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The use of copper in biological systems coincides with
the advent of an oxygen atmosphere about 1.7 billion years
ago. The presence of O, both alowed the oxidation of
insoluble Cu(l) to the more soluble and biocavailable Cu(ll)
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and led to the requirement for a redox active metal with
potentials in the 0—800 mV range. Not only did copper meet
this need, but the oxidation of Fe(l1) to the insoluble Fe(l11)
form rendered the use of iron more energetically expensive.r ®
As a result, copper plays a key role in many proteins that
react with O,. Generaly, O,-reactive centers are mononuclear
(type 2), dinuclear (type 3), or trinuclear (type 2 and type
3). Well studied mononuclear copper enzymes include the
monooxygenases dopamine-$-hydroxylase and peptidylgly-
cine a-hydroxylating monooxygenase as well as oxidases
that also contain organic cofactors, such as amine, galactose,
and lysyl oxidases.® Dinuclear copper proteins include the
O, carrier hemocyanin and enzymes such as tyrosinase and
catechol oxidase.” Copper also plays akey rolein numerous
electron transfer proteins. Mononuclear type 1 (blue copper)
centers are found in proteins such as plastocyanin and azurin.®
The multicopper oxidases such as laccase, ascorbate oxidase,
and ceruloplasmin contain both a catalytic trinuclear type
2/type 3 site and an electron transfer type 1 site.®° The
classification of copper centers into types is derived from
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optical and electron paramagnetic resonance (EPR) spectro-
scopic properties, and there are some notable exceptions,
including the cysteine-bridged dinuclear Cu, €electron transfer
site in cytochrome ¢ oxidase'* and nitrous oxide reductase,
the tetranuclear catalytic Cuz center in nitrous oxide reduc-
tase,* and the proposed catalytic copper center in particulate
methane monooxygenase. 3 1°

The same redox properties that render copper useful in
all these metalloproteins can lead to oxidative damage in
cells. Reaction of Cu(l) with hydrogen peroxide and rer-
eduction of Cu(ll) by superoxide via Fenton and Haber—Weiss
chemistry yields hydroxyl radicals that can damage proteins,
lipids, and nucleic acids.'® Thus, intracellular copper con-
centrations must be controlled such that copper ions are
provided to essential enzymes but do not accumulate to
deleterious levels. In humans, deficiencies in copper me-
tabolism are linked to diseases such as Menkes syndrome,
Wilson disease, prion diseases, and Alzheimer's disease.r’
Several classesof proteins, includingmembranetransporters, =2
metallochaperones,??? and metalloregulatory proteins,?®?* are
implicated in copper homeostasis. These proteins have two
functions. First, they ensure that copper is provided to the
correct proteins and cellular compartments for necessary
activities. Second, these proteins detoxify excess copper. Just
as copper-containing proteins and enzymes are found in all
kingdoms of life, members of these groups of homeostatic
proteins are also widespread® and have been structurally and
biochemically characterized from eukaryotes and prokaryotes.

1.2. Scope

Understanding how copper is handled in the cell on the
molecular level requires knowing the folds of the key proteins
and the details of copper coordination, including specific
residues involved, location within the protein fold, and
metrical parameters. It is only with this information that
models for how copper istransferred from one site to another
can be formulated. In the past decade, the molecular
structures of numerous copper handling proteins or domains
thereof have been reported. Cataloging of these structures
in the literature has generally been confined to specific
organisms, pathways, or techniques.?*?2-% |n this review,
crystallographic, solution, and cryoelectron microscopic
structures of copper chaperones and membrane-bound copper
transporters from all kingdoms of life are surveyed in a
comprehensive fashion (Tables 1 and 2). Since X-ray
absorption spectroscopic (XAS) analyses have contributed
significantly to understanding copper coordination by these
proteins, these data are included as well. Most of the copper
handling proteins described here have been functionally
characterized, but function remains putative in some cases.
Two important aspects of copper homeostasis, copper
metalloregulatory proteins® and proteins involved in copper
delivery to the mitochondria,®* are addressed in other
contributions to this issue.

2. Overview of Copper Trafficking Pathways

2.1. Eukaryotic Systems

Copper is imported into eukaryotic cells as Cu(l) by
members of the Ctr copper transporter family (Figure 1).%
These membrane transporters, identified in yeast, plants,
humans, and other mammals, contain several methionine-
rich motifs at their N-termini and conserved cysteine and
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Table 1. Structures of Soluble Copper Trafficking Proteins

organism protein type resolution (A) PDB ref
Atx1-like Cu(l) Chaperones

yeast Hg(l1)-Atx1 X-ray 1.02 1CC8 81

apo-Atx1 (ox.) X-ray 12 1CC7 81

Cu(l)-Atx1 NMR 1FD8 86

apo-Atx1 (red) NMR 1FES 86

human Hg(ll)-Atox1 X-ray 175 1FE4 93

Cd(I1)-Atox1 X-ray 1.75 1FEO 93
Cu(l)-Atox1 X-ray 18 1FEE 93
Cu(l)-Atox1 NMR 1TL4 94
apo-Atox1 (red.) NMR 1TLS 94

E. hirae  apo-CopZ NMR 1CPZ 96

B. subtilis  Cu(l)-Copz NMR 1KoV 97
apo-CopZ NMR 1P8G 98

S sp. apo-ScAtx1 NMR 1SB6 102, 103

PCC6803

A. fulgidus CopzZ X-ray 1.78 2HU9 61
PcoC-like Copper Resistance Proteins

E. coli PcoC X-ray 15 1LYQ 150
P. syringae Cu(l)-CopC NMR INM4 155
Cu(ll)-CopC NMR 10T4 157
apo-CopC NMR 1M42 156

Cu(l)/(I1)-CopC  X-ray 1.60 2C9Q 158
Cu(l)/(11)-CopC  X-ray 2.25 2C9P 158

apo-CopC X-ray 2.00 2C9R 158
Cus Chaperones
E. coli Ag(l)-CusF X-ray 1.0 2QCP 162
X-ray 2.33 2VB3 163
Cu(l)-CusF X-ray 17 2VB2 163
apo-CusF X-ray 15 1ZEQ 161
CCS Chaperones
yeast apo-CCS X-ray 18 1QUP 168
apo-CCS/SOD  X-ray 2.90 1K9 173
human apo-CCS X-ray 2.75 1DO5 172

Table 2. Structures of Domains of Cu(l) Transporting Pys-type
AT Pases

organism protein type resolution (A) PDB  ref
Cu(l) Transporting ATPases

yeast Cu(l)-Ccc2a NMR 1FVS 118
apo-Ccc2a NMR 1FVQ 118
Atx1-Ccc2a NMR 2GGP 145

human apo-MNK4 NMR 1AWO0 120
Ag(l)-MNK4 NMR 2AW0 120
apo-MNK2 NMR 108L 121
apo-MNK2 NMR 1S60 122
Cu(l)-MNK2 NMR 1s6U 122
apo-MNK1 NMR 1KVl 123
Cu(l)-MNK1 NMR 1KVJ 123
apo-MNK3 NMR 2G90 124
Cu(l)-MNK3 NMR 2GA7 124
AB9P apo-MNK6 NMR 1YJR 126
AB9P Cu(l)-MNK6 NMR 1yJr 126
apo-MNK6 NMR 1YJu 126
Cu(l)-MNK6 NMR 1YV 126
apo-WLN56 NMR 2EW9 88
apo-WLN34 NMR 2ROP 128
WLN N dom. NMR 2ARF 129

B. subtilis apo-CopAb NMR IWwW 133
Cu(l)-CopAb NMR 1KQK 133
apo-CopAa NMR 10Q3 134
Cu(l)-CopAa NMR 10Q6 134
apo-CopAab NMR 1P6T 133
apo-CopAab NMR 2RML 135

A. fulgidus CopA A dom. X-ray 1.65 2HC8 140

CopA ATPBD X-ray 2.30 2B8E 136

histidine residues at their C-termini (Figure 2).1820%8 | nterest-
ingly, Ctr proteins can mediate the uptake of platinum
anticancer drugs.*** Once inside the cytosol, soluble Cu(l)-
binding proteins called copper chaperones deliver the copper
to target proteins via direct protein—protein interactions.?
It is not clear how the chaperones obtain their Cu(l) cargo,
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Figure 1. Copper trafficking pathways in humans.
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Figure 2. Overdl architecture of hCtrl.

but it may be through a direct interaction with the Ctr
transporters.®

The copper chaperones for superoxide dismutase (CCS)%*
deliver copper to the antioxidant enzyme Cu,Zn superoxide
dismutase (SOD1) (Figure 1).% Metalation of SOD1 occurs
primarily in the cytosol, but a small amount of SOD1 is
localized to the mitochondria intermembrane space if CCS
is also present in the intermembrane space.*” The Atx1-like
chaperones transfer Cu(l) to membrane-bound, metal trans-
porting Pig-type ATPases. The founding member of this
chaperone family, yeast Atx1, delivers Cu(l) to Ccc2 in the
trans-Golgi network.*® Ccc2 then transl ocates the copper into
secretory vesicles, where it isloaded into the enzyme Fet3.%°
The human homologue of Atx1, known as Hah1 or Atox1,%
delivers copper to the Menkes and Wilson disease ATPases
(also known as ATP7A and ATP7B, respectively) (Figure
1) for ultimate incorporation into ceruloplasmin. Fet3 and
ceruloplasmin are multicopper oxidases that play arole in
iron metabolism by catalyzing the oxidation of Fe(ll) to
Fe(l1l) at the plasma membrane.5! Ccc2 and the Menkes/
Wilson disease proteins belong to the P-type ATPase
superfamily of integral membrane proteins that couple the
energy of ATP hydrolysis to cation translocation across
membranes.5>%® The Cu(l) transporting Pis-type ATPases
consist of eight transmembrane (TM) helices, cytoplasmic
ATP binding (ATPBD, composed of N and P domains) and
actuator domains (A domain), and N-terminal soluble metal
binding domains (MBDs) (Figure 3). The number of MBDs
varies, ranging from two in Ccc2 to six in the Menkes/Wilson
disease proteins. 5%

2.2. Prokaryotic Systems

In contrast to eukaryotes, most bacterial copper proteins
are housed in the plasma membrane (Gram-positive bacteria)
or plasma membrane and periplasm (Gram-negative bacteria)
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Figure 3. Overal architecture of Cu(l) Pis-type ATPases. The
number of MBDs at the N-terminus ranges from one to six,
depending on the organism.
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Figure 4. Copper trafficking pathwaysin bacteria. CopA ATPases
are found in both Gram-positive and Gram-negative (shown here)
bacteria. A CopZ homologueis not found in E. coli but isfound in
the Gram-positive bacteria B. subtilis and E. hirae. The Pco (also
known as Cop) and Cus systems are specific to Gram-negative
bacteria.

rather than the cytoplasm.?*5"%8 Specific importers analogous
to the eukaryotic Ctr proteins have not been identified.
Bacteria also lack homologues to CCS; SOD1 is found in
the periplasm of Gram-negative bacteria rather than the
cytoplasm. The Cu(l) Pig-type ATPases are widespread in
prokaryotes, however. In E. coli, the CopA ATPase exports
Cu(l) from the cytoplasm to the periplasm (Figure 4).%°
Gram-positive bacteria such as Bacillus subtilis and Entero-
coccus hirae also utilize Cu(l) transporting ATPases. In B.
subtilis, CopA effluxes Cu(l) from the cytoplasm,®® whereas,
in E. hirae, CopA is suggested to import Cu(l).° All of these
CopA proteins contain two MBDs. Both B. subtilis and E.
hirae possess Atx1-like cytoplasmic chaperones, designated
CopZ and proposed to deliver Cu(l) to CopA.2%® A CopZ
homologue has not been identified in E. coli. A similar
system has been characterized in Archaeoglobus fulgidus, a
hyperthermophilic archaeon. CopA from A. fulgidus exports
Cu(l) and contains one N-terminal and one C-termina MBD,
rather than two N-terminal MBDs. The A. fulgidus CopZ is
also unusual in that it contains an additional 130 amino acids

Chemical Reviews, 2009, Vol. 109, No. 10 4763

CtaA ( _. : cytoplasm
cu(){

W~ Cul) —

ScAtx1

e A

3¢ C”(')'@:}—'
38 pacs

Figure 5. Copper trafficking pathways in the cyanobacterium
Synechocystis PCC 6803.

fused to the N-terminus of its 70 residue Atx1-like domain
(Copz-CT).*

Two additional copper handling systems have been identi-
fied in Gram-negative bacteria. The E. coli Cus system
removes copper from the periplasm (Figure 4).5’ Four
proteins are involved: the inner membrane pump CusA, the
periplasmic proteins CusB and CusF, and the outer mem-
brane protein CusC.%? Strains of E. coli, Pseudomonas
syringae, and Xanthomonas campestrisisolated from copper-
rich environments also possess plasmid-encoded systems
involved in copper resistance.>” The E. coli plasmid-encoded
proteins include the multicopper oxidase PcoA, the outer
membrane protein PcoB, the periplasmic proteins PcoC and
PcoE, and the inner membrane protein PcoD (Figure 4).5
The homologous proteins from P. syringae are denoted
CopABCD.% There is no P. syringae counterpart to E. coli
PcoE, and it should be noted that this CopA is a multicopper
oxidase, not a Cu(l) transporting ATPase like all other CopA
proteins discussed here.

