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ABSTRACT: ATP7A and ATP7B are two human P p-type ATPases that have a crucial role in maintaining
copper(I) homeostasis. Among the various domains of these enzymes, one, called the Actuator or A-domain,
has a regulatory function and is required for the phosphatase step of the catalytic cycle (dephosphorylation of
the intermediate formed during ATP hydrolysis). Here we report the solution structures of the A-domain of
both proteins, solved by heteronuclear NMR spectroscopy and a characterization of the dynamics of the
A-domain of ATP7A. We observed that the catalytically important TGE loop protrudes from the structure
ready for interaction with the phosphorilated site in the ATP-binding domain. The loop is rigid, suggesting
that the catalytic step does not require substantial structural flexibility or rearrangements. The present
structures were useful to rationalize the molecular effects of disease-causing mutations. In particular, it can be
concluded that mutations occurring in the A-domain either destabilize the fold of the domain (such as
Gly860Val in ATP7A) or affect the network of communication within the domain (such as Leu873Arg in

ATP7A) or with the other domains of the enzyme (such as Gly853Arg in ATP7A).

Copper plays an important role as cofactor of redox proteins,
but at the same time it can also participate in vivo in redox
reactions generating harmful highly reactive oxidative species
(1, 2) and interacting with protein ligands (3). For this reason
copper uptake, distribution, and excretion must be tightly con-
trolled. One of the pathways that regulate copper transfer and
homeostasis in humans involves HAH1, a small soluble metal-
lochaperone (4), which is capable of delivering copper(I) to both
the ATP7A (Menkes or MNK) and ATP7B (Wilson or WLN)
proteins. The latter belong to the subfamily of Py z-type ATPases
and couple ATP hydrolysis with the transport of copper(I) across
membranes (5—7). Under low copper conditions, they shuttle
copper to the secretory pathway of the trans Golgi network
(TGN), where the metal ion is incorporated into copper-depen-
dent enzymes (8). An increase of the intracellular copper con-
centration results in the trafficking of the ATP7A and ATP7B
proteins to the plasma membrane in order to efflux copper out of
the cell (9—11).

In humans, mutations in the ATP7A and ATP7B genes
cause improper function of these copper(I)-ATPases, leading to
severe inheritable diseases that involve dysfunctional copper
homeostasis, named Menkes and Wilson diseases (MD and
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WD), respectively (12, 13). MD is a fatal X-linked copper
deficiency disorder having multiple abnormalities that can be
related to deficiencies in cuproenzymes (/2). Affected patients
usually die in early childhood. In WD, very high concentrations
of copper are accumulated in the liver because the biliary
excretion of the metal ion is defective. If the disease is not treated,
death can result from liver failure.

All P-type ATPases share a basic “core” architecture (/4)
comprising a hydrophilic region protruding into the cytosol, which
contains the phosphorylation and the ATP-binding sites (P- and
N-domains, respectively) and a smaller region (called the Actuator
or A-domain), which has a regulatory function and is required for
the phosphatase step of the catalytic cycle (dephosphorylation of
the intermediate formed during ATP hydrolysis). These cytosolic
parts of the polypeptide chain are connected by a number of
transmembrane helices, which are involved in the formation of an
intramembranous channel, and whose organization leads to the
definition of the P1 and P2 subgroups (15). In addition to the core
structure, a distinguishing feature of P;p-type copper(I)-transport-
ing ATPases is their long N-terminal tail, which contains a variable
(between one and six) number of 70-aa independently folded
copper(I)-binding domains (/5). The transmembrane region of
Pig-type ATPases is formed by eight transmembrane helices
(TMHs). The P- and N-domains are located between the sixth
and the seventh TMH, whereas the A-domain is located between
the fourth and the fifth TMHs.

