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Copper Transporting P-Type ATPases and Human Disease

Diane W. Cox? and Steven D. P. Mooré

Copper transporting P-type ATPases, designated ATP7A and ATP7B, play an essential role in mam-
malian copper balance. Impaired intestinal transport of copper, resulting from mutationAirRRAA

gene, lead to Menkes disease in humans. Defects in a similar gene, the copper transporting ATPase
ATP7B result in Wilson disease. This ATP7B transporter has two functions: transport of copper into
the plasma protein ceruloplasmin, and elimination of copper through the bile. Variants of ATP7B can
be functionally assayed to identify defects in each of these functions. Tissue expression studies of
the copper ATPases and their copper chaperone ATOX1 indicate that there is not complete overlap in
expression. Other chaperones may be important for the transport of copper into ATP7A and ATP7B.
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INTRODUCTION Both share a high homology with various P-type ATPases
including those of bacteria (Solie al., 1994) and yeast

Copper is one of the many metal ions which are re- cerevisiae (Fet al., 1995).

quired for essential functions, yet are toxic in excess. Ap-

proximately half of the daily copper intake of 1-2 mg coppPER TRANSPORT DISORDERS

of copper is absorbed (reviewed in Lindetral., 1998.

This copper is essential in a number of proteins, including The discovery of the important role of these two cop-

cytochrome oxidase (required for respiration), SUPerox- per transporting ATPases has had a major impact on our

ide dismutase (protects against cellular free radical dam-knowledge of metal transport. The transport of copper,

age), lysyl oxidase (required for collagen and elastase a5 for other metal transport systems yet to be elucidated,

cross-linking), and dopa beta amino oxygenase (Convertshas demonstrated the high degree of conservation of metal

dopamine to norepinephrin for neurotransmission). In ex- ransport systems from bacteria through to humans. Most

cess, copper generates freeradicals and acts as apotent Celf the details of other trace metal transport systems are

lular toxin via the Haber-Weiss reaction (Bremner, 1998). || to be revealed. Secondly, the discovery of these cop-

The result of such hydroxyl radical production includes per transporters has made possible the understanding and

lipid pro-oxidation, mitochondrial damage leading to re-  the improved diagnosis for two disorders of copper trans-
duced cytochrome oxidase activity, DNA strand break- port, Menkes disease and Wilson disease.

age, and protein damage. Mechanisms for homeostasis
of copper are therefore critical to survival of the organ-
ism, and are highly conserved throughout living species.
Two ATPases, ATP7A and ATP7B, are typical P-type AT-
Pases that play a major role in maintaining copper balance.

Menkes Disease

Patients with Menkes disease, an X-linked disorder
therefore affecting mainly males, are unable to transport
dietary copper from the intestine, resulting in a gener-