Cyanobacteria represent one exception to the paradigm that
copper proteins are not found in the bacterial cytoplasm.
These bacteria are photosynthetic and require copper for
plastocyanin, which plays acritical role in the photosynthetic
electron transport chain.® Plastocyanin and cytochrome ¢
oxidase are found in thylakoid compartments within the
cytoplasm, necessitating a supply of copper to the cytoplasm.
In Synechocystis PCC 6803, the Cu(l) Pis-ATPase CtaA
imports Cu(l). A second ATPase, PacS, imports Cu(l) into
the thylakoid, and the Atx1-like copper chaperone ScAtx1
is believed to deliver Cu(l) from CtaA to PacS (Figure 5).5¢
CtaA and PacS each have a single MBD.

3. Ctr Transporters

Ctr transporters are the only known system for cellular
copper uptake in eukaryotes. Although Ctr proteins have been
identified in a wide range of organisms,*® very little informa-
tion regarding their structure and mechanism is available.
The most well studied homologues are the human (hCtrl)
and yeast (yCtrl) transporters.224267 Only hCtrl has been
structurally characterized.® hCtrl is a 23 kDa, 190 amino
acid protein that is localized to the plasma and vesicular
membranes in most tissue types.®~7° All Ctr monomers are
predicted to contain three transmembrane o-helices, and
oligomerization is required for function.%*""2 The N-
terminus of the protein is extracellular, and the C-terminus



Downloaded by BROWN UNIV on October 17, 2009 | http://pubs.acs.org
Publication Date (Web): July 15, 2009 | doi: 10.1021/cr900104z

4764 Chemical Reviews, 2009, Vol. 109, No. 10

resides in the cytoplasm.™ Methionine-rich motifs have been
identified in the N-terminus of hCtrl, as well as in trans-
membrane helix 2 (TM2) (Figure 2).°%® These motifs are
implicated in modulating the affinity for copper and the rate
of transport by hCtr1.”>7 Conserved cysteine and histidine
residues are also present in the C-terminal domain (Figure
2).™ The mechanism of transport in these proteins is likely
passive, since their function is unaffected by metabolic
inhibitors.%° The concomitant requirement in yeast for plasma
membrane metalloreductases indicates that the substrate for
Ctr transporters is likely Cu(l) rather than Cu(ll). Finaly,
Ctr proteins have recently been implicated in cellular uptake
of the anticancer drug cisplatin.*®

3.1. Human Ctr1

A 6 A resolution projection structure of human Ctrl
(hCtrl) has been determined by cryoelectron microscopy.
A variant protein, mutated to eliminate a glycosylation site
(Asn15GIn) that is not required for transport function, tagged
at the N-terminus with hemagglutinin, and heterologously
expressed in Pichia pastoris, was used.” This hCtrl variant
adopts two distinct oligomeric states, of which the larger
formed two-dimensional crystals that displayed hexagonal
packing, consistent with trimer formation. Cryoelectron
microscopy analysis confirmed this quaternary structure
assignment and revealed a~9 A diameter hole at the 3-fold
axis, consistent with the proposal that the copper trandocation
pathway is located at the center of the trimer. In addition,
the hCtrl variant employed in this study crystallized in a
double-layered configuration, resulting in dimers of trimers.
The physiological significance of this phenomenon is un-
known. The overall architecture of hCtrl lies somewhere
between that of atraditional monomeric transporter and that
of channels,® which are generally tetrameric.”™

The three-dimensional structure of hCtr1 was then deter-
mined from the same system to an in plane resolution of 7
A.7 From this structure, TM2 was identified as the pore-
lining helix, and functionally important methionine residues
at its extracellular end were shown to be in close proximity
within the trimer. Complementary metal analysis and ex-
tended X-ray absorption fine structure (EXAFS) dataindicate
the presence of two Cu(l) sites, ligated by three sulfur donors.
These ligands were proposed to be three symmetry-related
methionines and cysteines derived from N-terminal MPM
motifs, MXsM motifsin TM2, and C-terminal HCH motifs.
Interestingly, removal of the cysteine residues did not affect
the Cu(l) stoichiometry but resulted in nitrogen coordination,
presumably from the flanking histidines. On the basis of these
data, a pathway through the pore involving Cu(l) exchange
between three-coordinate sites was proposed.

3.2. Yeast Ctr1

The C-terminal soluble domain in yeast Ctrl (yCtrl) is
larger than that found in hCtrl (125 amino acids versus 11
residues).’” Whereas the hCtr1 C-terminal domain contains
only one cysteine residue that is not essential for copper
uptake,” the yCtrl C-terminus contains six cysteines. The
shorter mammalian Ctrl variants can complement yCtrl
knockouts,”” but the presence of a longer cysteine rich
C-terminal tail is implicated in modulating the cellular
response to excess copper inside the cell.”® Furthermore, the
isolated 126 residue C-terminusis capable of delivering Cu(l)
to the Atx1 copper chaperone in vitro.”™

Boal and Rosenzweig

Spectroscopic studies provide some insight into the explicit
mode of Cu(l) interaction with the C-terminus of yCtr1.4
The intensities of optical features associated with Cu—S
charge transfer bands increase upon addition of up to four
equivaents of Cu(l), and this apparent stoichiometry is
altered upon mutagenesis of four of the cysteine residues.
EXAFS data are consistent with the presence of three-
coordinate Cu(l) with al thiolate ligands. Two major features
are observed in the Fourier transforms, one best fit with three
Cu—S interactions at 2.25 A and the second fit with two
different Cu—Cu interactions at 2.72 and 2.90 A. Weaker
features at 3.7 A are also present, and the data are overall
consistent with the presence of a tetranuclear Cu(l)4(u-S
Cys)e cluster. The spectra are very similar to those reported
for the regulatory domains of the yeast copper-responsive
transcription factors Macl and Acel, both proposed to
contain tetranuclear Cu(l) clusters.®

4. Atx1-like Chaperones

The Atx1-like family of copper chaperones is highly
conserved with members present in a wide variety of
organisms ranging from bacteria to higher eukaryotes.?®5¢
These proteins are essential for delivery of Cu(l) to the
secretory pathway in eukaryotes® and for copper detoxifi-
cation in prokaryotes.® Most Atx1l homologues are ~70
amino acid proteins containing a conserved CXXC motif for
metal binding. This motif isaso found in the MBDs of Cu(l)
transporting Pig-ATPases.?% A wealth of structural infor-
mation is available for many different members of thisfamily
(Table 1), leading to the devel opment of specific models for
chaperone-mediated metal transfer.

4.1. Yeast Atx1

The yeast Atx1 homologue has been the subject of detailed
structural studies (Table 1). Atx1 from S. cerevisiaeisa 73
amino acid protein that delivers Cu(l) to the Ccc2 ATPase
in the secretory pathway.*® High resolution X-ray structures
have been determined for the Hg(l1)-bound and apo forms.
Structures of Cu(l)-loaded and apo Atx1 have also been
determined by NMR spectroscopy, and the coordination
environment of Cu(l)-bound Atx1 has been probed by XAS.

4.1.1. Hg(ll)-Atx1 Crystal Structure

The Hg(I1)-Atx1 structure was the first X-ray structure of
an Atx1-like chaperone. The structure shows that metal-
bound Atx1 adopts a fap0o5 overal fold in which the
strands form an antiparallel sheet.®* The two o helices lie
on one side of this sheet. This fold is termed ferredoxin-
like®?? and is found in a number of other metalloproteins,
including MerP, an Atx1-like protein involved in Hg(ll)
handling.838* The CXXC motif is located in the loop
connecting 8 strand 1 and o helix 1. The Hg(ll) ion is
coordinated by the two cysteine residues (Cysl15 and Cysl18)
at distances of 2.33—2.34 A. The geometry is nearly linear
with a S—Hg—S angle of 167°. The metal binding site is
relatively exposed at the protein surface, an important feature
for docking with and metal transfer to partner proteins. Also
in close proximity to the metal binding site are the side chains
of Thrl4 and Lys65. Residue Lys65, which is a phenylala-
nine or proline in the Cu(l) ATPase MBDs, was proposed
to modulate metal transfer, and additional surface lysine
residues form a positively charged patch for interaction with
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Figure 6. Solution structure of Cu(l)-Atx1 (PDB accession code
1FD8). The Cu(l) ion is shown as a gray sphere, and the two
coordinating cysteine residues are shown as sticks.

the partner MBDs from Ccc2. Mutagenesis data support
functional roles for these lysine residues.®

4.1.2. Apo-Atx1 (Oxidized) Crystal Structure

The structure of the apo form of Atx1 in which the CXXC
cysteines form a disulfide bond has been determined to 1.2
A resolution.®! The biological relevance of this oxidized form
isnot clear, but the structure provides information about the
flexibility of the metal binding region of Atx1. Comparison
of the Hg(I1)-bound and apo-Atx1 structures reveals that both
proteins adopt the same fold. In the apo structure, the Cys15
Ca atom is displaced 4 A from its position in the Hg(l1)-
bound structure to allow for participation in a disulfide bond
with Cys18. This shift translates to changes in the position
of the metal binding loop between residues 14 and 18
whereas the remainder of the structure is unaltered. Thus,
metal binding likely does not induce large-scale conforma-
tional changes.

4.1.3. Cu(l)-Atx1 NMR Structure

The solution structure of Cu(l)-Atx1 exhibits the same
overal fold (BafpopB) as that observed in the crysta
structures of Hg(l1)-Atx1 and oxidized apo-Atx1.8 The Cu(l)
ion is coordinated by Cysl5 and Cysl8 with a S—Cu—S
angle of 120° + 40° (Figure 6). This spread in the bond
angle could be the result of the diversity of geometries
present in the NMR ensemble. In general, it should be noted
that solution structures of the Cu(l)-loaded proteins and
domains represent models that are consistent with the NMR
ensembles; the Cu(l) ions are not detected directly. Solvent
accessibility calculations indicate that Cysl8 is relatively
buried while Cysl15 is more solvent exposed. The side chain
of Lys65 is close to the sulfur atom of Cysl5, whereas, in
the Hg(I1)-Atx1 crystal structure, this side chain is closer to
Cys18. The Cu(l) ion in this solution structure is less exposed
than the Hg(l1) ion in the crystal structure.