The ion-translocation cycle of Pp-type ATPases has been
proposed to follow the E1/E2 Post-Albers catalytical cycle
(16, 17) (Figure 1, which has been originally proposed for P,-
ATPases (Na*,K*-, Ca®*- and H',K™-transporting ATPases).
The initial steps in the catalytic cycle are the binding of ATP to
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FiGure 1: A simplified catalytic cycle of Cu-ATPases based on the
Post-Albers scheme. The step in which the A-domain is involved is
highlighted with the black box.

the N-domain and metal ion binding to the TM region (E1 state).
Subsequently, a transient phosphorylated intermediate is formed
upon transfer of the y-phosphate from ATP to the invariant Asp
residue of the DKTG motif located in the P-domain, leading
to the occlusion of the metal within the TM region (E1P state).
A successive conformational change allows the metal ion to be
released on the other side of the membrane (E2P state); then, the
dephosphorylation reaction occurs (E2 state). The latter step of
the cycle is performed by the TGE motif present in the A-domain.
From the E2 state, the enzyme progresses to the El state and
another cycle can start. During the various steps of the catalytic
cycle the N-, P-, and A-domains undergo large relative move-
ments, which are coupled to rearrangements of the position of the
TMHs (18).

In the present work, we characterized the structure and
dynamics in solution of the actuator domain of both ATP7A
and ATP7B (hereafter referred to as A-MNK and A-WLN
respectively), in order to investigate how these properties are
related to the functional properties of these domains. Moreover,
the present structures provide hints on the consequences at the
molecular level of the pathogenic missense mutations leading to
Menkes and Wilson diseases.

MATERIALS AND METHODS

Protein Expression and Purification. The DNA segment
encoding the A-domain of ATP7A, corresponding to amino acids
806—924 of ATP7A, was amplified via PCR from human cDNA
and cloned in the Gateway Entry vector pPENTR/TEV/D-TOPO
(Invitrogen) to include the TEV protease cleavage site at the
N-terminal end. This segment was then subcloned into pETG-
20A (EMBL-Heidelberg) through the Gateway LR reaction,
yielding a plasmid expressing the protein fused with Thioredox-
in-A and a His tag at the N terminus. After cleavage of the tag,
five amino acids from the restriction site are left at the N-terminus
of the protein. The same procedure was followed to clone the
A-domain of ATP7B (residues 789—907). Escherichia coli strain
BL21(DE3) Gold (Stratagene) was used for protein expression.
Cells were grown at 25 °C for 16 h in minimal media cultures.
For isotope enrichment, (ISNH4)2SO4 and 13C-glucose were
used. The two proteins were purified by using the HisTrap
chelating FF column (GE Healthcare) followed by an anionic ex-
change step performed using a 16/10 Q FF column (GE
Healthcare). After this, the His tag was cleaved with AcTEV
protease (Invitrogen) and removed applying the protein samples
again onto the affinity column. Proteins purity was checked by
SDS—PAGE and matrix-assisted laser desorption ionization
time-of-flight mass spectra. The normal yield of both proteins
was 20 mg/L. Uncleaved proteins could be stored for months at
=80 °C.
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NMR Sample Preparation. NMR samples contained be-
tween 0.2 and 0.3 mM protein in 50 mM phosphate, 50 mM
arginine, 50 mM glutamate at pH 7.0. Because of the presence of
a cysteine residue in A-MNK, the samples were reduced with
excess of DTT and manipulated in an inert atmosphere chamber
(Coy Lab). NMR samples contained 10% (v/v) *H,O for NMR
spectrometer lock.

NMR Experiments and Structure Calculations. NMR
spectra were acquired at 298 K on Avance 900, 700, and
500 Bruker spectrometers equipped with triple resonance cryop-
robes. The NMR experiments used for the assignment of back-
bone and aliphatic side chain resonances of both A-MNK and
A-WLN domains are summarized in Supporting Information
(SI) Table S1. Resonance assignments of the two domains are
reported as SI (Tables S2 and S3). Backbone dihedral angle
constraints were derived from "N,"C’,"*Ca,"*Cg, and Ha
chemical shifts, using TALOS (79). Distance constraints for
structure determination were obtained from '°N-edited and
C-edited 3D NOESY-HSQC spectra. For A-MNK one-bond
'H-"N dipolar couplings were measured in samples con-
taining 11 mg/mL of Pfl bacteriophage (ASLA, Ltd., Latvia) at
800 MHz by using the in-phase/antiphase method (20, 21).

For A-MNK 500 random conformers were annealed in 10 000
steps using the program CYANA-2.1 (22). For residual dipolar
coupling restraints, the alignment tensor parameters were ob-
tained with FANTAORIENT, and they were optimized through
iterative cycles of PSEUDOCYANA until convergence (23).

