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Abstract

The current state of knowledge on how copper metallochaperones sup-
port the maturation of cuproproteins is reviewed. Copper is needed
within mitochondria to supply the Cuy and intramembrane Cug sites of
cytochrome oxidase, within the #t7ans-Golgi network to supply secreted
cuproproteins and within the cytosol to supply superoxide dismutase 1
(Sod1). Subpopulations of copper-zinc superoxide dismutase also local-
ize to mitochondria, the secretory system, the nucleus and, in plants,
the chloroplast, which also requires copper for plastocyanin. Prokary-
otic cuproproteins are found in the cell membrane and in the periplasm
of gram-negative bacteria. Cu(I) and Cu(Il) form tight complexes with
organic molecules and drive redox chemistry, which unrestrained would
be destructive. Copper metallochaperones assist copper in reaching vital
destinations without inflicting damage or becoming trapped in adven-
titious binding sites. Copper ions are specifically released from copper
metallochaperones upon contact with their cognate cuproproteins and
metal transfer is thought to proceed by ligand substitution.
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tive tissue cross-linking, pigment formation,
neuropeptide amidation, catecholamine syn-
thesis, and antioxidant defense. Copper has ad-
ditional biological roles that may be distinct
from serving as a catalytic moiety in cuproen-
zymes, for example, in the innate immune re-
sponse, in the modulation of synaptic transmis-
sion, and in angiogenesis. A consequence of
these vital functions is that copper deficiency
has profound clinical outcomes often associ-
ated with neurodegeneration. Dietary intake of
copper salts generally exceeds tissue demands,
so homeostatic mechanisms exist to modulate
uptake and facilitate export through the bile.
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Impairment in biliary copper excretion results
in liver and brain copper overload in patients
with Wilson’s disease. Copper’s ability to accept
and donate single electrons make it an ideal re-
dox cofactor, but copper ions are also complicit
in the Fenton reaction and hence capable of
driving the generation of deleterious hydroxyl
radicals (Figure 14). Cu(Il) is located at the top
of the Irving-Williams series, and Cu(I) is also
highly competitive, and hence, all copper ions
have the potential to displace less competitive
metals from metalloproteins (Figure 15). For
all of these reasons, cellular copper pools must
be tightly balanced to sustain a sufficent supply
while minimizing toxic effects.

In the 1990s, a class of protein, designated
copper metallochaperones, was discovered that
functions as intracellular Cu(I) ion shuttles
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distributing Cu(l) ions to specific partner pro-
teins, thereby overcoming a high copper chela-
tion capacity of the cytoplasm. In many cells,
the abundance of Cu(I)-buffering metalloth-
ionein and glutathione (GSH) molecules re-
sults in a cytoplasm depleted of free copper
ions. The discoveries of the Atxl and Ccsl
metallochaperones and the elucidation of their
structures were reviewed in the 2001 edi-
tion of the Annual Review of Biochemistry (1).
This review focuses on subsequent advances,
including the mechanisms of copper trans-
fer, copper metallochaperone-dependent and
-independent maturation of superoxide dismu-
tase and the assembly of the copper sites of
cytochrome oxidase.

The Copper Proteome

Attempts have been made to define the copper
proteome (cuproproteome) using genomic se-
quence data (2, 3). Ten distinct Cu-containing
proteins have been identified in prokaryotes,
but wide fluctuations exist in the distribution
of these proteins within species (2). Analyses
of prokaryotic and archean genomes indicated
that nearly 72% of bacteria and 31% of
archean species utilize copper (2). The cupro-
proteome distribution may actually be wider
if novel copper proteins exist. Bioinformative
searches using 39 Cu-binding motif signa-
tures revealed additional putative Cu-binding
proteins in Bacteria and Archaea (3). Over
70% of the putative cuproproteins identified
in prokaryotes have homologs in Archaea
and Eukaryotes. The most frequently utilized
cuproprotein is cytochrome ¢ oxidase. The
second most common cuproprotein is NADH
dehydrogenase-2 (2). Secretory cuproenzymes
include dopamine-B-hydroxylase, tyrosinase,
ceruloplasmin, lysyl oxidase, and amine oxi-
dases. Certain bacterial phyla (Thermotogae,
Chlorobi, Lactobacillales, and Mollicutes) lack
known copper enzymes or copper metallochap-
erones. However, most of these species contain
copper effluxers likely as a defense against
the deleterious effect of copper ions in the
cytoplasm.