alized copper deficiency in most tissues. Dietary copper
Alberta, Canada. take primarily occurs in the duodenum. The copper
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mutations occur in théATP7Agene, that is highly ex-  recessive disorder of hepatic transport copper transport
pressed in the duodenum and is responsible for transportand storage, first described in 1912. Wilson disease affects
of copper from that tissue. While small amounts of copper approximately 1 in 30,000 individuals, with a frequency
are transported in the body, defective functioning of three times as high in certain populations. Previous to
ATPTA, leads to copper accumulation in selected tissuesidentification of the basic defect, the typical biochemical
including kidney and placenta. Patients with Menkes and clinical changes of the disease could not be entirely
disease have neurodegeneration, developmental delayexplained. Two of the major problems in this disorder
connective tissue abnormalities, seizure, kinky twists of are reduced excretion of copper into the bile, resulting
the hair, hypothermia, and usually death within the first in a toxic accumulation of copper in the liver, and an in-
few years of life. crease of copper in the urine. The second defectis reduced
The biochemical features of Menkes disease include incorporation of copper into the serum copper protein
reduction of liver copper and low plasma ceruloplasmin ceruloplasmin.
(Tumer and Horn, 1998). A diagnostic feature of Menkes The gene defective in Wilson diseas&TP7RB is
disease is that cultured fibroblasts from patients accumu-highly expressed in the liver, whed®TP7Ais not ex-
late high levels of copper due to defective copper efflux pressed. Because of the defect in transport of copper from
from their cells in comparison with those of normal in- the liver due to mutations in the gene, copper accumulates
dividuals (Horn, 1981). Treatment with copper histidine in the liver, first inducing the production of metalloth-
helps alleviate the clinical manifestations of the disease, ionein, which can apparently maintain copper in a rela-
except for the connective tissue abnormalities, that begin tively harmless state. This accumulation of copper causes
in utero (Sarkaet al., 1993). damage to mitochondria initially, and eventually leads to
The gene for Menkes disease (designaddP7A destruction of the hepatocyte. Copper is also deposited
was the first human membrane copper transporter iden-in renal tubules, and kidney damage occurs to varying de-
tified, by positional cloning using DNA from a female grees. A combination of copper accumulation in the blood
patient with a translocation breakpoint at the Menkes lo- as well as impaired expression ATP7Bin the brain,
cus (Chellyet al., 1993; Merceet al., 1993; Vulpeet al., leads to neurological disease, by mechanisms not entirely
1993). At that time, sequencing of the cDNA revealed a explained. The clinical presentation of Wilson disease is
predicted protein similar to a P-type ATPase previously highly variable, with an age of onset from less than 5 years
found to transport copper in bacteria (Odermetttal., to greater than 50 years, and clinical manifestations pre-
1993). Numerous ATP7A mutations have been identified senting as neurologic or hepatic disease (Cox and Roberts,
in Menkes disease patients (Turetal., 1999). Deletions, 1998; Danks, 1995).
some many Kb in length, have been identified in 10—-20% The Long Evans Cinnamon (LEC) rat has biochem-
of patients with classical Menkes disease (Chelil., ical abnormalities and clinical features similar to those
1993; Merceret al,, 1993). Splice site mutations, and a seen in Wilson disease, including autosomal recessive
few missense mutations, are typically found in patients inheritance, and liver damage due to a secretion defect
with occipital horn syndrome, which is a milder form of in the hepatocyte. We cloneitp7h the orthologue of
the same disease (Kaletral,, 1994). the human copper transporting gene, and have shown that
The mottled mouse serves as an excellent model for 25% of the gene at thé 8nd is deleted in the mutant LEC
Menkes disease, with alterations in the orthologous gene,rat (Wuet al., 1994). The LEC ratis being used effectively
Atp7a(Levinsonet al., 1994; Merceet al., 1994). There to study the functional characteristics of Atp7b. Two
are at least 20 mutations identified Ap7athat lead to types of toxic milk mouse (tx, ty also phenotypically
the mottled (Mo) phenotype, with a wide range of disease similar to Wilson disease, have two different mutations
severity, from prenatal lethality to only connective tissue in the mouse orthologuétp7b (Coronadoet al., 2001,
abnormalities (Levinsoat al., 1994; Massoet al., 1997; Theophiloset al., 1996).
Reed and Boyd, 1997).
Yeast as a Model for the Copper Transport Function
The Copper Transporter ATP7B,
Defective in Wilson Disease ATP7B is likely to play a dual functional role in the
cell. One role is biosynthetic, delivering copper to cerulo-
The second copper transporting P-type ATPase geneplasmin within the Golgi apparatus (Muragtal., 1995).
to be cloned was that faXTP7B(Bull et al., 1993; Tanzi The other role is to transport excess copper out of the hep-
et al.,, 1993), located on human chromosome 13. Wilson atocyte. The transport functionis reflected in a yeast assay.
disease (hepatolenticular degeneration) is an autosomalThe components of the mammalian transport system are
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the same as those in the ye8siccharomyces cerevisiae inrecycling proteins from the plasma membrane to late en-
Yeast has a copper transporting P-type ATPase (Ccc2p)dosomes (Calvetal.,, 1999). Molecular studieson ATP7A
similar to ATP7B, that transports copper within the cell indicate that a C-terminal dileucine motif is required for
and is critical for iron transport. Huma&TP7Bcan re- relocalization of the protein back to the trans Golgi net-
place the yeast gene and provide full transport function. work (Franciset al.,, 1998; Petriet al., 1998). Mutations
The plasma membrane protein Ctrlp transports copperin this motif resulted ilATP7Aproteins which were local-
with high-affinity into the cytoplasm (Dancét al., 1994), ized entirely to the plasma membrane and could not recy-
to the soluble copper chaperone Atx1p, (ktmal., 1997) cle back to the trans Golgi network in response to copper
that delivers copper to Ccc2p. Copper is supplied by the depletion. The mutant proteins could still mediate copper
protein, Ccc2p, to the plasma membrane oxidase Fet3p,efflux, suggesting that the dileucine motif is not involved
similar to ceruloplasmin in humans, that functions, with in transport function, and that the plasma membrane is a
the high-affinity iron permease Ftrlp, to importiron into site of ATP7A dependent copper efflux from the cell. A
the yeast cell (Stearmaat al., 1996; Yuaret al., 1995). similar leucine-containing motif is present in ATP7B, that
When yeast cells lack Ccc2p, copper is not incorporated may provide a similar function. A Golgilocalization signal
into Fet3p, and subsequently the cells lack high-affinity has also been reported in the third transmembrane segment
iron uptake and will not grow (Yuast al, 1995). ccc2 of ATP7A (Franciset al., 1998). This may be due to a spe-
mutant yeast are unable to grow on iron deficient medium cific sequence targeting signal, but could be the result of
lacking added iron or copper. This connection with iron a conformational change. Effective intracellular transport
is also observed in humans. The rare recessive conditionis a prerequisite for normal hepatic excretion of copper.