For A-WLN we applied an automated method for structure
calculation, based on the ATNOS/CANDID algorithms (22, 24)
for NOESY peak picking and assignment, implemented in the
UNIO package (http://perso.ens-lyon.fr.hermann/Hermann/
Software.html). A structural model of the A-WLN domain, built
on the average NMR structure of A-MNK as the template, was
used as input to the first ATNOS/CANDID cycle to produce an
initial list of upper distance restraints to be passed on to the
subsequent CYANA-2.1 calculation cycle.

The 30 conformers with the lowest residual target function
values of both A-MNK and A-WLN domains were subjected to
refinement with the AMBER 10.0 package (25) in explicit water.
NOE and torsion angle constraints were applied with force
constants of 50 keal mol™' A™2 and 32 kcal mol™" radians >,
respectively. The conformational and energetic analysis together
with selected quality parameters from PROCHECK-NMR,
WHATIF analysis, and Protein Structure Validation Software
(PSVS) suite (26—28) of the final family of A- MNK is reported
in table S4. The program MOLMOL was used for structure
analysis (29). After energy minimization in explicit solvent, the
final bundle of 30 conformers of A-MNK had an average target
function of 1.15 + 0.13 A> (CYANA units). The average back-
bone RMSD value, (over residues 2—118) was 0.92 +0.18 A. The
final bundle of 30 conformers of A-WLN had an average target
function of 1.74 + 0.57 A> (CYANA units) and the average
backbone RMSD value (over residues 2—118) was 0.94 £+ 0.07 A.

Structure Modeling. For the analysis of residue conservation,
we used the full sequence of ATP7A as input to the BLAST
program (30), and aligned the best 200 hits with CLUSTALW
(30, 31). The structure of the ATP-domain of ATP7A and ATP7B
were modeled using as template the structure of corresponding
domain of the homologous protein from 4. fulgidus (PDB code
2BSE) (32), using the program Modeler V. 9.1 (33).

NMR Mobility Data Acquisition and Analysis. The
dynamic properties of A-MNK have been directly sampled
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through "°N relaxation measurements. '°N longitudinal and
traverse relaxation rates (34) and ""N{'H}-NOEs (35) were
recorded at 500 MHz, using a protein concentration of
0.3 mM. R; and R, relaxation rates were obtained by fitting
the cross peak volumes (I), measured as a function of the
relaxation delay, to a single exponential decay as described in
the literature (36). Heteronuclear NOE values were calculated as
the ratio of peak volumes in spectra recorded with and without
saturation. In all experiments the water signal was suppressed
with the “water flipback” scheme (35). The average backbone
SN longitudinal R, and transversal R, relaxation rates and
N{'H}-NOEs values of A-MNK are 1.8 + 0.1 s, 11.3 £
2.3 57", and 0.64 + 0.04 (Figure SIA—C, Supporting Infor-
mation). The relaxation data (R,, R», and ""N{'H}-NOEs) were
analyzed according to the model-free approach of Lipari and
Szabo (37, 38), using the program TENSOR2 (18).

RESULTS AND DISCUSSION

A-MNK Structure Determination and Comparison with
A-WLN. The cloned constructs of the A-domains of the ATP7A
and ATP7B proteins correspond to amino acids 8§06—924 and
789—907 of ATP7A and of ATP7B, respectively. Both protein
constructs, referred to as A-MNK and A-WLN, are of the same
length. For the sake of simplicity, residues are here numbered
from 1 to 119 (not taking into account the five aminoacids
engineered expression tag located at the N-terminus). In this
scheme, corresponding residues of A-MNK and A-WLN have
the same number.

Good quality NMR spectra for both A-MNK and A-WLN
were obtained by using a 50 mM phosphate buffer at pH 7.0 that
contained also 50 mM arginine and 50 mM glutamate (39). The
protein concentration was 0.3 mM. We assigned all the amide
moieties of A-MNK, with the sole exceptions of Glu2 and
Thr107. For A-WLN, all residues were assigned, except Glu2,
Alal2, Thr13, and Thr107.