4.1.4. Apo-Atx1 (Reduced) NMR Structure

The absence of Cu(l) in the apo reduced solution structure
of Atx1 resultsin an opening of the structure in the vicinity
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of the metal binding site that is accomplished via subtle
translational movements of secondary structure elements.
The region surrounding the metal binding site (residues
13—33) displays the largest backbone root mean sgquared
deviation (rmsd) values in the ensemble of apo structures,
consistent with the idea that this region is conformationally
flexible.®! Very dramatic differences are observed in the
coordinating cysteine residues between the Cu(l)- and apo-
Atx1 solution structures, although the large backbone devia-
tions in the apo protein ensemble must be considered. In
particular, Cysl5 flips over to face the exterior of the protein
and Cys18 becomes much more solvent accessible, further
underscoring the malleability of the metal binding region.

4.1.5. Cu(l)-Atx1 Spectroscopy

The Cu X-ray absorption near edge spectrum (XANES)
of copper-loaded Atx1 exhibits a 8984 eV transition feature
diagnostic of Cu(l) and no features attributable to Cu(ll).*
The XANES data are most consistent with a trigonal
coordination environment. Copper-loaded Atx1 is EPR silent
at 77 K, confirming the absence of Cu(ll). The EXAFS data
for Cu(l)-Atx1 were best fit with two sulfur ligands at a
Cu—S distance of 2.25 A and an additional sulfur at 2.40
A %8 By contrast, EXAFS and '**Hg NMR studies of Hg(l1)-
Atx1 indicate the presence of a two-coordinate mercury
thiolate complex. These spectroscopic data are consistent
with the Atx1 structural data, although the identity of the
third ligand detected by EXAFS remains unresolved. Possible
candidates for this ligand include an exogenous thiol or a
cysteine residue from a second protein molecule.

4.2. Human Atox1

The human Atx1 homologue, Atox1 or Hahl, is a 68
amino acid protein. Its function as a Cu(l) chaperone has
been demonstrated by complementation studies in yeast.®’
Atox1 can bind and transfer Cu(l) to the N-terminal MBDs
of the Wilson and Menkes ATPases.® % Both X-ray and
NMR structures are available for Atox1 (Table 1).

4.2.1. Hg(ll)-Atox1 Crystal Structure

Hg(l1)-Atox1 crystallizes as a dimer, with the two mono-
mers linked by the Hg(I1) binding site.** The monomers each
adopt the canonical foSpap structure observed for yeast
Atx1 and are nearly identical to each other with a ~0.5 A
rmsd observed for the Ca coordinates. The Hg(ll) ion is
coordinated by two cysteines from one monomer and one
cysteine from the second monomer in a distorted tetrahedral
fashion with Hg—S bond lengths of 2.3 A (Cysl12A), 2.5 A
(Cys12B), and 2.5 A (Cys15A). The sulfur from the fourth
cysteine, Cysl5B, is 2.8 A from the Hg(l1) ion, a distance
too long for a covalent bond. The presence of an extended
intermolecular hydrogen bonding network in the vicinity of
the metal binding site suggests a mechanism for stabilization
of both the three coordinate metal binding site and the
protein—protein complex as whole during dimer formation.
The capacity for metal-mediated dimerization, in general,
suggests a mechanism for partner recognition and metal
transfer.

4.2.2. Cd(ll)-Atox1 Crystal Structure

The structure of Cd(I1)-Atox1 also revealed a metal-
bridged dimer.®® The Cd(ll) ion is ligated by four cysteine
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Figure 7. Crystal structure of Cu(l)-Atox1 (PDB accession code
1FEE). The two monomers are shown in dark blue and cyan, and
the Cu(l) ion is shown as a gray sphere. Coordinating cysteine
residues and adjacent lysine residues are shown as sticks.

»—S SH

s, S
/ cu) / Cu(l) \

©" ”\j ‘@
5D 3 “‘iu;;’f
ot =)

Flgure 8. Proposed mechanism of Cu(l) transfer between an Atx1-
like chaperone and a N-terminal MBD of a Cu(l) P;g-type ATPase.

residues in a tetrahedral geometry with bond distances of
2.4 A for Cysl12A and Cysl12B and 2.5 A for Cys15A and
Cysl5B. As with the Hg(ll)-Atox1 structure, the two
monomers are nearly identical in structure.

4.2.3. Cu(l)-Atox1 Crystal Structure

Crystallization of Cu(l)-Atox1 required strict anaerobic
conditions, and the structure is the only X-ray structure of
an Atx1-like chaperone in the presence of the physiological
substrate.®® Similar to the Hg(l1)-Atox1 structure, two Atox1
molecules are coordinated to a single Cu(l) ion via three
cysteine residues in a distorted tetrahedral configuration
(Figure 7). The Cu—S distances are 2.3 A for Cysl2A,
Cysl5A, and Cysl2B, and 2.4 A for Cysl15B (could be
beyond covalent bonding range). This coordination environ-
ment is consistent with the EXAFS data for yeast Atx1.% In
all three Atox1 structures, an extended hydrogen bonding
network in the vicinity of the metal binding site holds the
two monomers together. Residue Lys60 (equivalent to Lys65
in yeast Atx1) interacts with the cysteine ligands via a water
molecule and might counterbal ance the negative charge from
the two cysteinates. Collectively, the Atox1 crystal structures
suggest that a direct metal transfer mechanism between
CXXC motifs on an Atx1-like chaperone and its target
MBD“ is possible (Figure 8). Specifically, the Hg(l1)- and
Cu(ll)-Atox1 structures provide models for transfer inter-
mediates and suggest that the second cysteine in the CXXC
motif (Cysl5 in Atox1) is important in forming an initial
three-coordinate intermediate because it is located on a
flexible loop whereas the first cysteine (Cysl2 in Atox1) is
located on a more rigid o helix.*®
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4.2.4. Apo and Cu(l)-Atox1 NMR Structures

The solution structures of apo and Cu(l)-Atox1 are very
similar to the crystal structures.® Both monomeric and
dimeric forms of Atox1 could be detected in solution. Most
of the conformational changes upon Cu(l) binding are
localized to the metal binding loop. In contrast to the case
for Atx1,2° only one of the cysteines in the metal binding
motif (Cysl2) deviates from its Cu(l)-bound position in the
apo protein. Residue Lys60 shifts upon Cu(l) binding so that
the positively charged side chain is oriented toward the metal
binding site, consistent with arole in stabilizing the overall
negative charge on the copper ion in two- and three-
coordinate Cu(l)-thiolate complexes.®!

4.2.5. Atox1 Spectroscopy

XAS studies of Atox1 confirm that it binds Cu(1).%® To
determine whether exogenous ligands can coordinate Atox1-
bound Cu(l), EXAFS data were collected in the presence
and absence of various reductants. For Cu(l)-Atox1 prepared
in the absence of reductant, the EXAFS spectrum resembles
that of linear, two-coordinate S—Cu—S model complexes
and is best fit with two Cu—S distances of 2.16 A. Addition
of exogenous thiols such as glutathione and dithiothreitol
(DTT) during copper loading followed by dialysis did not
result in the presence of a third ligand. Addition of
tris(carboxyethyl)phosphine results in spectratypical of three-
coordinate Cu-S/P complexes, however. Exogenous thiols
added in vast excess (25x) did result in deviations from two-
coordinate geometry. These data support the conclusions
drawn from the structural studies: Atx1-like chaperones bind
Cu(l) via sulfur ligands in flexible two- or three-coordinate
geometries and can likely accommodate additional ligands
from small molecules or other proteins.

4.3. Bacterial Atx1 Homologues

The best studied bacterial Atx1 homologues are B. subtilis
CopZ and E. hirae CopZ (Table 1).2%° For the B. subtilis
system, it has been shown that CopZ interacts with CopA
in vivo and that its deletion results in increased copper
sengitivity and decreased copper accumulation.® The E. hirae
CopZ is suggested to interact not only with CopA but also
with the copper-responsive transcription factor CopY .2

4.3.1. E. hirae Apo and Cu(l)-CopZ NMR Structures

CopZ from E. hiraeis a 68 amino acid protein containing
the conserved CXXC motif also present in eukaryotic Atx1
homologues. The NMR structure of E. hirae apo CopZ
reveals a well-defined (backbone atom rmsd < 0.5 A)
Boppas structure.®® As observed with the eukaryotic apo
Atx1-like proteins, the regions of greatest conformational
flexibility are localized to the metal binding loop and the
N-terminus. Also of note are clusters of positively and
negatively charged residues on opposite sides of the protein,
suggested to facilitate interactions with different protein
partners. Binding of Cu(l) elicits changes in the loop and a
helix that house the copper binding site, consistent with what
is observed in the eukaryotic Atx1-like chaperone structures.
A loss of resonances was observed for Cysll and Cysl4
upon Cu(l) binding so the coordination environment could
not be determined from this study. Interestingly, measure-
ment of the T4/T, relaxation times indicates that E. hirae
Cu(1)-CopzZ displays decreased rotational tumbling when
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compared to apo CopZ, indicating the presence of oligomers
or aggregates upon Cu(l) binding.

4.3.2. B. subtilis Apo and Cu(l)-CopZ NMR Structures

The 73 residue B. subtilis CopZ also adopts a faspfaS
fold in the presence and absence of Cu(l).>"*® Comparison
of the apo and Cu(l) structures reveals differences in the
vicinity of the Cu(l) binding site. In the reduced apo CopZ
structure, few NOEs are observed for the loop and first a
helix encompassing the cysteine ligands to Cu(l).% A similar
phenomenon was observed in the reduced apo yeast Atx1
solution structure and was attributed to increased flexibility
or dynamics at that site.® Notably, the opposite effect is
observed for the E. hirae CopZ structures. In the absence of
copper, the metal binding region is well-defined, whereas,
in the presence of copper, resonances for the key residues
are not observed.%

In the Cu(l)-CopZ structure, the Cu(l) ion is coordinated
by Cysl13 and Cysl6 with a 115° 4+ 26° S—Cu—S bond
angle.%” As for the yeast Cu(l)-Atx1 solution structure, this
valueisindicative of a distorted tetrahedral copper coordina-
tion environment possibly achieved via an exogenous third
ligand. Also of interest in this variant is the presence of a
histidine residue, Hisl5, near the metal binding site. The
orientation of the histidine side chain precludes interaction
with copper, however. Residues Tyr65 and Met1l undergo
dramatic environmental changes when comparing the apo
and Cu(l) loaded CopZ structures, becoming more solvent
accessible. Tyr65 is the equivalent residue to the lysine
adjacent to the Cu(l) site in the eukaryotic Atx homologues
(Figure 7). Similar to E. hirae CopZ, B. subtilis CopZ
displays a cluster of positively charged residues on the face
of the protein housing the Cu(l) site.

4.3.3. B. subtilis and E. hirae CopZ Spectroscopy

EXAFS data have been reported for E. hirae CopZ bound
to Cu(l) and Ag(l). The EXAFS for Cu(l)-CopZ are best fit
by a three-coordinate al sulfur ligand system with Cu—S
distances of 2.24 A for al three ligands.*® The identity of
thethird ligand is unclear because the samples were prepared
in sulfur-free buffers. The Ag(l)-CopZ data are best fit with
two sulfur ligands with Ag—S distances of 2.39 A. In the
case of B. subtilis Cu(l)-CopZ, samples reduced with DTT
exhibit spectratypical of three-coordinate sulfur ligation with
Cu—S distances of 2.25 A. The third ligand is assigned to
DTT.X® When Cu(l)-CopZ is reduced by ascorbate, oxygen
atoms are evident in thefirst Cu(l) coordination shell aswell
as a heavy atom scatterer consistent with formation of an
oxygen-bridged dicopper cluster that might be formed upon
dimerization of two CopZ molecules. Similar types of
spectral features are observed upon addition of acetate or
citrate.