Fenton reaction
H,0, OH™ + ‘OH

Cu(l)  Cu(l

Irving-Williams series

Highly reactive
hydroxyl radical

[Mg(ll), Ca(ll)]<Mn(ll) <Fe(ll) <Co(ll) <Ni(ll)<Cu(l)>Zn(ll)

< Weak

Figure 1

Tight =

(@) Copper catalyzes production of hydroxyl radicals via the Fenton reaction.
(b) Copper has a tendency to form stable complexes relative to other essential
divalent metals, and hence it is at the top of the Irving-Williams series.

(b) Monovalent copper is also competitive, forming tight protein complexes.

Compartmentalization of the eukaryotic
cuproproteome is well established (Figure 2).
Cuproenzymes are localized within the plasma
membrane and the periplasm of gram-negative
bacteria. Within plants, copper is required in six
compartments, including the cytoplasm, endo-
plasmic reticulum, mitochondria, chloroplast
stroma, thylakoid lumen, and apoplast (4). Cop-
per redistribution between compartments can
occur upon transitions to copper deficiency (5).

Cuproprotein Metallation Reactions

In general, metallation reactions are expected
to occur during protein biosynthesis, or shortly
thereafter, because many metal cofactors
influence protein stability. On cytoplasmic
ribosomes, protein biosynthesis and chain
elongation are coupled to chaperone-mediated
protein folding for many proteins. Nascent
polypeptides are protected within the ribosome
and can only fold as they emerge from the exit
tunnel. Subsequently, molecular chaperones
bind nascent polypeptides and actively guide
the polypeptides in folding through cycles
of binding and release. Whereas cytosolic
metalloproteins are likely metallated at this
stage, because many cuproenzymes are either
compartmentalized or secreted their folding
and metallation must occur after translation
and translocation. Secretory cuproenzymes
pass through the endoplasmic reticulum lu-
men, where folding reactions commence, and
maturation continues during transit through

www.annualreviews.org o Copper Metallochaperones
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metallochaperone for
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Ccsl: a copper
metallochaperone for
Cu-Zn superoxide
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539



Annu. Rev. Biochem. 2010.79:537-562. Downloaded from arjournals.annualreviews.org

by INDIANA UNIVERSITY - Bloomington on 07/30/10. For personal use only.

540

‘ Cuproprotein

O/ Copper metallochaperone
O Copper permeases
@ CcO, cytochrome oxidase

@/@ pisuilfide relay

Copper is passed (green arrows) to cuproproteins (dark green circles), including metallothioneins Crs5 and
Cupl, in for example Saccharomyces cerevisiae, by copper metallochaperones (pale green circles, or ovals if
membrane associated). Copper permeases (white ovals) import copper into the cell or deliver Cu(l) to
compartments, such as the #7ans-Golgi network where secreted cuproproteins (such as Fet3) acquire copper.
Fet3 oxidizes ferrous ions (curved brown arrow) to provide substrate for high-affinity iron import by Ftr1.

Py -type ATPases (such as Cec2) have one or more soluble N-terminal domains, which engage in regulatory
interactions with copper metallochaperones (such as Atx1), but additional Cu(I) donation (hence two arrows)
may supply the #7ans-membrane regions for Cu(I) transport. Metallation of the cytochrome ¢ oxidase
complex (CcO) in mitochondria (OM, outer membrane of mitochondria) involves a pathway via Cox11 for
the Cug site of the Cox1 subunit, embedded in the inner membrane (IM), and via Scol for the Cuy site of
Cox2, protruding into the intermembrane space (IMS). Cox17 supplies both pathways. Nuclear encoded
mitochondrial proteins, such as Cox17 and Ccs1, are imported across the OM unfolded (pale green line) via
the TOM translocase then captured in the IMS, following introduction of disulfide bonds (SS) through the
actions of Mia40. A sulthydryl oxidase Ervl generates a reactive disulfide on Mia40. A small copper ligand
(CuL) supplies Cu(l) (dashed arrows) to the IMS copper metallochaperones.

the Golgi apparatus. Copper metallation
occurs within Golgi vesicles.