The solution structure of A-MNK (Figure 2) is characterized
by seven antiparallel S-strands (3 (44—45), p4 (56—358), 5 (62—
65), 6 (16=77), p7 (82—85), A8 (89—90), A9 (95—99)) that are
arranged in two sheets (comprising 33, 54, 37, and 89, and 35, 56,
and 38, respectively) packed against each other. These two sheets
form a distorted double-stranded beta-helix fold. Two additional
p-strands (B1 (13—20) and 2 (28—33)) form a S-hairpin struc-
ture flanking the two sheets. Finally, two helices (al (2—10), a2
(107—117)), which are the cytosolic extension of the fourth and
fifth TMHs of the enzyme, are present at the N- and C- termini of
the structure. Figure 2 shows that the secondary structure
elements are well ordered; only a few residues in the loop regions
feature some local disorder.

The core of the protein is characterized by hydrophobic
interactions between aliphatic residues located on the first sheet
and aliphatic as well as aromatic residues located on the other
sheet. In addition, the aliphatic side chains of residues Leu68,
11e69 (Loop 6), 11e85 (strand 37), and Ala86 form hydrophobic
interactions with aliphatic residues belonging to the two
o-helices; the latter interactions determine the position of the
helices with respect to the rest of the protein, which in calculations
is defined also thanks to the residual dipolar coupling restraints
(Figure S2, Supporting Information).

The structure of A-WLN (Figure 3B and ,Figure S3, Support-
ing Information), which was automatically calculated, is very
similar to that of A-MNK, the average backbone RMSD

Biochemistry, Vol. 48, No. 33, 2009 7851
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FIGURE 2: Solution structure of A-MNK (residues 1—119). The
radius of the tube is proportional to the backbone RMSD of each
residue. The secondary structure elements are shown: -strands are
shown in cyan and helices in red. The a-helices and the S-strands are
labeled. In the inset the side chains of the residues of the TGE
sequence motif are shown.

FIGURE 3: Ribbon diagram of A-domains. Comparison of the
A-MNK (A), A-WLN (B), and A-domain from A. fulgidus (PDB
ID 2HCS) (C). A-MNK and A-WLN pathogenic missense mutations
are shown as magenta-colored spheres.

between the two being 1.6 A. This is in agreement with their
high sequence identity (> 80%, Figure 4). The secondary struc-
ture elements are similar in length and in the spatial orientation.
Furthermore, all hydrophobic contacts involving conserved
aliphatic and aromatic residues, which are crucial to determine
the fold of the protein, are conserved in both solution structures.

A-MNK Dynamics. The dynamics of A-MNK was investi-
gated by performing '°N relaxation measurements at 298 K. The
correlation time for protein tumbling (z,,) was estimated from the
R»/ R, ratios and was found to be 9.1 + 0.7 ns, which is consistent
with a protein being in a monomeric state; the value predicted by
the HYDRONMR program (40) was 8.96 ns.

The order parameters S, obtained from the analysis of the '°N
relaxation data, are shown in Figure S1D, Supporting Informa-
tion. Some protein dynamics in the sub-nanosecond time scale is
observed for the C-terminus. Within the folded part of the
polypeptide chain, mobile regions are essentially all located in
loops connecting secondary structure elements, including the
B-hairpin loop. The most mobile region corresponds to the loop
between strands 48 and 9, with S values between 0.7 and 0.8 for
residues 92—95. Thus, the structure of A-MNK is overall quite
ordered, with little dynamics affecting both the secondary struc-
ture regions as well as the loop regions (excluding the C-terminus).

Comparison with Other ATPases. The only available
three-dimensional structure of the actuator domain of a
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A. Fulgidus
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|A-Dom 1 -EAIl KKLVGLQAKTAVVI RDG------ KEIl AVPVEEVAVGDI VI VRPGEKI PVDGVVVE 52|
A. Fulgidus
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AAMNK 60 GHS MV DESLI TGEAMPVAKKPGSTVI AGSI NQNGSLLI CATHVGADTT L S QI VKL VEEAQ- 19
AWLN 60 GNT MADESLI TGEAMPVTKKPGSTVI AGSI NAHGSVLI KATHVGNDTTLAQI VKL VEEAQ- 19
A-Dom 53 GES Y VDESMI SGEPVPVLKSKGDEVFGATI NNTGVLKI RATRVGGETL LAQI VKL VEDAMG 113