4.4. Cyanobacterial Atx1-like Chaperones

The 64 amino acid Atx1 homologue from Synechocystis
PCC 6803 (ScAtx1) interacts with the PacS and CtaA
ATPases, as demonstrated by a bacterial two-hybrid assay,
and delivers copper to PacS. Genetic deletion studiesindicate
that ScAtx1 plays a role in the switch from using iron in
cytochrome cg to using copper in plastocyanin for photo-
synthetic electron transport.’®* The structure of ScAtx1 has
been investigated via NMR (Table 1) and XAS spectroscopies.
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4.4.1. Apo and Cu(l)-ScAtx1 NMR Structures

The solution structures of apo and Cu(l)-ScAtx1 exhibit
a papfpo overal fold, similar to that observed for all other
Atx1-like structures. ScAtx1 is unique, however, in that it
is missing the last 8 strand.1?21% Apo-ScAtx1 has a rigid
structure with low backbone rmsd values, except in the
vicinity of the CXXC motif, and appears to be a monomer.
The Cu(l) coordination is unusual in Cu(l)-ScAtxl. A
histidine residue, His61, coordinates the Cu(l) along with
the two cysteines from the CXXC motif. The chemical shift
values of the His61 nitrogen atoms are consistent with the
presence of a Cu—N bond. Residue His61 corresponds to
Tyr65 in the bacterial CopZ homologues and to the conserved
lysine residue in eukaryotic Atx1 chaperones (Figure 7). The
conformational state of His6l does not change when
comparing the apo and Cu(l)-bound structures.

Relaxation and correlation time measurements indicate that
Cu(l)-ScAtx1 forms a symmetric dimer that can be converted
to monomers upon addition of DTT.1 Structural models
constrained by bond lengths determined by EXAFS support
a histidine- or cysteine-linked structure in which the ligand
from one subunit coordinates the Cu(l) ion from the second
subunit and vice versa. The two Cu(l) ions in these models
maintain a relatively long interatomic distance of 5.5—6 A.
The two models result in identical structures for the
monomers but different orientations of the monomers with
respect to each other.

4.4.2. Cu(l)-ScAtx1 Spectroscopy

Cu(l)-ScAtx1 EXAFS data confirm the presence of Cu(l)
in the metal binding site.l®? The EXAFS are best fit with a
three-coordinate 2S/1IN environment with bond lengths of
2.24 A and 1.93 A, respectively. Multiple scattering con-
sistent with histidine ligation is observed, and there is no
evidence for a short Cu—Cu interaction.

4.5. Archaeal Atx1-like Chaperones

A putative CopZ chaperone was identified in the Archaeo-
globus fulgidus genome.®* The 69 amino acid Atx1-like
domain in A. fulgidus CopZ is preceded by an N-terminal
130 residue domain containing nine conserved cysteine
residues and homologous to a class of uncharacterized
archaeal proteins. A. fulgidus is the only known organism
with a sequenced genome in which these two proteins are
linked, however. The crystal structure of the N-terminal
domain of A. fulgidus CopZ (CopZ-NT) (Table 1) reveals
the presence of additional metal binding sites.

4.5.1. A. fulgidus CopZ Crystal Structure

The structure of CopZ-NT was determined by X-ray
crystallography, and a homology model for the C-terminal
Atx1-like domain (CopZ-CT) was generated.5* The CopZ-
CT model has a negatively charged surface patch. CopZ-
NT exhibits a novel fold composed of two domains, one
containing amononuclear Zn(I1) site and the other containing
a [2Fe-29] cluster. The N-terminal domain of CopZ-NT
adopts a Saopppo fold with the Zn(l1) ion coordinated
tetrahedrally by four cysteine residues derived from the loops
connecting the 5 strands. The Zn(ll) ion is likely structural,
although it is possible that the physiological meta ion is
iron. The C-terminal domain of CopZ-NT is composed
entirely of o helices. The [2Fe-25] cluster found in this
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domain is coordinated by four cysteine residues located in
the loops connecting the helices.

4.5.2. A. fulgidus CopZ Spectroscopy

CopZ-NT exhibits optical spectroscopic features typical
of [2Fe-2S] cluster proteins.®* These features disappear upon
reduction with dithionite. EXAFS data confirm the presence
of a[2Fe-29] cluster that is partially reduced in the presence
of dithionite. The EPR spectrum of reduced CopZ-NT
exhibits two types of signals, of which one is unusual for a
[2Fe-2S] " cluster, and the spin state of the cluster could not
be established. The EPR spectra are atered in various
cysteine mutants as well as in a sample that was cryoreduced
by y-irradiation. The presence of a redox-active [2Fe-2S]
cluster in CopZ-NT could confer upon it the ability to reduce
Cu(ll). CopZ-NT and CopZ-CT each bind one equivalent
of Cu(l), although no copper was detected in the CopZ-NT
crystal structure. Reduced CopZ-NT can indeed reduce Cu(l 1)
to Cu(l), and one possibility is that Cu(ll) binds near the
[2Fe-29] cluster, isreduced, and then istransferred to CopZ-
CT Eor subsequent delivery to CopA and efflux from the
cell 1

5. Copper Transporting ATPases

Organisms from all kingdoms of life employ Pis-type
ATPases to transport copper ions across membranes.>* In
prokaryotes, Cu(l) ATPases are used primarily to export
excess copper from the cell, with the exception of cyano-
bacteria that employ these pumps to shuttle copper into the
thylakoids.% In eukaryotes, Cu(l) ATPases both efflux excess
copper and shuttle copper to the secretory pathway for
incorporation into enzymes. Mutations in the human Cu(l)
Pig-ATPases, ATP7A and ATP7B, lead to the copper
metabolic disorders Menkes syndrome and Wilson disease,
respectively.l’ The Cu(l) ATPases consist of eight TM
helices, an ATPBD that comprises a nucleotide binding
domain (N domain), and a phosphorylation domain (P
domain) containing an invariant DKTGT sequence that
becomes phosphorylated at the aspartate residue during the
ATP hydrolysis cycle.!® An A-domain, a key link in
coupling nucleotide hydrolysisto ion transport, is aso present
(Figure 3). The most structurally well characterized P-type
ATPase is the eukaryotic sarcoplasmic reticulum P,-type
Ca(ll) ATPase (SERCA1).1%57197 Crystal structures of SER-
CA1 have provided much insight into the molecular mech-
anisms of ion transport. SERCA1 and the Cu(l) specific Pyg-
ATPases are sufficiently dissimilar that homology modeling
is not adequate to understand the mechanism of copper
transport by P;g-ATPases. In particular, the Pig-type ATPases
contain two fewer TM helices, putative copper coordination
sites in the TM region, and soluble MBDs located at the
termini.

The Cu(l) binding sites responsible for metal coordination
during transport likely involve a cysteine-containing sequence
motif (CPC) in TM6 (Figure 3) as well as other key residues
in TM7 and TM8. The N-termini comprise one to six MBDs
that contain conserved CX X C metal binding sequences, 525356108
The human Wilson (WLN) and Menkes (MNK) disease
proteins contain six N-terminal MBDs, the Drosophila
melanogaster homologue contains four N-terminal MBDs,
the S cerevisiae and E. coli homologues each contain two
N-terminal MBDs, and the A. fulgidus homologue has one
N-terminal MBD and one C-terminal MBD. Most bacterial
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Cu(l) ATPases contain one or two MBDs. The MBDsreceive
copper ions from metallochaperones,®¥” participate in
ATPase regulation,'® and facilitate intracellular relocaliza-
tion.*® A direct role in Cu(l) delivery to the TM sites has
not been established, and in the case of A. fulgidus CopA,
the CopZ chaperone transfers Cu(l) directly to the TM site.**
In the absence of copper, the six Wilson disease protein
MBDs interact with the ATPBD.?> A large amount of
genetic, biochemical, and biophysical data suggest that the
six MBDs in the human proteins have distinct func-
tiong®8:°0.110.113-116 that may be related to their copper binding
properties and/or ability to interact with Atox1.%> High
resolution structura information is not available for any Pjg-
ATPase in its entirety, although many structures have been
determined of isolated soluble domains from various organ-
isms (Table 2).

5.1. Yeast Ccc2 Cu(l) ATPase

The yeast Cu(l) ATPase Ccc2 has two N-terminal soluble
MBDs, both of which have been structurally characterized
asisolated unitsin solution. These MBDs have a high degree
of sequence similarity to the yeast copper chaperone, Atx1.
The two regions of Atx1 homology are separated by a short
linker (six amino acids). The solution structure of the
N-terminal MBD (Ccc28) has been determined, and a
polypeptide containing both MBDs (Ccc2ab) has been
investigated (Table 2).

5.1.1. Apo and Cu(l)-Ccc2a NMR Structures

NMR structures have been determined for Ccc2a in both
the Cu(l)-loaded and apo forms.*® As anticipated from its
sequence homology to Atx1-like chaperones, Ccc2a assumes
afappop structure regardless of metal loading. The Cu(l)
ionisligated by the CXXC motif. The S—Cu—Sbond angle,
without imposing rigid geometric constraints, is calculated
to be 119° 4 29°, although a linear geometry could also be
refined. As with the other Atx1-like domain structures, this
finding indicates that the Cu(l) binding site may accom-
modate diverse coordination geometries. Comparison to Atx1
reveals subtle differences in secondary structure that render
the Cu(l) site more exposed in Ccc2a. Residue Phe64, which
is equivalent to Lys65 in Atx1, may stabilize the metal
binding loop. A negatively charged surface patch near the
metal binding loop is complementary to the positively
charged surface observed on Atx1.8! The most significant
deviations between apo and Cu(l)-Ccc2a occur within the
metal binding pocket.'® One of the Cu(l) ligands, Cysl16,
retains its conformation in both the apo and Cu(l)-bound
forms whereas Cysl3 flips away from the interior of the
protein and becomes significantly more solvent exposed in
the apo structure. Residue Metll, not involved in Cu(l)
coordination, also shows significant chemical shift changes
upon copper binding, although the orientation of the side
chain does not change. This methionine interacts with
conserved residues |1€20, Leu37, and Phe64, which together
form a hydrophobic pocket surrounding the Cu(l) site.

5.1.2. Ccc2ab NMR Data

An attempt to determine the NMR structure of Ccc2ab,
which includes both MBDs, reveal s that the overall structure
of the first domain (Ccc2a) is not greatly altered by the
presence of the second domain (Ccc2b).!® The second
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domain itself, however, is not well folded, consistent with
the observation that only the first domain in this polypeptide
readily binds Cu(l). Refolding of Ccc2ab in vitro for these
experiments likely explains these results, but it may be that
individual MBDs have different dynamic properties or
require interaction with other soluble or transmembrane
domains to assume the proper fold and function.

5.2. Human Cu(l) ATPases

Humans contain two Cu(l) specific Pig-ATPases, ATP7A
or MNK and ATP7B or WLN. Both ATPases contain six
N-terminal MBDs. NMR structures have been solved for
nearly all the MBDs, either individually or as small multi-
domain constructs. In addition, the NMR structure of the
ATPBD from the Wilson protein has been determined (Table
2).

5.2.1. Apo and Ag(l)-MNK4 NMR Structures

The solution structure of the fourth MBD from the Menkes
protein (MNK4) was the first structure of an Atx1-like
domain and was determined in the apo and Ag(l)-bound
forms.*® The apo structure exhibits the same ferredoxin-
like fold as al the Atx1-like proteins and is well-defined
except for the metal binding region. The Ag(l)-bound form,
used as a Cu(l) mimic to improve stability, is similar to the
apo form. The orientation of the cysteine ligands in the
CXXC motif is such that the S atoms are 4.8 A apart and
typical of alinear, two-coordinate S—Ag—S geometry. The
Ag(l) binding site is bordered by the Thr13 and Ser16 side
chains, small groups that may help sterically define the metal
ion binding pocket. As observed in the Ccc2a structure,
conserved hydrophobic residues I1e21, Phe66, and Leu38
engage in packing interactions with residues in the metal-
binding loop that may define its structure. Residues Gly11
and Met12, also highly conserved, could further constrain
the loop position.

