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Structural and Functional Insights of Wilson Disease
Copper-Transporting ATPase

Negah Fatemi1,2 and Bibudhendra Sarkar1,2,3

Wilson disease is an autosomal recessive disorder of copper metabolism. The gene for this disorder
has been cloned and identified to encode a copper-transporting ATPase (ATP7B), a member of a
large family of cation transporters, the P-type ATPases. In addition to the core elements common
to all P-type ATPases, the Wilson copper-transporting ATPase has a large cytoplasmic N-terminus
comprised six heavy metal associated (HMA) domains, each of which contains the copper-binding
sequence motif GMT/HCXXC. Extensive studies addressing the functional, regulatory, and structural
aspects of heavy metal transport by heavy metal transporters in general, have offered great insights
into copper transport by Wilson copper-transporting ATPase. The findings from these studies have
been used together with homology modeling of the Wilson disease copper-transporting ATPases based
on the X-ray structure of the sarcoplasmic reticulum (SR) calcium-ATPase, to present a hypothetical
model of the mechanism of copper transport by copper-transporting ATPases.

KEY WORDS: Wilson disease; copper-transporting ATPase; ATP7B; heavy metals; metal binding; copper-
transport cycle; homology modeling; structure–function relationship; P-type ATPase; calcium-transporting
ATPase.

INTRODUCTION

Wilson disease was first described in 1912 by Kinnear
Wilson as a familial, lethal neurological disease accompa-
nied by chronic liver disease leading to cirrhosis (Wilson,
1912). The disease is however, principally a disorder of
hepatic copper disposition (Danks, 1995; Roberts and
Cox, 1998; Sass-Kortsak, 1975; Scheinberg and Sternlieb,
1984). Copper is not incorporated into ceruloplasmin
within the liver, and it is not excreted efficiently into bile.
As a result, copper accumulates in the liver and is eventu-
ally released into the blood stream and deposited in other
organs, notably the brain, kidneys, and cornea. This dis-
ease occurs worldwide with an average incidence of one
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affected individual in 30,000. The Wilson disease gene
(ATP7B) was initially mapped to the q14.3 region of chro-
mosome 13. Using this information as a road map, the
gene abnormal in Wilson disease was identified in 1993
(Bull et al., 1993; Petrukhinet al., 1993; Tanziet al.,
1993; Yamaguchiet al., 1993). The Wilson disease gene
has been shown to span at least 80 kb of genomic DNA.
Sequence analysis of the cDNA indicates that it encodes
a 1411 amino acid P-type ATPase (ATP7B) involved in
the transport of copper. It has an extended intracellular N-
terminal segment with six GMT/HCXXC copper binding
motifs, eight membrane-spanning domains, three intra-
cellular loops, and a short C-terminal. In this paper we
present the current understanding and insights gained on
the structural and functional aspects of Wilson disease
copper-transporting ATPase.

PRODUCTION OF THE ∼72 kDa N-TERMINAL
SEGMENT OF ATP7B

The N-terminal copper-binding domain (WCBD) of
ATP7B contains six repeats of the heavy metal associated
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(HMA) domain. Each domain is approximately 70 amino
acids in length and contains one copy of a GMT/HCXXC
motif. The precise function of this large domain in vivo
remains unknown; however, the results to date imply a
greater role beyond just copper binding for this domain.
The production of WCBD and apo-WCBD has been pre-
viously described in detail (DiDonato et al., 1997, 2002).
This procedure typically yielded protein that was>95%
pure as assessed by SDS-PAGE. The refolded protein was
analyzed by CD spectroscopy to confirm that the refolding
procedure was successful. Addition of copper to a sam-
ple of refolded apo-WCBD resulted in Cu-WCBD with a
CD spectrum that is very similar to that of soluble WCBD
(Fig. 1(A)) (DiDonatoet al., 2002), confirming that the re-
folding procedure had produced a natively folded WCBD
capable of binding copper.

METAL-BINDING PROPERTIES

Purified WCBD was found to contain approximately
six bound copper atoms (DiDonatoet al., 1997) as deter-
mined by neutron activation analysis using GST-WCBD
that was refolded in the presence of copper. This suggested
that each domain is responsible for binding one copper
atom. In addition to the CXXC cysteines that reside in
each domain, there are six additional cysteine residues lo-
cated in the regions between the metal binding domains,
which may be involved in metal ligation or disulfide bridge
formation.