aceruloplasminemia leads to cellular iron storage (Harris An interesting new protein in the copper transport

et al, 1995; Yoshidat al,, 1995). pathway has been identified through studies in dogs. A nat-
urally occuring mutation is found in terriers, particularly

Copper Induced Intracellular Trafficking of ATP7B Bedlington terriers, that results in canine copper toxico-

sis. This condition shows a recessive mode of inheritance,

The ATP7B proteinis localized to the trans Golginet- failure of biliary excretion of copper, liver copper accumu-
work in HepG2 hepatoblastoma cells (Huetcal., 1997). lation, and resultant copper induced liver disease (Twedt
When copper is added to growth medium, ATP7B redis- et al, 1979). Although very similar to Wilson disease,
tributes from the trans Golgi network (TGN) to cytoplas- ATP7Bis not involved. Mapping studies in the dog local-
mic vesicles and returns to the trans Golgi location when ized the gene to a region of dog chromosome 10, similar
copper is removed (Hungt al.,, 1997). This redistribu-  to a gene region on human chromosome 2 (van de Sluis
tion event is specific for copper: zinc, cadmium, iron, and et al, 2000), and different from that AATP7B(van de
cobalt have no effect. In polarized HepG2 cells, ATP7B is Sluiset al.,, 1999). We (Coronado and Cox, unpublished)
localized in the trans Golgi network only at a low copper and others (van de Slugt al., 2002) identified a deletion
concentration. Redistribution to vesicular structures, and of a complete exon in a small gendURR1 for which
then to apical vacuoles occurs at increased copper levelsthe function is not yet known. Since the ceruloplasmin
(Roelosferet al., 2000). This redistribution has also been concentration is normal in affected dogs, the basic defect
demonstrated in copper loaded rats, indicating physiolog- is more likely to involve the excretion function only. The
ical relevance of this process (Schaedftal., 1999a). The corresponding human disease has not yet been reported.
same copper dependent trafficking event has been shown
for the ATP7A copper transporter, except that the move- Study of Missense Mutations in ATP7B
ment upon copper stimulation is to the plasma membrane
(Petriset al,, 1996). Immuno histochemistry on human A study of the mutations in ATP7B in Wilson
liver has revealed intracellular punctate staining of hepa- disease allows us to learn more about the functional
tocytes, as well as canalicular membrane staining, adjacentsignificance of amino acids within the various do-
to bile canaliculae (Schaefet al, 1999b). The observed mains of the ATPase. In addition, there is an impor-
copper induced trafficking may represent a posttransla- tant practical application, both in understanding the clin-
tionally inducible switch from a primarily biosynthetic ical variability and in providing a definitive diagnosis
role in the TGN to a primarily excretory role under con- for Wilson disease. More than 230 mutations have now