5.2.2. Apo and Cu(l)-MNK2 NMR Structures

The solution structure of the second MBD from the
Menkes protein (MNK2) has been reported by two different
groups.*?*1?2 Both structures show that MNK2 resembles
other MBDs and Cu(l) chaperones in overall fold and the
location of the CXXC site on a solvent exposed loop (Figure
9). Upon copper hinding, the most significant chemical shift
deviations and conformational changes are localized to the
metal-binding loop. Of the two cysteines involved in Cu(l)
coordination, the N-terminal Cys20 residue undergoes the
most drastic changes in signal intensity, indicating that it
likely adopts a much more defined conformation in the metal-
bound state. The second ligand, Cys23, remains nearly
identical in chemical shift values and signal intensities. The
angle calculated between the Cu(l) atom and cysteine S
atomsis 140° + 40°, indicating some deviation from a two-
coordinate linear geometry.

Both MNK2 structures exhibit the hydrophobic packing
interactions described for the MNK4 structure.**~122 The
phenylaanine (Figure 9), leucine, and methionine residues
that stabilize the metal-binding loop in MNK4 are al
conserved in MNK2 and occupy similar positions. Unique
to MNK2 is the presence of a GLIG motif at the C-terminal
end of the first helix. The glycine residues in this motif are
located on the same face of the helix and on the same side
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Figure 9. Solution structure of the second MBD of the Menkes
disease protein (MNK?2) (PDB accession code 1S6U). The Cu(l)
ion is shown as a gray sphere, and coordinating cysteine residues
are shown as sticks. Residue Phe66 occupies the same position as
the conserved lysine residue in the Atx1-like chaperones (Figure
6).

of the protein as the copper binding site. This surface feature
may be important for protein—protein interactions.

5.2.3. Apo and Cu(l)-MNK1 NMR Structures

Thefirst MBD from MNK (MNK1) is similar to the other
structurally characterized MNK MBDs.*?® Structures have
been solved in the absence and presence of Cu(l), and
differences between the two are limited to the metal binding
loop. The calculated S—Cu—S bond angle is 170°, only a
dlight deviation from a linear coordination geometry. The
hydrophobic packing interactions with the metal-binding
motif are also apparent in this structure. Mutation of the
conserved phenylalanine, Phe71, to alanine leads to loss of
correlation peaksin the spectra, indicative of partia unfolding.

5.2.4. MNK3 NMR Structure

The third MNK MBD (MNK3) is the most differentiated
of the six MNK MBDs in terms of sequence (32% sequence
identity with other domains).*** The NMR data show that
this domain also differs the most in structure. In these studies,
a variant MNK3 (Lys46Val) was used because it is more
stable than wildtype MNK3. MNK3 has the same overall
pappop fold as that described for al other MBDs, but the
ol helix is nearly a full turn longer in apo MNKS3, the a2
helix is a full turn shorter, and the loop connecting a2 and
PS4 ismuch longer on average when compared to other Atx1-
like folds. Addition of Cu(l) results in increased conforma-
tional flexibility in the metal binding loop as well as loss of
secondary structurein a1, 41, and 4. Thislossin structural
definition upon copper binding is reminiscent of that
observed for E. hirae CopZ,% athough MNK 3 does not form
aggregates.

Substitution of the conserved phenylalanine adjacent to
the metal binding loop with a proline residue (Pro66) likely
accounts for the observed differences in secondary struc-
ture.?* In this position, the Pro66 acts as a helix cap in o2
while a tyrosine three positions away interacts with the
CXXC loop. The overall changesin secondary structure help
accommodate this substitution while maintaining the hydro-
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phobic interactions near the metal binding site, as observed
in al MBD structures.

5.2.5. Apo and Cu(l)-MNK6 and MNK6 Ala629Pro Mutant
NMR Structures

A point mutation in the sixth MNK MBD (MNKS6),
Ala629Pro, has been linked to Menkes disease.®® This
residue islocated in the C-terminal § strand of MNK6. NMR
structures of both wild type and Ala629Pro MNK 6 have been
reported and resemble those of other MBDs.'?® Pro629 does
not disrupt the overall structure and has little effect on the
structure of the copper binding site. Instead, the mutant
MNK6 appears to undergo minor rearrangements to accom-
modate the slightly larger proline side chain, which, in turn,
disrupts the hydrogen bonding network between adjacent
strands in the 3-sheet structure. The functional consegquences
of this alteration are slight destabilization of the protein in
chemical denaturation experiments and margina lossin Cu(l)
affinity. Although these data do not fully explain the
connection between the mutation and human disease, they
imply that very subtle structural changes in the MBDs can
have dramatic consequences for ATPase function in vivo.

5.2.6. MNK456 NMR Data

A construct containing the three C-terminal MNK MBDs
(MNK456) was investigated by NMR spectroscopy.'?” The
three MBDs are separated by linkers of 30 and 5 amino acids,
respectively. De novo structure determination could not be
carried out for the entire polypeptide due to signal broadening
attributed to excessive conformational exchange, especialy
in the fifth MBD (MNK5). Comparison of backbone amide
chemical shiftsto those of the single domains indicates that
the folds of the three domains within MNK456 are similar
to those of the individual domains. MNK456 exhibits
complicated dynamicsin solution. MNK4 appears to be much
more mobile than domains 5 and 6, probably because the
linker between 4 and 5 is much longer than that between 5
and 6. Interestingly, copper loading restrains the reorientation
capability of MNK4.

5.2.7. WLN56 NMR Structure

The two C-terminal MBDs from Wilson protein (WLN56)
are separated by a very short linker (8 amino acids), similar
to MNK56. The solution structure of WLN56 shows that
the two domains each exhibit a fa5p05 fold, tumble as a
single unit, and are oriented in a fixed fashion with the two
CXXC motifs pointing away from each other (Figure 10).%8
The linker is sandwiched between the two domains and does
not undergo conformational exchange on the NMR time
scale. Apo WLN56 binds Cu(l) with neither ateration of
the overall structure of the individual domains nor disruption
of the orientation of the domains with respect to each other.

5.2.8. WLN34 NMR Structure

The polypeptide consisting of domains 3 and 4 of WLN
(WLN34) and their 31 residue linker has also been character-
ized by NMR.*?® Each domain is well folded and nearly
identical to theindividua structures of the analogous domains
in MNK. The linker region is much more disordered,
however. Apo WLN34 displays concentration-dependent
aggregation tendencies, as measured via relaxation behavior.
Addition of Cu(l) prevents aggregation of domain 4. This
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Figure 10. Solution structure of the fifth and sixth MBDs of the
Wilson disease protein (WLN56) (PDB accession code 2EW9). The
two CXXC motifs are shown as sticks.
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Figure 11. Solution structure of the Wilson N domain (PDB
accession code 2ARF). Invariant residues involved in ATP binding
are highlighted. Residue His1069 is mutated in Wilson disease
patients. The two asterisks denote the termini of an extended
unstructured region.

phenomenon is consistent with nonspecific interprotein
interactions between identical domains that are abolished in
domain 4 upon Cu(l) binding but not in domain 3. As for
the other MBDs, Cu(l) loading only perturbs the metal
binding region.

5.2.9. WLN ATPBD (N domain) NMR Structure

The N domain of the WLN ATPBD has been structurally
characterized by NMR.**® The isolated N domain is a 17
kDa protein and lacks ATPase activity, although it is capable
of binding ATP, ADP, or AMP, which stahilize the protein
fragment. The structure was determined in the presence of
ATP and reveals a central antiparallel six-stranded /3-sheet
flanked by two o-helical hairpins (Figure 11). The core
structure is compact with the exception of a flexible loop
region of ~30 amino acids located at the junction between
the S-sheet and one of the a-helical motifs. The sequence
corresponding to this unstructured section is unique to
mammalian Cu(l) specific Pig-ATPases. The overall fold is
quite similar to that of the N domain from the E. coli KdpB
potassium transporting ATPase.*®

The N domains of Pi-ATPases have little sequence
similarity to the ATP-binding domains in the larger P-type
ATPase family, however. In particular, the amino acids that
constitute the ATP-binding site in other P-type ATPases are
not conserved. Instead, multiple sequence alignment indicates
that four invariant residues are present in the Wilson protein
N domain: Glu1064, His1069, Gly1099, and Gly1101 (Figure
11). Residue His1069 is mutated to glutamine in ~40% of
Wilson disease patients.*3! According to the NMR data, this
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mutation does not cause major structural changes but does
lead to a reduction in ATP binding affinity. Chemical shift
analysis upon ATP hinding is consistent with the involvement
of these four residues as well as significant overall confor-
mational changes. Very few NOEs were observed between
the protein and the ATP molecule. Gly1099 and Gly1101
exhibit especially large chemical shift perturbations when
comparing AMP and ATP/ADP binding, indicating that these
residues might be close to the ATP phosphate tail.

Docking of ATP based on the NMR distance restraints
yielded a model in which the adenine ring largely interacts
with His1069, possibly via a hydrogen bonding interaction,
as well as with a pair of hydrophobic isoleucine residues
(11€1102 and 11€1180). The sugar group is near Asn1150 and
Gly1149, and the phosphate groups are adjacent to the
conserved glycine residues Gly1099 and Gly1101. Conserved
residue Glu1064 is located ~5 A from the imidazole ring of
His1069, suggesting a role in positioning the histidine side
chain for interaction with the adenine ring. Overall, this
arrangement is quite different from that in SERCA1, in which
the adenine ring is involved in stacking interactions with
aromatic amino acid side chains and the phosphate tail is
constrained by interactions with positively charged arginine
residues.

5.3. Prokaryotic Cu(l) ATPases

Cu(l) specific Pig-ATPases are widely distributed in
prokaryotes.> Like eukaryotic systems, structural studies of
prokaryotic Cu(l) ATPases are largely limited to soluble
domains. Solution structures have been solved for the two
N-terminal binding domains of the bacterial B. subtilis CopA
homologue. X-ray crystal structures have been determined
for the N, P, and A domains from the archaeal A. fulgidus
CopA homologue (Table 2). A low-resolution (17 A)
cryoelectron microscopy structure has also been reported for
full-length A. fulgidus CopA lacking the C-terminal MBD.

5.3.1. B. subtilis CopA MBD NMR Structures

The MBDs from B. subtilis have been investigated by
NMR.1327134 B subtilis CopA has two N-termina MBDs.
Only the second domain is folded within a polypeptide
consisting of both domains, and its NMR structure was
determined both within this polypeptide and as a separate
domain.** This second MBD (BsCopAb) exhibits the typical
Atx1-like fold, and similar to other MBD structures, differ-
ences upon Cu(l) binding are localized to the region
containing the CXXC motif. The hydrophobic interactions
conserved throughout eukaryotic MBDs are also observed,
although the methionine residue proximal to the CXXC motif
isrelatively disordered in the apo form. A positively charged
surface near the metal binding site is complementary to a
negatively charged region on the surface of B. subtilis
Copz.%"

The first MBD from B. subtilis CopA (BsCopAa) was
characterized using a mutant, Ser46Val, which introduces a
hydrophobic residue into the core of the protein.** Ser46Val
BsCopAa has a nearly identical structure to BsCopAb.
Interestingly, a Ser46Ala substitution leads to a mixture of
folded conformations. The structure of the two domain
construct (BsCopAab) with the Ser46Val mutation was also
reported.’** The two domains are connected by a 2 amino
acid linker and thus form atightly associated, rigid structure
in the absence of copper. Relaxation data indicate that the
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Figure 12. Crystal structure of the ATP binding domain from A.
fulgidus CopA (PDB accession code 2B8E). The ATP binds in a
cleft between the N- and P-domains. The unstructured loop in the
Wilson N-domain (Figure 11) is not present.

two domain apo protein tumbles in solution as a single unit.
The interface between the domainsis located on the opposite
side of the protein from the copper binding site and is formed
viasevera hydrogen bonding and hydrophobic interactions.
The interaction between the two domains haslittle effect on
the overall structure of the individual domains or on the
structure of the Cu(l) binding motif though it does affect
residues located at the interdomain interface. Some of the
residues implicated in hydrogen bonding interactions at the
interface are also conserved in domains 5 and 6 of WLN
and MNK. Addition of Cu(l) leadsto changes similar to those
observed upon Cu(l) binding to the individual domains. More
recently, the NMR structure of wild type BsCopAab was
determined using a dightly different construct.*® The
structure and orientation of the two domains is similar to
those determined for the $46 V mutant. In the wild type
BsCopAab, addition of more than one Cu(l) led to dimer-
ization and apparent formation of a Cu(l) cluster.