Proteins discriminate between metal ions
imperfectly, at least in vitro, yet biology seems
to achieve precision in metallation reactions.
Metallation is influenced by preferences in co-
ordination geometry and in polarizability of
ligand donor atoms. Computational chemistry
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studies infer that the specificity of a metal for a
set of ligands in a protein cavity depends mainly
on the metal’s natural abundance in the biologi-
cal locality, tailored by the properties of the pro-
tein and metal (6). For example, two structurally
related cyanobacterial proteins, MncA and
CucA, are the predominant manganese- and
copper-containing proteins in the periplasm
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but have similar metal-binding sites (7). The
mangano-protein prefers to bind Cu(Il), or
Cu(I), or Zn(Il) rather than Mn(Il) in vitro
(7). However, precise metallation is achieved by
differential compartmentalization during the
metallation reactions. The mangano-protein,
MncA, is dependent on incorporation of Mn(II)
within the cytoplasm, where copper and zinc are
highly restricted. Metallated MncA is then se-
creted into the periplasm as a holoenzyme via
the Tat pathway. In contrast, metallation of the
copper protein, CucA, occurs after export of the
nascent chain via the Sec system. Another strat-
egy for precision of metallation is through the
actions of metallochaperones.

COPPER METALLOCHAPERONES
FOR COPPER TRANSPORTERS

Bacterial copZ was discovered in the nucleotide
sequences adjacent to a gene encoding a copper-
transporting P;-type ATPase (8), whereas yeast
Atx1 was cloned as a suppressor of oxygen sen-
sitivity in strains lacking superoxide dismutase
(9). Studies of these two small proteins (69
residues for CopZ and 73 for Atx1) established
the concept of copper metallochaperones. Atx1
and CopZ are similar in amino acid sequence to
the N-terminal regions of metal-transporting
Py-type ATPases, including the one (CopA)
from the same operon as CopZ, human Menkes
and Wilson ATPases and the P-type ATPase
from yeast, Ccc2. All of these proteins have a
metal-binding motif MXCXXC (where X is any
amino acid) associated with the first loop of a
BaBBap (ferredoxin) structural fold. The sin-
gle BapBap-fold of Atx1 or CopZ is replicated
once (CopA), or twice (Ccc2), or six (Menkes
and Wilson) times in the cytosolic regions of the
ATPases (1). Copper metallochaperones that
are variants of this structural theme occur in
plants and Archeae. CopZ or Atx1-like copper
metallochaperones are not obligatory partners
for copper-transporting P;-type AT Pases since
some genomes encode the ATPases but no ho-
mologs of these metallochaperones (10).

Yeast mutants deficient in Atx1 are deficient
in iron uptake owing to impaired copper supply

to the multicopper oxidase Fet3 (Figure 2). Ex-
tracellular Fet3 activity is needed to generate
ferric substrate for the high-affinity iron im-
porter Ftrl. As noted above, copper metalla-
tion of secreted proteins occurs within Golgi
vesicles, and this is true of Fet3. The Ccc2
ATPase transports copper into this compart-
ment, and thus Atx1 is phenotypically linked to
the activity of the ATPase. Evidence that Atx1
forms associations with the N-terminal region
of Ccc2 and that the human homolog Atox1
(sometimes called Hahl) forms associations
with the Menkes or Wilson ATPases was ob-
tained from coimmunoprecipitations and Cu-
dependent two-hybrid interactions, whereas
copper transfer between pairs of recombinant
proteins was observed in vitro. A model was
proposed in which these copper metallochap-
erones donate metal ions to the N-terminal re-
gions of the ATPases via a sequence of ligand-
exchange reactions. At the time of the 2001
Annual Review of Biochemistry article (1), so-
lution structures had been obtained for apo-
Atx1, Cu(I)-Atx1, as well as for the apo and
Cu(I) forms of one domain of Ccc2 (Ccc2a),
plus an X-ray crystal structure was known for
the homodimer of Cu(I)-Hah1, among others.
The homodimer structure was used to generate
models of docked heterodimers (11). Solution
structural studies have now examined these an-
ticipated heterodimers.