Immobilized Metal Ion Affinity
Chromatography (IMAC)

Immobilized metal ion affinity chromatography
(IMAC) was used to investigate WCBD’s ability to bind

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
Fig. 1. (A) CD spectra of WCBD from soluble fraction, after metal re-
moval and refolding (apo) and after addition of copper to refolded apo-
WCBD (DiDonatoet al., 2002). (B) Competition of65Zn(II) binding to
WCBD with various transition metals. Samples of purified WCBD were
subjected to competition65Zn(II) blotting analysis. In each case the final
65Zn(II) concentration is 30 mM (∼µ10 mCi). Each competitor metal
was added as the chloride salt at the indicated concentration. Successful
competition resulted in a decreased signal relative to the control. Ni(II)
and Mn(II) showed little or no affinity for the domain relative to Zn(II).
Mg(II) and Ca(II) showed no affinity for the domain relative to Zn(II)
(DiDonatoet al., 1997). (C) Competition of65Zn(II) binding with Cu(II)
(N) and Cu(I) (•). Cu(II) was presented as the CuCl2 complex while
Cu(I) was presented as tetrakis(acetonitrile)copper(I) hexafluorophos-
phate. The Cu(I) complex was prepared in an argon-purged solution of
2% acetonitrile (DiDonatoet al., 1997).
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different metals. Samples of GST fusion protein were
applied to columns charged with the indicated metal under
nondenaturing, nonreducing conditions. The results were
very similar regardless of whether denaturing or nonde-
naturing conditions were used suggesting that the major
metal binding interactions are from the WCBD. The fusion
protein was found to have varying affinities for columns
charged with different transition metals. Based on the elu-
tion conditions, WCBD’s affinity towards the different
metals was as follows: Cu(II)ÀZn(II)>Ni(II) >Co(II).
WCBD did not bind to columns charged with Fe(II) or
Fe(III). The varying affinities may be reflective of the in-
ability of the metal binding sites of the domain to conform
to the preferred ligation geometry of certain metals. The
fusion protein could only be released from the Cu(II) col-
umn using the cuprous chelator BCS. Elution of the fusion
protein was accompanied by the formation of the orange
(λmax= 480 nm) Cu(I)BCS−2 complex. This suggests that
not only is the bound copper in the +1 oxidation state, but
that Cu(II) atoms may be reduced to Cu(I) upon binding
to the domain.

Competition 65Zn(II)-Blotting Studies and
Demonstration of Cooperativity of Copper Binding

The metal binding properties of the domain was fur-
ther investigated using a65Zn(II)-blotting assay, which has
previously been used to identify potential Zn(II)-binding
proteins (Schiffet al., 1988). Preliminary experiments
have shown that the domain is able to bind Zn(II) in this
assay. Several metals were able to successfully compete
with Zn(II) for binding to the domain. With comparison to
the affinity of Zn(II) for the domain, Cd(II), Au(III), and
Hg(II) seem to have the highest affinities, while Mn(II)
and Ni(II) had little or no affinity (Fig. 1(B)) (DiDonato
et al., 1997). Pretreatment of the membranes with DTT
was critical to Zn(II) binding (data not shown), suggest-
ing the direct involvement of free sulfhydryl groups in
cysteine residues in metal chelation. Inclusion of DTT
throughout the blotting experiment ensures the reduc-
tion of the disulfides. It significantly reduces the amount
of nonspecific binding, most likely by chelating weakly
bound metal atoms. This supports the finding that the
GMT/HCXXC motif, strictly conserved in each of the
metal binding domains of ATP7B as well as many bac-
terial heavy metal transporters is crucial for metal bind-
ing (O’Halloran, 1993; Silveret al., 1989). Similar results
have also been reported for the metal binding properties of
the MBP-fused metal domains of the Wilson and Menkes
ATPases (Lutsenkoet al., 1997).

Zn(II), Cd(II), and Hg(II) are in the same group and
therefore have similar ligation geometries. The contrast-
ing results for Fe(III) and Ni(II) obtained from IMAC and
65Zn(II)-blotting experiments are probably due to the pro-
tein’s inability to conform to the preferred ligation geom-
etry of these metals while bound to the column matrix and
blotting membrane respectively. The binding of metal to
the domain is specific since neither Mg(II) nor Ca(II) was
able to compete with Zn(II) for the binding.