5.3.2. A. fulgidus CopA ATPBD (N and P Domains)
Crystal Structure

The soluble ATPBD from A. fulgidus CopA was structur-
ally characterized by X-ray crystallography.'* Whereas the
Wilson ATPBD NMR structure only contained the N
domain,’? both the N and P domains are present in this
crystal structure. The two domains form a bean-shaped
molecule connected by a hinge region, and the ATP binding
site is located at the interdomain junction (Figure 12). The
orientation of the domains relative to each other resembles
that found in the “closed” state of SERCA1.¥ The hinge
region likely dictates the range of conformational states
available to the protein and contains severa highly conserved
residues, including two residues that are mutated in WLN
variants linked to disease.’®

The N domain, as observed in the Wilson N domain NMR
structure,*?® is a six stranded antiparallel B sheet bordered
by two o helices on each side (Figure 12).% The CopA N
domain lacks several loops and structural elements found in
the eukaryotic N domains, suggesting that it represents a
minima module for P-type ATP hydrolysis. Although the
CopA ATPBD structure was obtained in the absence of
nucleotide, the structure closely resembles that of the E. coli
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Figure 13. Crysta structure of the A domain from A. fulgidus
CopA (PDB accession code 2HCS). The conserved GE sequence
is highlighted.

KdpB N domain bound to AMP-PNP. Superposition of the
two structures reveals that five residues, highly conserved
throughout P;g-ATPases, likely interact with ATP. Glu457,
His462, and Gly492 are predicted to be near the adenine
ring, and Gly490 and Gly501 likely interact with the sugar
and a-phosphate moieties. The location of these residuesis
similar to that observed for the analogous residues in the
Wilson protein N domain'® but different from those observed
in other P-type ATPases.

The A. fulgidus CopA P domain folds into a six-stranded
P sheet flanked by three a helices on each side (Figure 12),
the same secondary structure arrangement observed for the
SERCA1 P domain.’® The P domain houses the invariant
DKTGT motif, the aspartate residue of which is transiently
phosphorylated during the ATP hydrolysis reaction. This
phosphorylation site is located near the hinge region at the
junction between the N and P domains. The P domain
contains a number of residues that are highly conserved
among P-type ATPases, and many of these are located at
the N domain interface. Comparison of this structure with
nucl eotide-bound SERCA1 structures indicates that many of
these conserved residues interact with the phosphate groups
or Mg(ll) ion required for activity.

5.3.3. A. fulgidus CopA A Domain Crystal Structure

The actuator (A) domain in P-type ATPasesis not directly
involved in ATP hydrolysis but undergoes significant con-
formational changes during the catalytic cycle and is likely
involved in coupling the ATP hydrolysis reaction to ion
transport across the membrane.1®% The A domain from A.
fulgidus CopA is composed of ten § strands with two o
helices at the termini (Figure 13), an overall fold similar to
that of the SERCA1 A domain.’* The termina helices in
the CopA A domain structure are likely cytosolic extensions
of the transmembrane helices. A highly conserved GE
sequence, which makes contacts to the conserved aspartate
in the DKTGT motif in the P domain in the SERCA1
structure, is part of aloop between strands 56 and 37 (Figure
13). A similar interaction is predicted for the CopA A and
P domains and seems reasonable on the basis of comple-
mentary electrostatic surfaces on the GE loop in the A
domain and in the vicinity of the DKTGT motif in the P
domain. The SERCA1 A domain also interacts with an
N-terminal helix-turn-helix motif.1® This interaction, which
takes place on the opposite side of the protein from the GE
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loop, may be analogous to a possible interaction between
the A domain and the N-terminal MBD in A. fulgidus CopA
or in P;g-ATPases in general.

5.3.4. A. fulgidus CopA Cryoelectron Microscopy
Structure

The structure of full length A. fulgidus CopA was
determined by cryoelectron microscopy.**! A. fulgidus CopA
has two soluble MBDs, one located at the N-terminus and
the other located at the C-terminus. To determine the
interaction site of the N-terminal MBD with the other soluble
domains (A, N, and P), two proteins were analyzed, one
lacking the C-terminal MBD (AC CopA) and one lacking
both MBDs (ANAC CopA). Both CopA variants formed
tubular crystals that were analyzed by cryoelectron micros-
copy at ~17 A resolution. Comparison of the two structures
affords a view of the possible location of the N-terminal
MBD. Both structures indicate that CopA forms dimers, the
physiological relevance of which is unclear. Assignment of
the A, N, and P domains was accomplished by docking the
X-ray crystal structures of the individual A. fulgidus soluble
domains into the cryoel ectron microscopy structure and using
the full-length SERCA1 structure as a guide. Comparison
of the models for the ANAC CopA and AC CopA structures
reveals several regions of positive difference density. Some
of these are likely due to conformational changes of the A,
N, and P domains. One region, located between the N and
A domains, appears to be the most likely candidate for the
N-terminal MBD. This location is similar to that of the
N-termina helix-turn-helix motif in SERCA1 and is con-
sistent with cross-linking and papain digestion studies of
other bacterial CopA homologues, 105142143

6. Complexes between Atx1-like Chaperones and
Target MBDs

A number of solution structural studies have been carried
out to monitor copper transfer and complex formation
between Atx1-like chaperones and the MBDs from Pyg-
ATPases. Most of thiswork has involved mapping interaction
surfaces by chemical shift analysis. Representative systems
from both eukaryotes and prokaryotes have been investigated.

6.1. Yeast Atx1-Ccc2 MBD NMR Structure

Titrations of Cu(l)->N Atx1 with apo-Ccc2a and of Cu(l)-
5N Cecawith apo-Atx1indicateformation of aprotein—protein
adduct.** Based on chemical shift analysis, the structure of
Cu(l)-Atx1 in the presence of apo-Ccc2a is intermediate
between the apo and Cu(l) forms of Atx1. Major confor-
mational changes are not observed for the two proteins within
the adduct. The chemical shift changes were mapped to the
protein surfaces, and amodel of the complex was constructed
using these data and the crystal structure of the Cu(l)-Atox1
dimer.® This model is consistent with the idea of interactions
between complementary electrostatic surfaces.

The NMR structure of a Cu(l)-bridged complex between
Atx1 and Ccc2a has also been determined (Figure 14).14
By systematically mutating the four cysteines in the two
proteins, the complex was shown to likely involve tricoor-
dinate Cu(l) coordination by Cys15 from Atx1 and by Cysl13
and Cysl6 from Ccc2a. This finding is consistent with
previous models for intermediates based on the Atoxl
structures.®® The structure of the Atx1-Cu(l)-Ccc2a adduct
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Figure 14. Solution structure of the complex between Atx1 and
Ccc2a (PDB accession code 2GGP). The Cu(l) ion is shown as a
gray sphere and is coordinated by Cys15 from Atx1 and by Cys13
and Cysl6 from Ccc2a.

shows that the interface involves hydrophobic interactions
near the Cu(l) site and complementary electrostatic interac-
tions between interdigitated charged side chains more distant
from the meta site. The two essential cysteine ligands for
heterodimer formation, Cys15 from Atx1 and Cys16 from
Ccc2a, are the most solvent exposed and remain relatively
solvent accessible even within the complex. This structure
strongly supports a mechanism of Cu(l) transfer involving
ligand exchange reactions (Figure 8).%%

6.2. Human Atox1-WLN or MNK MBD NMR Data

A variety of NMR studies have probed interactions
between Atox1 and the WLN and MNK MBDs. MNK2 and
MNK5 can accept Cu(l) from Atox1 though complex
formation is not detected via NMR.'*¢ By contrast, surface
plasmon resonance dataindicate that these MBDs and Atox1
do interact.'*® Failure to detect these complexes on the NMR
time scale could be attributed to the lack of electrostatic
surface complementarity between Atox1 and these MBDs.

The interaction between multidomain MBD constructs and
Atox1 has also been studied by NMR.® Titration of Cu(l)-
Atox1 with WLN56 results in little copper transfer and no
apparent adduct formation, consistent with findings from two-
hybrid assays.® WLN4 can partialy transfer copper to
WLN56, however. Transfer at a1:1 ratio of proteinsis ~10%
efficient and occurs only to WLNG. At higher ratios, transfer
to WLNS5 is aso observed. No adduct formation between
WLN4 and WLN56 is observed. Cu(l)-Atox1 does form
complexes with WLN2 and WLN4. The chemical shift
changes associated with complex formation are localized to
the two a helices and the Cu(l) binding loop. Complex
formation with WLN4 was further confirmed in the two
domain construct WLN34. Little interaction is observed with
WLNS3, though both domains are metalated by Cu(l)-
Atox1.1?8 Similar studies of MNK456 indicate that domain
4 isthe initial site of interaction with Cu(l)-Atox1.1?

6.3. B. subtilis CopZ-CopA MBD NMR Data

Prokaryotic Cu(l) chaperone/MBD complexes have also
been detected by NMR. With B. subtilis CopZ and
BsCopADb, interactions are observed when Cu(l)-CopZ and
apo-BsCopAb are mixed in equal proportions.**” The chemi-
cal shift perturbations of apo-BsCopAb upon Cu(l)-CopZ
addition resemble Cu(l)-BsCopAb, indicating that CopZ can
transfer Cu(l) to BsCopAb and that the Cu(l) ion is largely
localized to the BsCopAb binding site rather than the CopzZ
binding site. The complex formed between the two proteins
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isin rapid exchange with the monomersin solution. Altered
chemical shift values upon complex formation are largely
localized to the metal binding site. A model for the complex
based on chemical shifts involves complementary electro-
static surfaces and is similar to the Atx1-Ccc2a model 1
although, in this case, the chaperone has a negatively charged
surface and the MBD has a positively charged surface.

6.4. Synechocystis PCC 6803 Atx1-PacS MBD
NMR Data

The interactions between ScAtx1 and the PacS MBD have
also been explored by NMR.** The apo form of the PacS
MBD resembles al the other MBDs in overal structure.
Addition of apo PacS MBD to the Cu(l)-ScAtx1 homodimer
yields a heterodimer composed of the Cu(l)-PacS MBD and
apo ScAtx1l. In this complex, the histidine ligand from
ScAtx1, Hisbl, is no longer coordinated to copper, and its
displacement is proposed to initiate Cu(l) transfer. A model
based on chemical shift perturbations suggests that the
complex is stabilized by copper bridging and a number of
intermolecular hydrogen bonds.

7. PcoC-like Copper Resistance Proteins

Several prokaryotes employ a plasmid encoded copper
resistance system to adapt to copper rich environments. In
E. cali, this resistance mechanism is encoded by the seven
gene operon pcoABCDRSE.X Cells harboring this gene
cluster exhibit diminished cellular copper accumulation.
PcoA is a multicopper oxidase localized to the periplasm,
PcoB and PcoD are outer and inner membrane proteins,
respectively, and PcoR and PcoS are regulatory proteins.
PcoC and PcoE are soluble periplasmic proteins (Figure 4).%
PcoC has been structurally characterized (Table 1) and is
postul ated to interact with PcoA.*°-152 A homol ogous copper
resistance gene cluster, the copABCDRS operon, has been
identified in several plant pathogens (P. syringae and
Xanthomonas campestris).®* Cells expressing the cop cluster
accumulate and sequester copper in the periplasm, causing
the cells to turn blue in color.%'5 CopC is the PcoC
homologue and has also been structurally characterized
(Table 1). PcoC-like proteins differ from the Atx1-like
chaperones in their copper binding ligands. Instead of a
CXXC motif, PcoC-like proteins contain conserved me-
thionine-rich [M(X),M],, sequences as well as conserved
histidine residues. Another important differenceis that PcoC-
like proteins can bind either Cu(l) or Cu(ll).