Visualization of Adducts
with Cytosolic Domains
of P;-Type ATPases

A solution structure of an Atx1-Cu(I)-Ccc2a
heterodimer has been generated (Figure 3)
(12). The interaction is dependent upon
copper, with the first cysteine of each protein
(Cys15 of Atx1 and Cys13 of Ccc2a) being es-
sential for complex formation (12). This seems
reasonable because Cys15 of Atx1 is the more
solvent accessible of its cysteine pair. A collec-
tion of lysine residues (residues 24, 28, 62, and
65) confer complementary surface charge to a
negative surface of Cec2a. Conversion of these
lysines to glutamate impairs Atx] activity as
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CopZ: a bacterial
protein similar to Atx1
and Atox1

BapBas-fold:
ferredoxin-fold
metal-binding
domains of P-type
ATPases and some
copper
metallochaperones

Atoxl1: the human
copper
metallochaperone for
Py-type ATPases
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Ccc2a

b

)

Figure 3

(@) NMR solution structural model [Protein Data Bank (PDB) code 2GGP] of
a heterodimer of the S. cerevisiae copper metallochaperone Atx1 and one of two
N-terminal cytosolic domains of its cognate Pi-type copper-transporting
ATPase Ccc2. Cysteinyl (yellow) thiol coordinated Cu(I) (sphere) stabilizes a
transient complex between similar SafBaB (ferredoxin)-structural folds (red,
a-helix; blue, B-strand). (b) The interacting faces of Ccc2a and Atx1 have
complementary (red, negative; blue, positive) electrostatic potentials.

542

assessed by loss of yeast two-hybrid inter-
actions with Ccc2a and poor ferrous **Fe
uptake by yeast strains carrying these Atxl
variants (13). Thus, electrostatics enables en-
counter complexes to form between the copper
metallochaperone and the Pi-type ATPase
(Figure 3). However, the encounter complex
must be stabilized by coincident coordination
of copper through cysteine residues from both
partners if the transient complex is to persist for
asufficientlength of time to enable detection by
NMR. The complexis also predicted to be tran-
sientin vivo as Atx1 is largely found in the cyto-
plasm rather than associated with Golgi mem-
brane preparations. A possible sequence for
the exchange of metal-binding ligands between
the two proteins was proposed with Cys13 of
Ccc2a first invading a digonally coordinated
Cu(I)-Atwx1 site after which the second Cys of

Robinson o Winge

Ccc2a replaces the second Cys of Atxl. An
expectation is that the heterodimer dissociates
upon formation of a bisthiolate Cu(I) complex
with Ccc2a (Figure 4), although there is only
a small change in free energy associated with
the transfer of Cu(I) from Atx1 to Ccc2a (14).

The Transfer of Copper

Copper transfer from Atx1 to Cec2a in vitro was
unaffected by the presence of a 50-fold molar
excess of GSH, which was added to chelate any
released Cu(I) (14). The off rate from Cu(I)-
Atxl to solvent is thought to be negligible,
such that transfer to Ccc2a can only occur by
direct protein contact and not via free solu-
tion. Presumably, the off rate for copper is en-
hanced in the heterodimer owing to confor-
mation changes induced in Atx1 by its partner.
This predicted switch in the Cu(T)-Atx1 off rate
has not been measured, although structural data
have suggested what might trigger a change.
Loop 5 of Atx1 contains a lysine residue (Lys65),
which is conspicuously conserved in many ho-
mologs from other species. Lys65 is thought to
serve as a counter ion, balancing the negative
charge of a metal site in which Cu(I) is bound to
two thiolates and shielding the site. In adducts
with Cec2a, this residue is displaced away from
the metal-binding site (12). Thus, movement of
Lys65 in adducts opens the Atx] metal site for
ligand invasion by Ccc2a. The metal-binding
site of apo-Atx1 is disordered, whereas that of
apo-Ccc2a is structured (12), perhaps also con-
tributing a small free-energy change to encour-
age metal release from the former to the latter.

