
with the extent to which the mutations impair the function 
of the ATP7A translocase (239, 240). 

 
Whereas the quite different presentation and 

outcome of the clinical variants of MD strongly conditions 

the results of the Cu-histidine injections, the treatment of 
choice in Menkes disease, the effectiveness of the therapy 
is often dependent of the undeclared CNS-dysfunction in 
the early stages of the disease and the corresponding 
delayed onset of therapeutic intervention, delay that is often 
responsible for the failure of the therapy in relative benign 
forms of MD. 
 
12. PERSPECTIVES 
 

Coordination between Cu uptake, distribution, 
storage and elimination is essential to keep the metal levels 
within the physiological limits to satisfy the demands and 
avoid its toxic effects.  Cu homeostasis is particularly 
complex in metazoan and elucidating its physiology has 
been an arduous task that has conceited the efforts of 
different experimental approaches including the use of 
different cell and animal models.  

 
Studies aimed at elucidating the Cu pathway 

through cells and organisms indicate that both Cu 
absorption and excretion in metazoan are highly dependent 
on the asymmetric distribution of Cu transporters and 
helper reductases/oxidases in polarized epithelia. However, 
both of these phenomena are complex processes and our 
knowledge of them is yet incomplete. Whereas it is clear 
that the high-affinity Cu Ctr1 transporter plays a major role 
in the uptake of Cu by eukaryote cells, its involvement in 
the absorption of Cu in the intestine of metazoan raises a 
few questions, including the recently suggested 
participation in the basolateral Cu uptake and its 
coordination with other transporters. The function of the 
ATP-driven high affinity Cu transporter found in 
enterocytes is unclear and is unknown if the iron-linked Cu 
absorption by DMT1 is exclusively limited to ensuring the 
proper Cu-mediated absorption of iron in the intestine. 
While the functional overlapping between the pathways of 
Cu uptake is clear, our knowledge of their distribution and 
function in different tissues is still incomplete. Moreover, 
adding to our incomplete knowledge of the specificities of 
the various reductases and oxidases, our knowledge of their 
interaction with the Cu carriers, transfer mediators and 
transporters implicated in Cu uptake is at best incomplete.  

 
Within the cell chaperones are widely thought to 

transport Cu to intracellular sites and users and store proteins 
to act as scavengers for free cellular Cu. Yet, their cellular 
roles may be more sophisticated than currently appreciated. 
For example, there is evidence for a higher order of regulation 
of the function of chaperones and a signalling role for some in 
the sensing of Cu levels that lead to the modulation of cellular 
mechanisms for the uptake and elimination of Cu. 
Furthermore, the ability of chaperones to discriminate between 
metals despite the use of a universal MXCXXC motif to 
chelate Cu, remains a paradox that has yet to be resolved and 
probably reflects subtle differences in their molecular 
structures or variations in the local environment.  It is clear that 
the discovery of new chaperones and transporters will be 
forthcoming to complete the road map of Cu in the cell and in 
particular in mitochondria. The description of a dynamic Cu 
pool in the mitochondria and the demonstration that Cox17 
does not need to leave the intermembrane space to function in 
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delivery of Cu to COX, both suggest the involvement of new 
chaperones and transporters in the transport and distribution of 
Cu in the mitochondria. 

 
With regard to Cu storage, there is data suggesting 

that metallothioneins can be regulated and used as temporal 
stores with an important role in Cu homeostasis, but almost 
nothing is known about the complexity of the different layers 
of regulation.   

 
Most intriguing, however, is the non proteinaceous 

nature of the highly dynamic soluble matrix Cu pool in the 
mitochondria, pool that probably supplies the Cu needed by 
the Sod1 and Cox 17 residing in the intermembrane space. The 
role of Ctr2 and probably P-type ATPases in the creation of 
endosomal and lysosomal Cu pools that could be important in 
the maintenance of cellular Cu homoeostasis waits further 
description. 
 
  The number of outstanding questions about the 
mechanisms involved in the elimination of excess Cu from the 
cell is equally large. Do P-type ATPases function on the cell 
surface to directly pump out the Cu, or they function through 
exocytosis? Does the distinct spatial distribution of P-type 
ATPases at the cell surface create separate pathways of Cu 
elimination? The latter question is raised by the intriguing 
recent studies that demonstrate the localization of a stable 
ATP7B pool to the tight junctions in liver. Although a direct 
role of ATP7B in the paracellular transport of Cu seems 
unlikely due to steric constraints resulting from the geometry 
of the transporter insertion into the membrane and of the tight 
junction pores, its possible role in the secretion of Cu into the 
bile deserves further examination.  
 

Genetic failure to control Cu homeostasis is 
associated with Cu overload and deficit, but the responsible 
genes are not always known and the clinical symptoms are not 
always understood. The Cu overload of liver in patients 
suffering idiopathic Cu toxicosis with a clear genetic 
component, and the fact that the causing genes remain 
unidentified, reflects our imperfect knowledge of how ATP7B 
functions in liver. 
 
Similarly, we have no explanation for the predominance of 
neurological or hepatic symptoms in patients suffering the 
Wilson disease, an issue that points to our imperfect 
understanding of Cu homeostasis in humans. 
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