7.1. E. coli PcoC Crystal Structure and
Spectroscopy

The crystal structure of apo E. coli PcoC was solved in
two different space groups, each of which contains two
monomers in the asymmetric unit, offering severa indepen-
dent views of the structure.® The protein forms a seven-
stranded 3 barrel that is very similar in al monomers. The
two monomers in each crystal form are weakly associated
and likely result from crystal packing. The two monomers
are oriented head-to-head in one crystal form and head-to-
tail in the other. The methionine-rich motifs are located on
an exposed loop, which sits at the monomer—monomer
interface in the head-to-head arrangement, burying seven
methioninesin close proximity. Clustered at the opposite end
of the protein are two conserved histidine residues as well
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as the N-terminal amino group of the protein. In the head-
to-tail structure, the methionine-rich motifs are solvent
exposed.

XAS studies indicate that Cu(l) is coordinated in PcoC
by two S and one N/O or two N/O and one S ligand whereas
Cu(ll) is four-coordinate with three N ligands and one OHy
atom.1521%4 Given the available copper binding motifs in
PcoC, copper likely binds at two distinct sites. The methion-
inerich loop isthe better candidate for the Cu(l) site whereas
the conserved histidine residues and N-terminal amino group
could satisfy the requirements of the Cu(ll) site. The
propensity for oligomerization also raises the possibility that
ligands could be provided in an intermolecular fashion.

7.2. P. syringae CopC NMR Structure and
Spectroscopy

P. syringae CopC has been characterized viaNMR in the
apo, Cu(l), and Cu(ll) loaded forms.*>>-15" The overall fold
issimilar to that of PcoC. The potential copper binding motifs
are localized at either end of the protein, ~30 A apart, as
they arein PcoC. Addition of Cu(l) resultsin chemical shift
perturbations near the methionine-rich site (B site) whereas
addition of Cu(ll) resultsin alterations in the vicinity of the
conserved histidine residues (A site). The two sites can be
occupied simultaneously. Titration of reducing or oxidizing
equivalents into Cu(l1) or Cu(l) loaded CopC gives rise to
spectral changes consistent with transfer of the newly reduced
or oxidized copper ion to its appropriate site.

Assignment of the two sites was facilitated by EXAFS
data. The Cu(l1)-CopC EXAFS data are best fit with two
histidines (at equatorial positions and 1.99 A bond lengths)
and two other O/N atoms at 2.83 A.'° Relaxation measure-
ments suggest that one of these additional ligandsis provided
by a water molecule,™” and the other is likely a side chain
oxygen atom from an aspartate or glutamate residue. EXAFS
spectra of the Cu(l) loaded protein show that the Cu(l) site
isthree- or four-coordinate but with two (or three) Sligands
and one histidine nitrogen ligand. The environment at the B
site could alow Cu(l) binding to one histidine, His48, and
two (or three) of four possible methionines. The NMR data
did not resolve exactly which side chains are ligands.
Furthermore, dynamics measurements indicate that partial
aggregation can occur upon Cu(l) binding, which would
allow for coordination of the metal ion by more than one
CopC molecule. Overall, the XAS datafor E. coli PcoC and
P. syringae CopC are quite consistent with one another.

7.3. P. syringae CopC Crystal Structure

CopC from P. syringae was crystallized in the Cu(l)—Cu(ll)
bound state in two crystal forms at low pH (4.5) and high
pH (7.5).1%8 All monomers adopt the 5-barrel fold observed
in the CopC NMR structure. The copper ions occupy sites
located within the loops connecting the § strands at either
end of the barrel (Figure 15). At low pH, three CopC
molecules are present in the asymmetric unit. Each molecule
is linked to another monomer in a head-to-head fashion via
two Cu(l) centers. Each Cu(l) atom is ligated by four
methionine residues at an average distance of 2.3 A, two
contributed from each monomer. Each molecule in the
asymmetric unit is additionally linked to its symmetry related
partner via the Cu(ll) site. The Cu(ll) ion is ligated by two
histidines (Hisl and His91) from one monomer, one histidine
from the symmetry related monomer (His48), and a water
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Figure 15. Crystal structure of P. syringae CopC at pH 7.5 (PDB
accession code 2C9Q). The Cu(l) ion (gray sphere) is coordinated
by His48 and Met40. The Cu(ll) ion (cyan sphere) is coordinated
by the N-terminal amino group, Hisl, His91, and awater molecule
(red sphere).

molecule. The intermolecular interactions result in a copper-
linked polymer.

At high pH, a single CopC molecule in the asymmetric
unit liesin close proximity to the 2-fold crystallographic axis.
The Cu(l) site is near the interface between the symmetry
related molecules and is ligated by a methionine (Met40)
and histidine (His48) residue. A water molecule lies between
the two copper sites, but at a distance dlightly too long for
first sphere coordination. The Cu(ll) site is four coordinate
with coordination by Hisl, His91, the amino terminus, and
a water molecule (Figure 15). These data are generaly
consistent with the XAS results, although the observed
copper coordination is affected by formation of molecular
interfaces in the crystal. The apo CopC structure was also
obtained for the His91Phe CopC variant. Several residues
in the Cu(l) binding loop are disordered in this structure
though the overall structure is very similar to that observed
for the native copper-loaded CopC. Oligomeric interactions
are not observed in this structure. Although all the crystal-
lographically characterized molecules have the same fold,
differences at the N-terminus and the copper binding loops
suggest an inherent flexibility that may facilitate copper
transfer to and from partner proteins.

8. E. coli CusF and CusB

The cusCFBA operon represents an additional copper
resistance system in E. coli.*® The CusA, CusB, and CusC
proteins resemble multidrug resistance systems. CusA is an
inner membrane pump, CusB is a periplasmic protein, and
CusC is an outer membrane protein (Figure 4). These three
proteins likely form a complex that pumps copper out of
the periplasm driven by a proton gradient. CusF is a small
soluble protein proposed to deliver copper to the CusCBA
complex or to modulate its transport activity via regulatory
interactions.’® The structure of CusF has been determined
by both NMR and crystallography (Table 1). The nature of
its metal binding site and its ability to interact with CusB
have also been investigated by spectroscopy.

8.1. E. coli CusF Structures and Spectroscopy

The 1.5 A resolution crystal structure of apo CusF reveals
a small five stranded B-barrel.’®! The topology is unique
among known copper binding proteins and instead resembles
the oligonucleotide/oligosaccharide binding (OB) fold. The
only three conserved residues among known CusF homo-
logues are His36, Met47, and Met49, all potential copper
ligands. These residues are clustered at the top of the -barrel
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Figure16. Crysta structure of E. coli CusF (PDB accession code
2VB2). The Cu(l) ion (gray sphere) is coordinated by His36, Met47,
and Met49, and interacts with Trp44 via a cation—s interaction.

in strands 32 and 3. NMR spectroscopy was employed to
examine structural changes upon addition of metals to apo
CusF.'®! Addition of Cu(ll) did not result in significant
chemical shift changes, but Cu(l) addition affects the entire
spectrum, with significant changes occurring at the conserved
methionines and histidine. The Cu(l) ion was thus modeled
into the histidine/methionine site in a three-coordinate
geometry. A tryptophan residue, Trp44, is close to the three
ligands. Copper binding was further investigated by EXAFS
analysis of Cu(l) loaded CusF.'®> The EXAFS data are
consistent with a three coordinate geometry but also sug-
gested an additional scatterer, possibly the Trp44 indole ring.

The interaction between Cu(l) and Trp44 was further
delineated in high resolution structures of the Ag(l) and Cu(l)
loaded forms (Figure 16) of CusF solved in two separate
studies.’6218 These structures confirm the histidine/methion-
ine cluster as the metal binding site. The metal-bound
structures are similar to the apo structure, indicating that
Cu(l) and Ag(l) do not perturb the overall fold. The metal
binding site is oriented toward the interior of the S-barrel
and exhibits a trigonal planar geometry. In all structures,
Trp44 is located very close to the metal ion (~2.7—2.9 A
for Cu(l), ~2.9—3.3 A for Ag(l)) (Figure 16). The distances
and orientation of the indole ring relative to the metal ion
are typical of cation—s interactions. Ultraviolet resonance
Raman spectroscopic data are also consistent with a
cation—tryptophan s interaction.'®3

8.2. E. coli CusB Spectroscopy

The CusB protein binds one Cu(l) or Ag(l) ion. EXAFS
datafor Cu(l)-CusB are best fit with three Cu—Sinteractions
at 229 A. Since CusB contains no cysteines and nine
methionine residues, the ligands are likely methionines, and
mutagenesis studies indicate that conserved residues Met38
and Met36 are required for metal binding whereas loss of
Met211, also conserved, leads to a small decrease in metal
affinity.*®* Selective selenomethionine labeling experiments
in conjunction with EXAFS indicate that CusB and CusF
can transfer Cu(l) to each other via specific interactions.!®
Metal transfer occurs in both directions, suggesting similar
Cu(l) binding affinities. These properties are reminiscent of
Cu(l) transfer between Atx1-like chaperones and Cu(l) Py-
type ATPases and suggest that CusF may deliver periplasmic
copper to CusB for efflux through the CusCBA complex.
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9. Copper Chaperone for Superoxide Dismutase
(CCS)

Copper,zinc superoxide dismutase (SOD1) disproportion-
ates superoxide at a copper/zinc active site and requires the
copper chaperone CCSfor activation in eukaryotes.*® SOD1s
are homodimers in which each monomer coordinates a
copper atom via four histidine ligands. The zinc site is
immediately adjacent to the copper center, and a histidine
residue bridges the two metals.* The crystal structure of CCS
has been determined for yeast and human homologues and
for yeast CCS in complex with yeast superoxide dismutase
(Table 1). Copper binding is not observed in the structures
but has been investigated by XAS.

9.1. Yeast CCS Crystal Structure

In yeast, copper transfer occurs viaadirect protein—protein
interaction between yeast CCS (yCCS) and yeast SOD1
(SOD1) and is required for SOD1 activity in 2iv0.2%616” The
structure of apo yCCS reveals that the 27 kDa protein is
divided into three separate domains.*® The first domain (1)
adopts an Atx1-like fold, the second domain (I1) is an eight
stranded f-barrel with two short a helices, and the third
C-terminal domain (I11) is disordered in this structure.

Domain | shares 34% sequence homology with Atx1,
contains the conserved Cu(l) binding CXXC motif, and
adopts the BappoS Atxl fold.® The most significant
differences between yCCS domain | and Atx1 are found in
loop 2 (opposite the copper binding site), which contains
one fewer amino acid in yCCS, and loop 5 (proximal to the
copper binding loop), which changes conformation in yCCS
asit leads into domain I1. The residues corresponding to the
CXXC moatif in yCCS (Cysl7 and Cys20) form a disulfide
bond in the apo structure. Also in the vicinity of this siteis
a histidine residue, Hisl16. All of these residues could serve
as ligands to copper. As observed in eukaryotic Atx1
chaperones, a conserved lysine (Lys66) is present and
oriented toward the copper site. Unlike most Atx1-like
proteins, yCCS domain | does not have any positively or
negatively charged patches on the face containing the CXXC
motif.

The secondary structure elements of domain Il resemble
those of ySOD1. The most significant differencesin structure
reside in the loop regions and indicate that yCCS likely does
not contain a metal binding site analogous to the ySOD1
active center. Thus, yCCS domain Il cannot catalyze super-
oxide disproportionation and its structural homology to SOD1
is primarily relevant for partner recognition. Importantly,
yCCSisadimer and itsinterface, involving largely domain
[1, isstrikingly similar to that present in SOD1 dimers. Four
hydrogen bonding interactions are present between the
monomers, al of which are conserved in the SOD1 dimer.
A large number of hydrophobic interactions are present, and
many of these are conserved in the SOD1 dimer interface
as well. This similarity suggested the possibility of copper
delivery by heterodimer formation.'%81 Domain |11, which
contains a conserved CXC motif and is important for
activity,}® is disordered in this structure. A structure of
domain Il aone was also determined and shown to form
dimers in solution, leading to the proposal that copper
delivery occurs via tetramer formation.*’
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Domain Il

Figure 17. Crystal structure of the complex between yCCS and
ySOD1 (yellow) (PDB accession code 1JK9). Domain | of yCCS
is shown in green, domain Il is shown in blue, and domain Il is
shown in dark blue. The functionally important CXC motif in
domain |11 is shown as sticks.