The bacterial copper metallochaperones,
CopZ from Enterococcus hirae (8, 15) and from
Bacillus subtilis (16, 17), plus ScAtxl from
Synechocystis PCC 6803 (18), have a tendency
to multimerize when bound to copper. These
copper metallochaperone homodimers are
presumed to dissociate to allow heterodimers
to form with the ATPases. In the bacterial
systems, the electrostatics are reversed relative
to yeast Atxl-Cu(l)-Cec2a, with CopZ and
ScAtx]l presenting negative faces to posi-
tive ones on the respective P-type ATPase
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domains. Bioinformatics initially suggested
that the CopA P-type ATPase of B. subtilis may
import copper; however, N chemical shift
differences attributed to CopZ-Cu(I)-CopA
showed that the metal-binding region of CopZ
adopts an apo-like form and that CopA adopts
a Cu(I)-like form in the heterodimer, more
consistent with a vector for copper transfer
from the copper metallochaperone to the
ATPase (17). In support of this prediction,
AcopA B. subtilis was subsequently shown to be
hypersensitive to elevated copper and deficient
in copper export not import (19). Indeed, there
is now uncertainty about whether any P;-type
ATPases import copper, although this was first
proposed for CopA from E. hirae and remains
the simplest model for cyanobacterial CtaA on
the basis of the phenotypes of ActaA strains.
Copper metallochaperones can direct Cu(l)
to bona fide destinations but also keep it away
from aberrant ones. Zinc-transporting P;-type
ATPases, such as ZntA and ZiaA, also possess
Ba B BaB-folds plus CXXC metal-binding sites,
akin to those of copper transporters (20, 21).
In ZiaA, from the cyanobacterium Synechocys-
tis PCC 6803, the metal site has been shown
to have a preference for Cu(l) over Zn(II).
However, the N-terminal domain of ZiaA does
not form heterodimers with the copper met-
allochaperone Cu(I)-ScAtx1 (22). Electrostat-
ics repulses encounter complexes between ZiaA
and ScAwx1, while complexes between ScAtx1
and related copper transporters CtaA and PacS
are not repulsed. This mechanism provides a
kinetic barrier to inhibit aberrant association
of Cu(l) with ZiaA (21). Whereas most bac-
teria have no cytoplasmic membranous com-
partments and no known copper-requiring en-
zymes in the cytoplasm, cyanobacteria, such as
Synechocystis PCC 6803, are peculiar in pos-
sessing thylakoid membranes housing plasto-
cyanin and a caa;-type cytochrome oxidase.
CrtaA, PacS, and ScAtx1 act positively with re-
spect to thylakoid cuproproteins, and crucially,
the ATPases are nonredundant (22, 23). PacS
has been localized to thylakoid membranes (24),
suggesting a model in which CtaA imports cop-
per at plasma membranes while PacS loads

Cu(l)
@ -
Cu(l)-Atx1 LT
(1FD8)

7

it

apo-Atx1
(1FES)

Figure 4

N
A C
o

apo-Ccc2a
(1TFVQ)

Atx1-Cu(l)-Ccc2a
(2GGP)

Cu(l)-Ccc2a
(1FVS)

Visualization of the Cys-Xaa-Xaa-Cys motifs taken from NMR solution
structures (Protein Data Bank codes indicated) of the apo-, Cu(I)-, and

heterodimeric forms of Atxl and Cec2a to represent
Atx1 to Cec2a via ligand-exchange reactions.

it into thylakoids, analogous to the supply of
copper to cuproproteins within the Golgi in
eukaryotes. This model, however, relies upon
CtaA acting to import copper, which has not
been demonstrated for a P;-type ATPase. A
credible alternative model is that CtaA trans-
ports copper into thylakoids but at a differ-
ent stage in their biogenesis than when PacS
is active. For example, copper must be sup-
plied twice to tyrosinase in mammals, tran-
siently by the Menkes ATPase in Golgi and
again by the Menkes ATPase in specialized
melanosome compartments derived from the
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Golgi (25). Copper binding is necessary to sta-
bilize tyrosinase in the Golgi, but its folding
state, coupled with the ionic conditions in the
earlier Golgi network, is thought to lead to re-
lease of the initial copper atoms.

Copper Donation to Membrane Sites

Because there is only a small free-energy change
associated with metal transfer from copper met-
allochaperones to the N-terminal regions of P; -
type AT Pase, it has been widely assumed that
irreversible membrane translocation driven by
the hydrolysis of ATP is what shifts the equilib-
rium by removing the Cu(I)-ATPase product.
However, there is no direct evidence that cop-
per acquired by an N-terminal metal-binding
domain of a P;-type ATPase is transferred to
trans-membrane regions for transport. CopZ
from Archaeoglobus fulgidus interacts with, and
can donate metal to, soluble BaBBaB-domains
of CopA from the same organism (26). Impor-
tantly, Cu(I)-CopZ can also activate AT Pase ac-
tivity of isolated CopA, even when the AT Pase
is missing its own soluble BuoBBaB-domain or
when Cu-binding Cys residues have been con-
verted to Ala. In contrast, the purified Cu(I)-
bound BapBBaB-domain of CopA, expressed
without the rest of the ATPase, does not acti-
vate the variant CopA missing the same domain.
Under nonturnover conditions (in the absence
of Mg?**-ATP), irreversible copper transfer can
be detected between Cu(I)-CopZ and the mem-
brane metal-binding sites of CopA (26). It is
possible that the transfer of metal from copper
metallochaperones to the N-terminal regions
of P;-type ATPases serves regulatory roles and
that separate donation events to the metal sites
located in the membranous regions might be a
common requirement.