Figure 1(C) (DiDonatoet al., 1997) summarizes
the results for competition blotting experiments involving
copper as the competitor. At low concentrations, copper
is able to decrease Zn(II) binding by about 30%; however,
as the concentration increases, so does the domain’s affin-
ity for copper. This pattern was only observed for copper
and may suggest that copper ligation by the domain is to
some degree cooperative. The pattern is reproducible and
is independent of the oxidation state of the copper indi-
cating that the domain has similar affinities for both Cu(I)
and Cu(II). The Menkes and Wilson ATPases have been
localized to the trans-Golgi network (Petriset al., 1996;
Yamaguchiet al., 1996) and have been shown to traffic
to the plasma membrane under high copper concentra-
tions (Forbes and Cox, 2000; Goodyeret al., 1999; Petris
et al., 1996; Roelofsenet al., 2000; Strausaket al., 1999).
This trafficking event could not be reproduced by adding
Cd(II) or Zn(II). From these studies it has been hypoth-
esized that the metal binding domain not only serves to
ligate copper for transport but also as a copper “sensor.”
A similar control mechanism may be in operation for the
Wilson disease protein. The domain could act as a copper
sensor if the binding of multiple metal atoms was able
to induce a conformational change in the domain. As the
concentration of copper rises, the binding of additional
metal atoms may lead to a conformational change in the
domain, which may then allow the Wilson disease pro-
tein to be redistributed to another location, perhaps the
canalicular membrane (Roelofsenet al., 2000), where it
could help excrete excess copper into the bile.

STRUCTURAL STUDIES

Conformation of WCBD Upon Copper Binding

Addition of increasing amounts of copper to the
WCBD resulted in a progressive increase in secondary
structure as detected by CD spectroscopy (Fig. 2(A))
(DiDonato et al., 2000). The magnitude of this change
is greatest between the apo-WCBD and the 2:1 complex
and to a lesser extent from the 4:1 complex to the 6:1
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Fig. 2. Conformational changes in the WCBD induced by copper binding
as monitored by CD spectroscopy (DiDonatoet al., 2000). Samples of
apo-WCBD were reconstituted with the indicated ratio of copper as
determined using NAA and BCA protein assay. (A) Far UV CD spectra
(secondary structure region) of Cu(I) bound WCBD. (B) Near UV CD
spectra (tertiary structure region) of Cu(I) bound WCBD. (C) Molar
ellipticity in the WCBD as a function of the number of Cu(I) bound per
protein: molar ellipticity at 260 (•), 290 (¥), and 330(̈ ) nm.

complex. The secondary structure changes are paralleled
by drastic changes in the tertiary structure (Fig. 2(B))
(DiDonato et al., 2000). In the aromatic region, large
changes in magnitude and line shape are observed with
increasing copper content. Most interestingly, there is a
progressive loss in ellipticity at∼330 nm as more cop-
per is bound (Fig. 2(C)) (DiDonatoet al., 2000). Ellip-
ticity in this region can be attributed to the presence of
disulfide bonds that are present in the absence of bound
copper (Wingfield and Pain, 1996). As copper is bound,
the cysteine residues become involved in copper ligation
and therefore are unavailable for disulfide bond forma-
tion, resulting in decrease in the ellipticity at 330 nm. It
should be noted that WCBD contains six additional cys-
teine residues, which are not part of the GMT/HCXXC
repeats. The absence of any ellipticity at 330 nm in the
fully reconstituted samples suggests that these residues ex-
ist as free sulfhydryls. The 2:1 and 4:1 copper complexes
are nearly identical in secondary structure, but their ter-
tiary structure spectra are very different. It appears that the
structural organization of the WCBD is being altered as
each metal-binding domain becomes progressively occu-
pied with copper. It was concluded that the tertiary struc-
ture changes could be the basis for the cooperative binding
of copper, which was observed in competition65Zn(II)-
blotting experiments as well (DiDonatoet al., 1997).

XAS Studies of Copper Binding to WCBD

XAS spectra at the Cu K-edge were obtained for sam-
ples of WCBD with copper protein stoichiometries of 2:1,
3:1, and 5:1 (DiDonatoet al., 2000). All samples exhibited
a near-edge absorption (XANES) feature at 8983.5(3) eV
(Fig. 3(A)) (DiDonatoet al., 2000), consistent with the
1s→ 4p transition of a Cu(I) center (Kauet al., 1987;
Pickeringet al., 1993). For all samples studied there is a
resolved peak at 8983.5(3) eV, but with an intensity that
is somewhat weaker than those of digonal Cu(I) thiolate
compounds but stronger than those corresponding to trig-
onal complexes. The intermediate nature of the XANES
feature suggests that Cu(I) site in WCBD is distorted from
the ideal linear geometry of a two-coordinate Cu(I) center
with a S Cu S angle between 120◦ and 180◦. The shape
of the XANES feature appears to be independent of copper
stoichiometry, indicating that all the Cu(I) sites are quite
similar.