FIGURE 4: Sequence alignment of A-MNK, A-WLN, and A-domain from 4. fulgidus. The secondary structure elements of A-MNK are shown.

copper-transporting ATPase homologous to the human ones
studied here is that of the enzyme from Archaeoglobus fulgidus
(PDB code 2HCB) (32). The structures of A-MNK and A-WLN
have a backbone rmsd to the 2HCS structure of about 1.8 A,
while the corresponding sequence identity is on average 62%
(Figure 4). As shown in Figure 3A—C, the three structures
contain the same elements of secondary structure, with very
similar relative orientations. It is to be noted that the chemical
shift index (47) indicates that the A-MNK and A-WLN struc-
tures contain nine §-strands, whereas 2HCS has been described as
having 10 strands (32). However, the calculation of secondary
structure elements with the program PROCHECK (42) using the
deposited coordinates of 2HCS indicates that residues 255—257,
reported to form strand 4, do not feature a regular secondary
structure. This analysis can be performed online at http://www.
ebi.ac.uk/thornton-srv/databases/cgi-bin/pdbsum/RunPRO-
CHECK .pl?pdb=2hc8.

From multiple sequence alignments of the actuator domain of
copper-transporting ATPases, it appears that an insertion is
present in eukaryotic with respect to the large majority of
prokaryotic organisms in the -hairpin loop (i.e., between strands
p1and f2). With respect to the A. fulgidus protein, this insertion
comprises six amino acids, residues 22—27 (Figure 3). Even
though this loop is solvent exposed, the insertion contains two
or three nonpolar amino acids, for example, Ile-Leu-Leu and
Leu-Ile-Ile in A-MNK and A-WLN, respectively (Figure 4). On
the basis of the low-resolution structure of the entire 4. fulgidus
enzyme solved by cryoelectron microscopy (43), it appears that
this loop is well positioned to interact with the long N-terminal
tail. The latter contains up to six metal-binding domains in
eukaryotic proteins, whereas it contains typically one or two
domains in prokaryotic proteins. In the latter systems, the tail
would presumably be too short to permit contacts with the region
of the A-domain in object, hence its shorter loop. The long
eukaryotic tail has been proposed to serve a regulatory role (44),
and the interaction with the 22—27 loop might be instrumental
for the communication between the N-terminal tail and the other
cytosolic domains, presumably in a copper-dependent manner.

Various regions in the actuator domain are important for
enzyme function, because of their interaction with the other
domains of the protein. The TGE sequence motif plays a crucial
role in the catalytic cycle of copper-transporting ATPases. The
Gly and Glu amino acids of the TGE motif are conserved in all
organisms, whereas the Thr is sometimes conservatively substi-
tuted by Ser. The Glu residue (Glu72 in these structures) is
required for the dephosphorylation of the E2P intermediate, thus
leading to E2. Its side chain appears to provide general base
catalysis by abstracting a proton from a water molecule brought
into the correct position by the backbone carbonyl of the Thr70
residue (45). To perform this function, Glu72 must protrude
toward the conserved Asp in the conserved DKTGT motif that

FIGURE 5: Electrostatic surface of A-MNK. Areas of negative, po-
sitive, and neutral electrostatic potential are depicted in red, blue, and
white, respectively. The conserved TGE motif and the residues
believed to interact with the P-domain are indicated. The position
of some residues possibly involved in interactions with other domains
is also indicated.

constitutes the phosphorylation site within the P domain (49). In
A-MNK, the loop region containing the TGE motif is rather
rigid with an average S> value for backbone amides of 0.91 +
0.05. This region is quite ordered in the structure, and the side
chain of Glu72 is oriented toward the solvent. Notably, when
comparing the structures of the related SERCA calcium-trans-
porting P-type ATPase solved in states that represent the various
intermediates along the catalytic cycle (45, 46), it can be observed
that this loop undergoes only minor structural rearrangements
for the protein backbone, essentially limited to the Glu72 residue.
The presently observed rigidity of the TGE loop in A-MNK
suggests that this behavior may be common also to copper(I)-
transporting ATPases. The electrostatic potential around the
TGE motif is quite negative (Figure 5), due to the presence not
only of the conserved Glu72 but also of Asp54 and Glu66. These
residues are conserved in both prokaryotic and eukaryotic
copper-transporting ATPases.