ditions of copper loading. been described and are listed in a mutation database:
The signals which facilitate this intracellular traffick-  (www.medgen.med.ualberta.ca/database.html).
ing of the copper transporters are currently under investi- The spectrum of known mutations is different from

gation. A C-terminal dileucine motif is generally involved that of ATP7A particularly in the lack of large deletions.
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The large deletions, which occur in 15-20% of ATP in ATP7B shows an intracellular punctate pattern oriented
patients with Menkes disease have not been reported intoward the canalicular pole (Schaeé&trl., 1999a). In an
Wilson disease. Of thATP7Bmutations, 31% are small  additional study involving human liver, ATP7B was lo-
deletions and insertions of one or a few base pairs, 8% arecalized to two regions (Schaefetral,, 1999b). In the first
nonsense mutations, and 7% are mutations affecting spliceregion, immunostaining is in an intracellular punctate pat-
sites. The majority of know mutations ATP7B 54%, are tern within specific hepatocytes. The second region is the
single base pair missense mutations. These single base papericanalicular area, only found in the presence of elevated
substitutions occur throughout the gene, but are particu- copper, associated with copper induced trafficking.
larly prevalent in transmembrane motifs two to six (of the Normally, very little copper is excreted from the kid-
total of eight), and in the extra cellular loop on which the ney. However, Wilson disease patients have renal copper
ATP binding motif occurs. Not all of the base pair substi- accumulation and elevated urinary copper levels, and ap-
tutions lead to disease-causing mutations: some are rargroximately 45% of patients have renal tubular dysfunc-
normal variants. While a study of normal chromosomes tion. In contrast, Menkes disease patients do not have
helps to differentiate between these options, a method for elevated urinary copper levels, nor do they have renal
functional assessment of these mutations is useful. dysfunction, but they do have renal copper accumulation
The two functions of ATP7B, copper incorporation (Kodamaet al., 1992). Northern blot analysis, indicates
into ceruloplasmin, and excretion of copper through the that bothATP7AandATP7Bare expressed in the kidney
bile, can be assayed in separate systems. A yeast assaBull etal., 1993; Vulpeet al., 1993). Detailed localization
detects the ability of mutant ATP7B proteins to transport studies of and ATP7A and ATP7B in mouse kidney, iden-
copper, reflecting the ability to incorporate copper into itified structures important for copper transport. ATP7A
ceruloplasmin (Forbes and Cox, 1998). Using this assay, has been localized to the proximal and distal renal tubules
in combination with direct observance of copper traffick- (Grimeset al, 1997; Murataet al., 1997), and recently
ing in CHO cells, several types of mutant ATP7B proteins to the glomeruli (Mooreet al, 2002). ATP7B has been
have been identified (Forbes and Cox, 2000). Some vari- shown to be localized to the glomeruli, and the metulla
ants are unable to transport copper in the yeast systemmost likely in the loops of Henle (Moore and Cox, 2002).
and appear to aggregate in the endoplasmic reticulum.The loops of Henle have previously been suggested to be
One particularly interesting mutant, glycine 943 serine, in involved in the reabsorption of copper (Wareiagal.,
the fifth transmembrane motif showed an almost normal 2000). These expression data support the loops of Henle
transport activity in yeast, but was completely unable to as important in renal copper homeostasis, and implicate
traffick from the trans Golgi network in response to cop- the glomeruli in copper regulation.
per (Forbes and Cox, 2000). This type of defect has been Interestingly, ATP7B is not expressed in regions that
reported for the most common mutation in WD patients, accumulate copper in Wilson disease patients. In the LEC
histidine1069glutamine (Paym al.,, 1998). This type of  rat, an animal model for Wilson disease, the low molecular
analysis of other mutants in missense mutations occuringweight copper binding proteins, metallothioneins (MT),
in patients with Menkes disease or Wilson disease should are proposed to be involved in copper accumulation in the
help shed light on the specific amino acid residues required proximal tubules (Nomiyamat al., 1999). However, this