Extended X-ray absorption fine structure (EXAFS)
results are consistent with the conclusions derived from
XANES data above. All samples with various ratios of
Cu-to-protein give rise to similar spectra, suggesting that
the geometry of the Cu sites is not perturbed much with
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Fig. 3. XANES and EXAFS of WCBD with the indicated ratio
of copper to protein (DiDonatoet al., 2000). (A) Normalized Cu
K-Edge XANES spectra of WCBD and Cu(I)-thiolate model com-
pounds. Cu(SR)2: [Cu(SC10H13)2]−, Cu(SR)3: [Cu(SC6H5)3]−2 ; the ra-
tio of Cu to protein= 2:1 (dotted line), 3:1 (dashed line), and 5:1 (dotted
and dashed line) (DiDonatoet al., 2000). (B) EXAFS of WCBD with
the indicated ratio of copper to proteinr ′-space spectra.

different amounts of copper bound to WCBD (Fig. 3(B))
(DiDonatoet al., 2000). The best fit of the results con-
sists of two S scatterers at 2.18Å, which is most consis-
tent with the presence of two-coordinate Cu-binding site
in WCBD. Comparison of CuS distances of other two-
coordinate Cu(I) thiolate complexes (Bowmakeret al.,
1984; Coucouvaniset al., 1980; Dance, 1986; Fujisawa
et al., 1998; Kochet al., 1984), strongly suggests that the
Cu(I) sites in WCBD have a distorted diagonal geometry.
There is no other evidence of a third scatterer in the copper
coordination sphere.

A Cu S distance of 2.16̊A has also been found in an
EXAFS study of the related Menkes disease protein MNK
(Ralleet al., 1998) that has the same copper-binding se-
quence motif (GMT/HCXXC) as in WCBD. But a differ-
ent copper coordination environment has been reported for
Atx1, the copper chaperone protein found in yeast, which

also has the same copper-binding sequence motif. Atx1
has two sulfur scatterers at 2.25Å and a third sulfur scat-
terer at 2.40̊A, implicating a three-coordinate copper site
(Pufahlet al., 1997). Cox17, another copper chaperone
protein but with a different copper-binding sequence from
that of Atx1 and WCBD, also shows a CuS distance of
2.26Å, indicating a three-coordinate copper-binding site
(Srinivasanet al., 1998). Thus there appears to be a range
of possible Cu(I) binding modes for this interesting class
of proteins.

SPECIFICITY OF COPPER BINDING AS
DETERMINED FROM ZINC-BINDING STUDIES

Conformation of WCBD Upon Zn(II) Binding

Binding of increasing amounts of Zn(II) to WCBD
gives rise to an overall loss in secondary structure content
(DiDonatoet al., 2002). While the addition of either 2 or
4 Zn(II) atoms results in a relatively small change in the
far UV CD spectra, the binding of six atoms of Zn(II) in-
duces a sharp decrease in ellipticity. Results indicate that,
although Zn(II) is able to bind to the domain fairly tightly,
it seems to destabilize the domain relative to the native
structure. These results are in sharp contrast to those ob-
served for copper binding to the WCBD, which showed a
progressive increase in secondary structure content as the
domain binds copper. There are changes in tertiary struc-
ture also when Zn(II) binds to the WCBD. These changes
are relatively small when compared to those observed for
copper binding to the WCBD. The presence of positive el-
lipticity at 330 nm is indicative of the presence of disulfide
bonds, which would be expected in the absence of metal
(Wingfield and Pain, 1996). When the WCBD is titrated
with copper, ellipticity at 330 nm is lost and fall to zero in
the 6:1 complex as copper is bound to the cysteine residues
in the domain. In contrast, when the WCBD is titrated with
Zn(II), the same ellipticity at 330 nm is diminished but not
completely eliminated. The presence of disulfide bonds in
the 6:1 complex indicates that the bound Zn(II) atoms may
not be using cysteines as their primary ligands. CD results
of the Zn(II)-reconstituted WCBD support the XAS re-
sults and indicate that the ligation environment for Zn(II)
is very different from that for copper.

XAS Studies of Zn(II) Binding to WCBD

Detailed structural analyses of the WCBD with var-
ious stoichiometries of Zn(II) have been carried out
by XAS (DiDonato et al., 2002). These studies were
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performed in the presence of DTT or TCEP to determine
whether the data would be affected by the addition of
exogenous sulfhydryl ligands. All samples exhibited an
edge energy around 9662.8 eV, which is slightly higher
than that of the Zn(II) model compounds used. Not much
detailed information can be obtained regarding the nature
of the Zn(II) ligation, although the line shape observed is
as broad as model complexes of peptides with N-scatterers
(Clark-Baldwinet al., 1998).