Cross-linking experiments on the Enterococcus hirae copper-
transporting ATPase (47) indicated that also the region 79—81 is
involved in interactions with the P-domain, via Lys79. This
residue is not particularly conserved; nevertheless, residue 78 is
a conservatively substituted Lys, again suggesting that the
electrostatic potential (Figure 5) in this region is important for
interaction with the P-domain.

Another functionally important region involves residues 48—
50, which in SERCA are involved in interdomain interactions
with residues in the seventh o-helix of the P-domain (48). Gly48,
in particular, is strictly conserved and lies within a relatively
nonpolar region of the surface (Figure 5); residue 49 is variable,
whereas Lys50 is present in the large majority of the sequences or
is otherwise often conservatively substituted by Arg. The region
of the P-domain interacting with the stretch 48—50 has a negative
electrostatic potential, thus complementary to the charge of the
Lys side chain (Figure S4, Supporting Information).
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Three aliphatic residues of A-MNK and A-WLN (Ile42, Tle58,
and Leu96), which are conserved in copper-transporting AT-
Pases as well as in the SERCA ATPase, form a solvent-exposed
hydrophobic region on the S-sheet comprising strands 33, 54, 47,
and 89 (Figure 5). The actuator domain of SERCA contains an
additional (with respect to P;p-type ATPases) N-terminal sub-
domain (dubbed Al). In SERCA, the above-mentioned hydro-
phobic region constitutes part of the interface with the Al
subdomain, and the latter has a critical role in transmitting to
the membrane region the movement of the A-domain relative
to the P domain, directly affecting the orientation of the TMHs
(45, 49). Papain digestion studies performed on the copper-trans-
porting ATPase CopA from Thermotoga maritima in various
functional states (50) has suggested that the N-terminal soluble
metal binding domain (MBD) interacts with the smaller A-domain
of Pig-type ATPases, forming an unit that could be functionally
equivalent to the entire A-domain of SERCA. The structural
model of the copper-transporting ATPase CopA from E. hirae
obtained by cross-linking experiments (47) is in agreement with
this model.

A-MNK and A-WLN Mutations. Eight A-MNK muta-
tions leading to Menkes disease have been reported in the Human
Gene Mutation Database, HGMD, at http://www.hgmd.org.
Three of them (GlInl 1-term, GIn91-term, and GIn119-term) result
in truncation of the protein, while five are missense muta-
tions (Arg39His, Gly48Arg, Gly55Val, Leu68Arg, and Gly71Arg
or Glu) (Figure 3A). The latter residues are conserved in the
A-domains of copper Pig-type ATPases, with the exception of
Arg39 and of Leu68. The latter is however conservatively sub-
stituted by a Met or Phe hydrophobic residue. Note that the above
numbering refers to the present construct and can be transformed
into the numbering of full-length ATP7A by adding 805.

The present structures are fundamental to provide some hints
on the structural consequences of the pathogenic missense
mutations. Gly48 is located in a well-structured, quite rigid loop
connecting strands 53 and (4 and, as mentioned above, in
SERCA is part of the region involved in the interaction with
P-domain (48). The mutation of Gly48 into Arg would presum-
ably determine a variation of the conformation of the loop, due to
both the large volume of the side chain and to the charge—charge
repulsion that would occur with Lys50, adversely affecting the
interaction with the P domain.

Gly55 is located at the N-terminus of the strand p4. Its
mutation into Val would destabilize the structure of the S-sheet
due to the steric hindrance, particularly involving the side chain
of 11e97, which is part of the hydrophobic core located between
the two sheets. Notably, the latter residue is conserved in copper-
transporting ATPases but is instead a Gly in SERCA, whereas
the residue corresponding to Gly55 is Ile.

Leu68 forms hydrophobic interactions that are important to
position the two a-helices with respect to the rest of the protein.
The two a-helices in turn are important to transmit the motion of
the A-domain to the transmembrane domain of the enzyme (48).
The mutation of Leu to Arg would disrupt the network of
interactions between different regions of the protein and thus
impair the communication with the transmembrane domain.