for proper transport and trafficking functions. could be secondary to, and not causative for, copper ac-
cumulation. In both Menkes and Wilson disease patients,
Tissue Expression of the Copper ATPases copper metallothioneins accumulate in the intestine and

liver respectively (Shiraishatal., 1991). Studies with cad-

The expression patterns of the ATP7A and ATP7B mium demonstrate that orally ingested cadmium induces
transporters have been shown by northern blot analy- intestinal metallothionein and is at least partially respon-
sis, in situ hybridization, and immunohistochemistry. For sible for downstream renal accumulation in the proximal
ATP7B, northern blot analysis revealed that expression is tubules (Elsenhanat al., 1992). AlthoughATP7Bis not
highest in adult liver, kidney, and slight in brain, placenta, expressed in the proximal tubules of the kidney, the site of
heart, and lungs (Budit al., 1993; Muramatsat al., 1998; copper accumulation in Wilson disease patients, a similar
Tanziet al.,, 1993). On the other handTP7Aexpression mechanism may be involved in renal copper accumulation.
is high in all tissues except the liver.

In the adult liver, ATP7B acts to export copper via Interaction of ATOX1 With Copper ATPases
the bile, balancing the copper levels in the body. Bile is
excreted from hepatocytes and collects inthe bile canalicu- Yeast two-hybrid interaction studies have shown
lus. However, tissue localization in rat liver indicates that that the yeast copper chaperone Atx1p interacts with the
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copper transporter Ccc2p, the orthologue of the P-type the phenotype resulting from a complete disruption of
ATPases ATP7A and ATP7B (Pufaht al, 1997). The both functional alleles of ATOX1 could result in a cop-
human orthologue of Atx1p, ATOX1, has also been shown per deficiency, as seen in Menkes disease patients and
to interact with ATP7A and ATP7B, by yeast two-hybrid the Atox1~/— knockout mouse (Hamzzt al., 2001). The
studies, mammalian two-hybrid studies (Lagtral., 1999) production of an Atx1 knockout mouse has shown that
and coimmunoprecipitation (Hamzd al., 1999). In ad- ATOX1 is essential for normal embryonic development.
dition, crystal structures suggest a molecular mechanismHowever, a less severe defect might be predicted to al-
for protein recognition and metal ion exchange between low normal development, but result in impaired transport
the chaperone and the copper transporters (reviewed inof copper into ATP7B producing a Menkes like pheno-
Rosenzweig, 2001). ATOX1 has also been shown to trans-type, or into ATP7B producing a Wilson disease like phe-
fer copper to the N-terminal domain of ATP7B that ulti- notype. Although selected patients with Wilson-like and
mately regulates its catalytic activity (Walketral., 2002). Menkes-like phenotypes have been screened for mutations
These mammalian studies suggest that ATOX1 acts as ain ATOXZ, none have been found to date (Moeteaal., in
copper chaperone for the copper transporters ATP7A andpress).

ATP7B. Therefore expression patterns for these ATPases
and the chaperone would be expected overlap.

In the liver, ATOX1 expression is limited to hepa-
tocytes that surround central and hepatic veins (Moore
etal, in press). These hepatocytes surround the veins that Studies in yeast, rodents, dogs, and humans have all
carry blood that has already passed through the liver andcontributed to our understanding of the proteins involved
is being redistributed into the body. Therefore hepatic ex- in copper transport. However, we do not yet have a full
pression ofATOX1apparently does not overlap with that understanding of this pathway. Discovery of the basic de-
of ATP7B. The possibility remains that ATOX1 is notthe fect in human disorders can lead to our understanding of
sole chaperone for the transport of copper to ATP7A and copper pathways. For several of the genes in this pathway,

CONCLUSION

ATP7B.

The kidney is particularly interesting because
ATP7A, ATP7B, and ATOX1 are all expressed there. As
noted aboveATP7Ais expressed in the proximal and dis-
tal convoluted tubules (Grimext al., 1997; Murataet al.,
1997) as well as the glomeruli (Moore and Cox, in press)

no human or naturally-occurring mouse mutations have
yet been identified.
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