The EXAFS spectra of Zn(II)–WCBD at different
stoichiometries generally resemble each other. However,
the major feature observed in all samples cannot be fit-
ted with sulfur scatterers. But fitting that feature with
3–5 nitrogen scatterers at 2.03(2)Å results in signifi-
cantly smaller goodness-of-fit values. Such distances are
consistent with Zn(II)–imidazole ligation (Clark-Baldwin
et al., 1998). However, a much weaker peek atr ′ = 2 Å
can be modeled with a very small amount of scatterers
at 2.3Å, typical of Zn(II) thiolate bond (Clark-Baldwin
et al., 1998). Zn(II)–sulfur scattering contribution be-
comes more important in the presence of higher stoi-
chiometries of Zn(II) to WCBD. At lower Zn(II) loading,
at most 1.6 sulfur per protein is involved in metal binding.
This value increases to 4 in the 6:1 Zn(II)–WCBD. These
results imply that Zn(II) has a higher affinity for nitrogen
or oxygen ligands in the WCBD. Such ligation features are
quite different from that in the Cu(I)–WCBD, where each
binding site was found to ligate copper in+1 oxidation
state using two cysteine side chains with a distorted two
coordinate geometry (DiDonatoet al., 2000). Although
Zn(II) and copper appear to bind at different sites, it has
been shown through competitive65Zn(II)-blotting exper-
iments that Zn(II) is released when Zn(II)-reconstituted
WCBD is exposed to copper (DiDonatoet al., 1997). This
suggests that the conformational changes induced by cop-
per preclude the binding of Zn(II) and the converse is not
true. Furthermore, in competition65Zn(II)-blotting exper-
iments, the binding of Zn(II) to the WCBD could not be
competed away by a 33-fold excess of either Ca(II) or
Mg(II), suggesting that Zn(II) is not binding nonspecifi-
cally to the WCBD.

FUNCTIONAL STUDIES OF WCBD BY
CHIMERIC PROTEINS OF ATP7B AND ZntA

There is a high degree of specificity for the metal
ions that are transported by P-type ATPases. What de-
termines this specificity is currently not known. ATP7A
and ATP7B are copper-transporting ATPases. On the other
hand, ZntA another P-type ATPase has been shown to be
specific for Pb(II), Zn(II), Cd(II), and Hg(II) (Beardet al.,

Fig. 4. Schematic representations of WND-Cu(6)-ZntA and WND-
Cu(1-6)-ZntA (Houet al., 2001).

1997; Rensinget al., 1997, 1998; Sharmaet al., 2000).
To investigate the determinants of metal ion recognition
and specificity for P-type ATPases, chimeric proteins were
constructed in which the amino terminal domain of ZntA
was replaced by the amino-terminal domain of the Wilson
copper transporter ATP7B (Fig. 4) (Houet al., 2001).
In one chimeric protein designated WND–Cu(1–6)-ZntA,
the entire amino-terminal domain of ATP7B with all six
metal-binding motifs was attached to ZntA lacking its
amino-terminal domain (1N–ZntA). In another chimeric
protein, WND–Cu(6)–ZntA, only the sixth metal-binding
motif of ATP7B was attached to1N-ZntA since it has
been reported that the sixth metal-binding domain is nec-
essary and sufficient for the transport activity of ATP7B
(Forbeset al., 1999).

Both chimeric proteins were able to confer resis-
tance toward Pb(II), Cd(II), and Zn(II) in a ZntA-disrupted
E.colistrain but not to copper in anE.colistrain disrupted
in copA, which encodes a copper-transporting ATPase
(Rensinget al., 2000). Thus it appears that the chimeras
behave in a manner similar to ZntA and1N–ZntA but not
to CopA. The purified chimeric proteins were shown to
be active, the ATPase activity was stimulated by Pb(II),
Cd(II), Zn(II), and Hg(II), which are substrates for ZntA.
However, no activity was obtained with Cu(I) or Ag(I),
cations that are substrates for ATP7B. TheVmax values
obtained for both chimeras are lower than the values ob-
tained for ZntA, especially in the presence of thiolates in
the assay buffer. The thiolate-stimulated activity is likely
to be a more accurate reflection of the in vivo activity
of ZntA, given that glutathione is abundant inside the cell
and that metal ion chaperones present in the periplasm may
assume the role of thiolates. From these results it can be
concluded that metal ion specificity is determined by the
transmembrane part of the ATPases. Although our stud-
ies of Zn(II) binding to WCBD suggest its involvement
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in metal ion selectivity, it appears that the amino-terminal
domain cannot override the intrinsic specificity of the core
components of the ATPase. These results also imply that
the amino-terminal domain interacts with other parts of
the transporter in a metal ion specific manner. The amino-
terminal domain of ATP7B cannot replace that of ZntA in
restoring full catalytic activity.