9.2. Human CCS Crystal Structure

Sequence alignment of human CCS (hCCS) and yCCS
indicates that hCCS has the same three domain architecture
as YyCCS. The structure of hCCS domain Il has been
determined.'”> Four protein molecules are found in the
asymmetric unit, though likely only the dimer is physiologi-
caly relevant. h\CCS domain Il has the same generd structure
as domain Il from yCCS as well as that of human SOD1
(hSOD1), but there are several key differences between the
two CCS proteins. Domain |1 of hCCS retains the loops that
define the active site channel and the metal binding sites in
hSOD1. A zinc ion is found at the same site asin hSOD1,
but no copper ion is present and one of the four histidine
ligands in hSODL1 is not conserved in hCCS. Moreover, a
number of other residues required for SOD1 activity are not
conserved. Oneloop, loop 6, ismore similar to that in yCCS
than that in hSOD1 and houses two arginine residues that
created a positively charged surface patch that might facilitate
protein—protein interactions.

The dimer interface in hCCS domain |1 is located on the
opposite side of the zinc binding site. Asin yCCS, the dimer
interaction surface very closely resembles that of the hNSOD1
dimer interface (as well as that of yCCS) and is stabilized
by four hydrogen bonding interactions and a number of
hydrophobic contacts. A pair of positively charged residues,
not conserved in hSOD1, are present at the interface in hCCS,
similar to that found in yCCS. As postulated for yCCS, the
structural properties of hCCS domain |l indicate that its
primary function is probably SOD1 recognition.

9.3. Yeast yCCS-ySOD1 Heterodimer Crystal
Structure

The structure of the yCCS—ySOD1 complex was deter-
mined using a catalytically inactive form of ySOD1 in which
ahistidine copper ligand is substituted with phenylalanine.*”
Each heterodimer contains one ySOD1 molecule and one
yCCS molecule (Figure 17).1%917 The dimer interface is
largely confined to domain Il in yCCS, though domain I11
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is visible in the structure and makes significant contacts to
the loops that constitute the ySOD1 active site channel.
Heterodimer formation is accompanied by conformational
changes in both ySOD1 and yCCS. Domain | in yCCS is
oriented differently relative to domain Il when the het-
erodimer and homodimer structures are compared, indicating
that the linker between domain | and Il is flexible. Two
disulfide bonds present in domain | in the yCCS homodimer
structure,'®® one of which is located in the CXXC copper
binding motif, are not observed in the SOD1 heterodimer
structure.

Domain Il is structurally similar to that found in the yCCS
homodimer structure. Domain Il consists of along random
coil terminating in aten residue o helix. Remarkably, domain
[11 contacts the S—S subloop in SOD1, which normally forms
a disulfide bond with a § strand cysteine. This disulfide is
not present in the heterodimer structure; instead, the S—S
subloop cysteine forms a disulfide bond with Cys229 in
yCCS domain |11, resulting in opening of the active site
channel in SOD1. A hydrogen bonding interaction between
a critical arginine residue in the SOD1 active site channel
and a backbone amide in yCCS domain Il also results in
structural changes near the SOD1 active site. Domain 1ll
contains an additional cysteine, and both are required for
copper delivery to SOD1.

The yCCS/ySOD1 heterodimer structure supports the
inferences drawn from homodimeric structures of CCS
chaperones. Domain | is likely involved in copper uptake
and remains distal to the SOD1 interaction interface. Domain
Il interacts extensively with SOD1 in a fashion similar to
that found in the SOD1 and CCS homodimers. Domain 111
is an extended flexible structure that comesinto close contact
with the SOD1 copper binding site (Figure 17), indicating
that it could serve as a delivery module.

9.4. Spectroscopy of hCCS

hCCS can bind up to 3.5 copper ions per protein
molecule.*” XAS and EPR data indicate that these samples
consist of a mixture of Cu(l) and Cu(ll) likely bound to
heterogeneous sites involving both cysteine and histidine
coordination environments. Treatment with reducing agents
results in a stoichiometry of two copper ions per hCCS
molecule, of which each isin the Cu(l) oxidation state and
coordinated by three sulfurs at 2.26 A and interacting with
asecond Cu(l) ion at 2.7 A. The Cu—S distances are typical
of three coordinate Cu(l) complexes. Mutagenesis of the
cysteine motifs in domains | and Il indicates that hCCS
probably binds Cu(l) independently at each of these sites.1>17
The observed cluster is best modeled as a Cu,Sg adamantane-
like structure.r”® The use of selenocysteine has provided
further insight into the nature of this cluster, suggesting that
cysteines from both domain |1 and domain |11 are involved.t”
The explicit mechanism of copper transfer to the SOD1
active site remains unclear but could involve the formation
of intermolecular copper clusters.'””

10. Conclusions

In the past decade, significant progress has been made
toward understanding copper trafficking at the molecular
level. Cryoelectron microscopic and XAS data have provided
insight into the trimeric architecture and Cu(l) binding sites
of Ctrl. The Atx1-like chaperones and MBDs from Cu(l)
ATPases share both an overall faSp0 fold and aconserved
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CXXC metal binding motif. The two cysteines coordinate
Cu(l), and in some cases, a third ligand is present. The
abundance of Atx1-like domain structures combined with
the dimeric Atox1 X-ray structure, the Atx1-Ccc2a NMR
structure, and extensive chemical shift mapping data are
consistent with an interdomain metal transfer mechanism
involving ligand exchange. The structures of the ATP binding
and A domains from A. fulgidus CopA and of the Wilson N
domain have been determined, and together with the various
MBD structures, they complete the characterization of the
Cu(l) ATPase soluble domains. Structures of the bacterial
copper resistance proteins PcoC and CopC have provided
insight into methionine-rich Cu(l) coordination sites and
reveal an intriguing ability to bind Cu(l) and Cu(ll)
simultaneoudly. Finaly, the structure of the CusF component
of the E. coli Cus efflux system reveals a Cu(l) coordination
sphere that unexpectedly involves a cation—z interaction
with a tryptophan residue.

Despite these advances, a number of questions related to
the structure of copper trafficking proteins remain unan-
swered. These questions pertain to both Cu(l) coordination
and protein—protein interactions. For several key playersin
the pathways, the identities of coordinating ligands, coor-
dination geometries, and metrical parameters remain ambigu-
ous. There are no high resolution crystal structures of Ctrl.
For hCtrl, the exact identities and arrangement of the ligands
to the two Cu(l) sites™ are not yet clear. The proposed Cu(l)
cluster in the C-terminus of yCtr1* has not been character-
ized crystallographically either. According to EXAFS data,
hCCS can form a tetracopper cluster,'’® but a structure of
CCSin the presence of Cu(l) has not been determined. One
of the most important questions still to be answered regarding
Cu(l) coordination is the structure of the TM metal binding
sites in the Cu(l) ATPases. While the CPC motif is clearly
involved, the stoichiometry of Cu(l) binding, the identities
of al the ligands, and their location in the three-dimensional
structure are not known. A recent mutagenesis and EXAFS
study of A. fulgidus CopA indicates the presence of two
distinct TM Cu(l) binding sites.!”® The first site involves
residues Cys380, Cys382, and Tyr683, and the second
involves Asn683, Met711, and Ser715, al strictly conserved.
Understanding the coordination chemistry of Cu(l) within
the membrane is critical to determining the mechanism of
transport and the molecular basis of Cu(l) specificity.
Moreover, the TM sites may exhibit novel coordination
chemistry.

Structurd dataarea soneededtounderstandtheprotein—protein
interactions involved in copper trafficking pathways. In
prokaryotes, details of PcoC and CopC interaction with
potential partner proteins are not clear. While Cu(l) transfer
from CusF to CusB has been demonstrated,*® structural data
on the CusF—CusB complex or the whole CusCBA system
are not available. In eukaryotes, it is not known how Cu(l)
is acquired by Atx1-like and CCS chaperones. There is
evidence for Cu(l) transfer from the C-terminus of yCtrl to
yeast Atx1 in »itro,” but structural details of this docking,
if it occurs in vivo, are not clear. It may be that CCS can
dock with Ctrl as well. Mgjor issues regarding the Cu(l)
ATPases aso remain unresolved. Although it has been
generally assumed that Cu(l) is transferred from the chap-
erone to MBD to the TM metal binding site of the ATPases,
direct transfer from MBD to the TM sites has not been
demonstrated. Moreover, recent datafor the A. fulgidus CopA
system demonstrate that Cu(l) is transferred directly from
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the CopZ chaperone to the CopA TM site.!'! In this scenario,
the interactions between Atx1-like chaperones and MBDs
may be more important for regulation. If the Atx1-like
chaperones do indeed deliver Cu(l) to the TM site, it is
unclear how or where they interact with the ATPases. Finally,
little is known about the conformational changes that occur
upon ATP hydrolysis and Cu(l) translocation. Although the
conformational states may be related to those observed for
SERCA1,**® there are major architectural differences between
SERCA1 and the P;p-type ATPases, including different
numbers of TM helices and the presence of MBDs. Thus,
many challenges remain in the structural biology of copper
homeostasis. The past decade of research centered on soluble
domains and Cu(l) binding to cysteine and methionine-rich
sites. In the next decade, the focus will likely shift to integral
membrane transporters and their yet to be discovered Cu(l)
coordination chemistry.

11. Abbreviations

A domain actuator domain of P;g-type ATPase

ATP7A Menkes syndrome Cu(l) Pig-type ATPase

ATP7B Wilson disease Cu(l) Pys-type ATPase

ATPBD ATP binding domain of P;g-type ATPase

BsCopAa first N-terminal MBD of B. subtilis CopA

BsCopAab both N-terminal MBDs of B. subtilis CopA

BsCopAb second N-terminal MBD of B. subtilis CopA

Ccc2a first N-termina MBD of yeast Ccc2 Cu(l) Pis-
type ATPase

Ccc2ab both N terminal-MBDs of yeast Ccc2 Cu(l) Pys-
type ATPase

CCs copper chaperone for superoxide dismutase

CopzZ-CT C-terminal domain of A. fulgidus CopZ chaperone

CopZ-NT N-terminal Atx1-like domain of A. fulgidus CopZ
chaperone

DTT dithiothreitol

EPR €electron paramagnetic resonance spectroscopy

EXAFS extended X-ray absorption fine structure

hCCS human copper chaperone for superoxide dismu-
tase

hCtrl human Ctrl transporter

hSOD1 human copper,zinc superoxide dismutase

MBD metal binding domain of Pig-type ATPase

MNK Menkes syndrome protein or ATP7A

MNK1 first N-terminal MBD of MNK

MNK?2 second N-terminal MBD of MNK

MNK3 third N-terminal MBD of MNK

MNK4 fourth N-terminal MBD of MNK

MNK456 fourth, fifth, and sixth N-terminal MBDs of MNK

MNK5 fifth N-terminal MBD of MNK

MNK®6 sixth N-terminal MBD of MNK

N domain nucleotide binding domain of ATPBD of Pys-
type ATPase

P domain phosphorylation domain of ATPBD of Pyg-type
ATPase

SERCAL1 sarcoplasmic reticulum P,-type Ca(ll) ATPase

SOD1 copper,zinc superoxide dismutase

™ transmembrane

WLN Wilson disease protein or ATP7B

WLN56 fifth and sixth N-terminal MBDs of WLN

WLN34 third and fourth N-terminal MBDs of WLN

XANES X-ray absorption near edge structure

XAS X-ray absorption spectroscopy

yCCS yeast copper chaperone for superoxide dismutase

yCtrl yeast Ctrl transporter

ySOD1 yeast copper,zinc superoxide dismutase
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