Gly71 is part of the conserved and functional TGE motif of
A-domain, and its mutation into Arg or Glu would drastically
affect the conformation and thus the role in the enzymatic
mechanism as a general base catalysis of Glu72, because of the
steric and electrostatic interactions of the latter with the bulky,
charged side chains of the mutants.
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It is not obvious in the light of the present structure how to
rationalize the effect of the Arg39His mutation. Possibly, its
adverse effect could be linked to the variation of the electrostatic
potential at the surface of A-MNK, which in turn could affect the
interaction of this domain with the other cytoplasmatic domains
of ATP7A or with molecular partners.

A larger number of disease-causing missense mutations have
been reported within A-WLN (Figure 3B). These involve Leu7
(to Arg or Phe), Alal5 (to Thr), Pro52 (to Leu), Ile69 (to Thr),
Ala73 (to Thr), Gly81 (to Arg or Val), Ala86 (to Val), Vall02 (to
Met), Glyl03 (to Val), and GInl10 (to Arg). Note that this
numbering refers to the present construct and can be transformed
into the numbering of full-length ATP7B by adding 788. With the
exception of Ala73, Gly81, and Glnl10, these mutations involve
amino acids that are either in the hydrophobic core of the protein
or involved in the contacts among aliphatic (and aromatic) side
chains that define the position of the helices with respect to the
double stranded f-helix fold of the core of protein. It is thus
conceivable that their mutation impacts adversely on the function
of the enzyme by altering the network of communication between
the different regions of the protein, which is crucial for the proper
progress of the catalytic cycle. Instead, mutations in the hydro-
phobic core presumably destabilize the fold of the protein.

Ala73 is next to the conserved Glu72, which, as was already
mentioned, plays an essential role for the phosphatase activity of
the A-domain. Its mutation to Thr, although apparently minor,
could in fact affect the positioning of the loop with respect to the
P-domain, for example, because of the presence of an additional
group that can act both as a donor or acceptor of hydrogen
bonds. The hydrogen bond network at the interface of the A- and
P-domains is indeed known to be important to define the
arrangement of the water molecule that acts as a nucleophile
and of the side chain of Glu72 (495).

Gly81 is a solvent-exposed residue that is conserved in the large
majority (over 90%) of the sequences of ATP7A/B homologues
from both eukaryotic and prokaryotic organisms. As described,
it is in a region interacting with the P-domain, as found by cross-
linking experiments on the Enterococcus hirae copper-transport-
ing ATPase (47). Its mutation in a longer side chain residue could
affect this interaction.

Finally, GIn110 is a solvent-exposed residue that is not known
to be involved in interdomain or intermolecular interactions. The
impact of the GInl10Arg mutation is not evident from the
present structure.

CONCLUSIONS

We characterized the structures of A-MNK and A-WLN in
solution and compared them to the structures of A-domains from
other metal-transporting P-type ATPases. In the A-MNK and
A-WLN structures, the TGE motif, which is required for the
dephosphorylation of E2P intermediate, was properly oriented
for the interaction with the P-domain; in particular the side chain
of Glu72 protruded into the solvent. We observed that the TGE
loop did not experience significant dynamics of the subnanose-
cond time scale and is thus effectively preorganized for inter-
domain interactions.

The present structures allowed us to examine the possible
mechanisms by which missense mutations in either A-MNK or
A-WLN can adversely affect the enzyme activity eventually
leading to, respectively, Menkes or Wilson diseases. The muta-
tions can be broadly divided in two groups, one including
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residues that are buried within the protein interior, the other
including residues located in regions possibly involved in inter-
domain interactions. The first group of mutations (e.g., in
A-MNK, Gly55Ile or Leu68Arg) can influence the function of
the enzyme by altering the fold of the domain or by impairing the
network of communication between its different regions, and
particularly between the TGE motif and the helices. The second
group of mutations (e.g., in A-MNK, Gly48Arg, or Gly71Arg/
Glu) can impact the phosphatase activity of the A-domain also
by altering its interaction with the other cytosolic domains of the
enzyme. These results highlighted the importance of the trans-
mission of the effect of molecular events such as substrate binding
within and among the various domains of copper(I)-transporting
ATPases.
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