It has been suggested that the full-length amino-
terminal domain of ATP7B may play a regulatory role,
such that metal ion binding releases an inhibitory inter-
action of this domain with the hydrophilic ATPase do-
main (Tsivkovskiiet al., 2001a). In this case, one would
expect to observe copper-stimulated ATPase activity for
WND–Cu(1–6)–ZntA, but this is not observed. Therefore,
at least in the case of the WND–Cu(1–6)–ZntA chimera
the amino-terminal domain does not play a regulatory role
(Houet al., 2001).

HOMOLOGY MODELING

Knowledge about the three-dimensional (3D) struc-
ture of ATP7B is critical to our understanding of its func-
tion. However, the experimental determination of the 3D
structure of this and other such proteins is not always pos-
sible due to technical challenges. Models are useful when
experimental methods such as X-ray crystallography or
NMR spectroscopy cannot determine the structure of a
protein in time.

Homology modeling, often also called comparative
protein modeling is presently the most reliable and use-
ful 3D structure prediction method. This method takes
advantage of the solved structures of closely related (ho-
mologous) proteins, to extrapolate the structure of a pro-
tein of unknown structure. One of the most important as-
sumptions made in homology modeling is that the overall
3D structure of the target protein is similar to that of the
related proteins, and that regions with sequence homol-
ogy have similar structure. It is assumed that conserved
residues within a family are conserved structurally, and
residues involved in biological activity have similar topol-
ogy throughout the protein family (Fiser and Sali, in press).
Although some protein domains adopt similar folds de-
spite no significant sequence or functional similarity, it
is generally accepted that proteins from different sources
with similar biological functions often have similar se-
quences, and that high sequence conservation is reflected
by distinct structure similarity. Homology modeling can
be used as a powerful tool for the structural modeling of
proteins, particularly when the structures of other homol-
ogous proteins are available. In order to begin modeling
the structure of a desired protein one requires, the amino

acid sequence of the target protein, the high-resolution
structure of at least one related protein (template), and
any additional reference protein structures or sequences
of related proteins.

The first step in homology modeling is the identifi-
cation and selection of structures that will form the tem-
plate for the target structure (model) (Marti-Renomet al.,
2000). We used the 2.6̊A crystal structure of the calcium
pump of sarcoplasmic reticulum, SERCA1a (Toyoshima
et al., 2000), as the template for modeling the core P-type
ATPase components of ATP7B (Fatemi and Sarkar, in
press). The Na,K-ATPase (Riceet al., 2001), H-ATPase
(Scarborough, 2000), and L-2 haloacid dehalogenase
(Hisanoet al., 1996) belong to the P-type ATPases fam-
ily; these structures were used to guide the modeling of
ATP7B. Each one of the six copper-binding domains in the
N-terminal region of the modeled structure was based on
the solution structure of the fourth metal-binding domain
from the Menkes copper-transporting ATPase (Gitschier
et al., 1998).

The 11Å structure of the Na,K-ATPase has a high
overall similarity to the E2 structure of the Ca-ATPase
(Rice et al., 2001). Although there are several surface
loops that do not align well, the cytoplasmic domains
are observed to have a similar arrangement. The struc-
tural similarity between the Ca-ATPase phosphorylation
domain and the catalytic domain of L-2 haloacid dehalo-
genase (Stokes and Green, 2000), notably the conserved
positioning of important catalytic residues, suggests that
the E1-to-E2 conformational change proposed for the
Ca-ATPase (Toyoshimaet al., 2000) may take place in
all P-type ATPases.

The automated alignments obtained from fold as-
signment are generally not accurate enough, and need to
be optimized by a specific sequence alignment method.
Therefore, using gapped-BLAST we aligned the sequence
of ATP7B representing the copper-transporting ATPases
with the SERCA1a sequence (Fatemi and Sarkar, in press).
For moderately similar sequences, as is the case here,
the initial alignment is often rough and the boundaries
of nonconserved loops are not very well defined. There-
fore, the alignment was further corrected by hand in or-
der to improve on these weaknesses. The SWISS-Model
and SWISS-PDB-viewer software programs (Guex and
Peitsch, 1997) were used to generate a structural align-
ment of homologous regions of these two transporters
(Fig. 5(A)) (Fatemi and Sarkar, in press). Generally, se-
quences with low homology to the template protein, less
than 30% sequence identity (as is the case with ATP7B
and SERCA1a) are more difficult to model (Rost, 1999;
Saqiet al., 1998) but examples of success do exist; as a
rule of thumb, sequence similarity across the whole region
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is needed. Because of the low target-template sequence
identity, an “align-model-realign-remodel” approach was
used to optimize the model. Once the first model was
computed, the alignment was inspected and improved.
Secondary structure prediction and experimental findings
were used in combination with mean force potential en-
ergy minimization (Sippl, 1990, 1993) to guide the model
building procedure. This is a statistical method that eval-
uates the environment of each residue and compares it to
what is expected from a representative subset of proteins.
The modified alignment was then subjected to subsequent
rounds of modeling and inspection, until the model could
no longer be improved any further.

The multiple domains of ATP7B, were modeled sep-
arately. Insertions and deletions were incorporated into
nonconserved regions where they were least likely to dis-
rupt the overall structure. Loop regions, which cannot be
modeled by homology were not modeled. Unlike the con-
served regions, these loops are assumed to be flexible,
and were largely disregarded in the process of modeling
the conserved domains and their spatial relation to each
other. The end result was a low resolution 3D model of the
ATP7B structure, depicting the rough spatial organization
of the various domains and conserved sequence motifs
with respect to each other.

The quality of the model determines the information
that can be interpreted from it, thus it is very important
to be aware of the accuracy of the 3D model. A target-
template sequence identity of greater than 30% often pro-
duces medium to high accuracy models. A 3D model need
not be absolutely perfect or of high accuracy to be use-
ful; but the accuracy level of the model does determine
its application (Joneset al., 1992). Low-accuracy models
display less than 30% sequence identity, and are likely to
contain substantial modeling errors. However, such mod-
els can still have the correct fold and may be used to predict
the approximate biochemical function of the modeled pro-
tein, or appraise the relatedness of the target and template
proteins (Sanchez and Sali, 1997, 1998).

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Fig. 5. (A) Homology modeling of ATP7B based on the known structure of SERCA1a (Fatemi and Sarkar, in press). The core of ATP7B encompassing
the regions between TM3 and TM7 can be successfully modeled. Actuator domain (A); N-terminal metal-binding domain (M); nucleotide-binding
domain (N); phosphorylation domain (P). The important and conserved residues are marked on ATP7B. TM1, TM2, and TM8 do not correspond to any
of the transmembrane helices in SERCA1a and were not modeled. The six copper-binding domains in the N-terminal region of ATP7B each adopt a
ferredoxin-like fold found in other metal-binding domains. The region between the 4th and 5th copper-binding domains may contain a domain whose
function is yet to be discovered. The overall fold of the N-terminal metal-binding domain of ATP7B is a subject of much interest and remains unknown.
(B) The proposed catalytic cycle of copper transport by ATP7B (Fatemi and Sarkar, in press) based on models proposed for classical ATPases and
functional studies to date is predicted to involve the following steps and intermediates. An increase in cytoplasmic copper concentration could saturate the
high-affinity copper-binding sites to form E1ATP.Cu. This would activate the formation of a phosphoenzyme with ATP, occluding Cu within the protein
to form the high-energy intermediate E1P.Cu. In a rate-limiting step to generate E2P, the phosphoenzyme would lose both its ability to rephosphorylate
ADP and its high affinity for copper, and opens its channel to the lumen. Water then enters the catalytic site and hydrolyzes the phosphorylated aspartic
acid residue to regenerate the E2 ATPase.

The low-resolution model of ATP7B structure gener-
ated by homology to the Ca-ATPase structure (Fig. 5(A))
(Fatemi and Sarkar, in press), implies the presence of at
least four interconvertible phosphorylated and unphos-
phorylated conformations in the ATP-dependent copper
transport cycle of Cu-ATPases. Based on what is known
about the structure and mechanism of cation transport by
other P-type ATPases, and based on functional studies on
copper and metal-transporting P-type ATPases, the ho-
mology model of ATP7B can be used to propose a gen-
eral scenario for the ATP driven transport of copper by
Cu-ATPases (Fig. 5(B)) (Fatemi and Sarkar, in press).

The three cytosolic domains of P-type ATPases,
the phosphorylation (P), the nucleotide-binding (N) do-
main, and the actuator (A) domain each play very dis-
tinct roles during ion transport. The catalytic site is com-
prised of the N and P domains. The copper-binding motifs
found in the N-terminus (M) probably serve as the initial
binding sites for the copper ions prior to transport. The
N-terminal copper-binding domain has been shown to
specifically bind and interact with the nucleotide-binding
domain of Cu-ATPase ATP7B but not with the nucleotide-
binding domain of the Na,K P-ATPase (Tsivkovskiiet al.,
2001b). In the ion-bound conformation the N and P do-
mains form an open jaw-like formation, and therefore
requiring the closure of the N and P domains to occur
before phosphorylation can take place; domain closure is
not dependent on the occupation of the nucleotide-binding
site. Also the A domain that appears to be involved in
transmission of conformational changes is largely disso-
ciated from the main structure in the ion-bound form. This
implies that cation binding in the absence of nucleotide
binding weakens the interaction between the three do-
mains. Copper binding to the N-terminus weakens its in-
teraction with the N-domain (Tsivkovskiiet al., 2001b)
thereby causing them to dissociate. The dissociation of
the N-terminus from the N-domain restores the nucleotide
binding affinity of the N-domain therefore allowing the
binding of ATP to the nucleotide-binding site. Nucleotide
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binding to the cation-bound state induces the associa-
tion of the N- and P-domains with the A-domain, closing
the gap between the domains and bringing the conserved
TGEA/S motif of the A-domain close to the DKTG motif
of the P-domain where phosphorylation takes place. These
conformational changes are transmitted to the transloca-
tion domain, perturbing the copper-binding site within
the channel, and changing its accessibility to cytosolic
and lumenal spaces. In the copper-ATPases, transmem-
brane helices TM6, TM7, and TM8 correspond to M4,
M5, and M6 of the Ca-ATPase (Toyoshimaet al., 2000),
Na,K-ATPase (Rice et al., 2001) and H-ATPase
(Scarborough, 2000). These transmembrane domains are
associated with the transduction channel and contain
residues critical to cation binding. The central role of
M4 has been demonstrated in a clever experiment where,
the cation binding specificity of the Na,K-ATPase was
altered to that of the H,K-ATPase by mutating residues
within the channel (Menseet al., 2000). M4 and M5 are
predicted to correspond to transmembrane domains TM6
and TM7 of ATP7B, respectively (Sweadner and Donnet,
2001), and both TM6 and M4 contain a conserved pro-
line residue found in all P-type ATPases. In heavy metal-
transporting ATPases, the conserved proline is flanked
by a pair of cysteine residues to form the highly con-
served CPC motif. Mutational analysis has shown certain
residues within the copper-ATPases transmembrane do-
mains to be critical for copper transport function, in par-
ticular the CPC motif, which is predicted to be one of
the copper-binding sites within the channel (Bissiget al.,
2001; Forbes and Cox, 1998; Voskoboiniket al., 2001).
Mammalian copper-transporting ATPases have an addi-
tional conserved cysteine, forming a CXXCPC motif. We
have constructed a peptide corresponding to residues from
TM6 of ATP7B and various C/S mutants of this peptide,
in our laboratory to further characterize copper binding
to the CPC motif. Preliminary CD results indicate that
the peptide binds a single atom of copper, and that cop-
per binding induces secondary structure changes in the
peptide (A. Myari, N. Hadjiliadis, and B. Sarkar, unpub-
lished data). The hydrolysis of the phosphoenzyme re-
quires the release of cation from the channel to the lu-
men. The release of cation may cause the movement of
the A domain and allow water to access and hydrolyze the
phosphoenzyme.

FUTURE DIRECTION AND CONCLUSION

Although various aspects of copper metabolism
have been studied for many years, relatively little is
known about the molecular mechanisms involved in the

intracellular transport and excretion of copper. We have
judiciously used homology modeling here as a tool in con-
junction with structural and functional studies to suggest
a mechanism of copper transport by copper-transporting
ATPases. It is becoming increasingly evident with the ad-
vancements made in the field of structural genomics, that
homology modeling will continue to play an important
role in 3D structure prediction as more genomes are se-
quenced (Baker and Sali, 2001; Sali and Kuriyan, 1999).
These studies, however, are not likely to correctly pre-
dict features that do not occur in the template, such as the
structure of the N-terminal region, unique to heavy metal-
transporting P-type ATPases. Further studies are needed
on the mechanism and sequence of binding of copper to
the N-terminal domains of the Wilson and Menkes disease
proteins and how they affect their structure, and the intra-
cellular localization and trafficking of these transporters.
The identification of features within the transduction chan-
nel that confer metal ion selectivity is another exciting area
to explore. These questions are only a few of the many
aspects of these unique group of copper-transporting AT-
Pases that are yet to be answered. As we gather more
structural information, kinetic and functional data, it will
be possible to use these in conjunction with homology
modeling to construct a more detailed picture of the cop-
per transport process through the ATPase.
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