The metal-binding domain of CopA inter-
acts with the nucleotide-binding domain of the
ATPase, and this interaction is impaired upon
Cu(I) binding or nucleotide binding (27, 28).
Thus, Cu(I) donation to the N-terminal re-
gion could serve to regulate Cu(I) transport by
modulating this internal interaction within the

Robinson o Winge

ATPase. Itis notable that CopZ from A. fulgidus
is atypical in structure, having an extra 130-
residue N-terminal domain that contains both
zinc and a 2Fe2S cluster (29).

The cytosolic domain of the Wilson ATPase
containing its ATP-binding site also interacts
with the N-terminal BaBBaB-regions in vitro,
and these interactions are also inhibited by
Cu(I) binding (30). Donation of copper to
the N-terminal regions may thus expose the
ATP-binding site to assist catalytic turnover
in response to increased abundance of Cu-
bound metallochaperone. Both the Menkes and
Wilson ATPases also undergo metal-dependent
shifts in their cellular localization when cop-
per becomes elevated, and the N-terminal
BaBBap-regions of the Menkes ATPase are
known to influence trafficking (31-33).

The Ve of CopA from A. fulgidus was
greater with Cu(I)-CopZ rather than Cu(l)
alone (26). The dynamics of copper release
from human Atoxl have been investigated
by using the Cu(I) chelator bicinchonic acid
(BCA), which forms a Cu(I) BCA; complex
(34). Transfer progresses via formation of an
Atox1-Cu(I)-BCA intermediate before ligand
invasion by a second molecule of BCA. Lack
of release to GSH presumably implies that the
thiol of GSH is unable to invade the Atoxl
Cu(I) site in the same manner as BCA. BCA ac-
quires copper more rapidly from Cu(I)-Atox1
than it does from buffer alone because Cu()-
dithiothreitol complexes dissociate more slowly
than the copper metallochaperone. The rate of
release to BCA is further enhanced using Atox1
mutant proteins in which alanine residues are
substituted for either the shielding lysine or the
methionine of the MXCXXC motif. In both
cases, rapid release from mutant Atoxl occurs
because the second molecule of BCA more
readily displaces Atox1 from the intermediate
adduct relative to wild-type Atox1 (34). Cop-
per metallochaperones can thus make copper
swiftly accessible to the correct substrates ca-
pable of ligand invasion, presumably includ-
ing membranous metal-binding sites of P;-type
ATPases.
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Copper Acquisition by Atx1-Like
Copper Metallochaperones

Yeast mutants missing any of the diverse types
of copper permeases still retain functional cop-
per metallochaperones, implying that there is
no single preferred donor (35). Furthermore,
because the permeases are so varied, it seems
improbable that they can all support specific in-
teractions with copper metallochaperones. The
electron crystallographic structure of the Ctrl
copper pore may reveal a cytosolic domain with
a candidate docking site for Atx1 (36). Copper
transfer between the cytosolic regions of Ctrl
and Atx1 does occur in vitro, although the esti-
mated affinities of the two proteins are similar
atabout 107! M (37, 38). Constitutive overex-
pression of competing Cu(I)-binding proteins,
such as the metallothioneins Crs5 and Cupl,
in the cytosol does not interfere with Cu(I) ac-
quisition by copper metallochaperones. One of
the burning questions is how do cells prioritize
copper supply? An intriguing notion is that this
could be achieved if some, but not all, copper
metallochaperones gained access to metal ions
released at cuproprotein turnover. Atx1 targets
would be subordinate if Atx] solely obtained
copper from de novo import, and the primacy
of cytochrome oxidase could be sustained pro-
vided its copper metallochaperones had prefer-
ential access to recycled copper.

Handling Copper in a
More Oxidizing Periplasm

A five-stranded P-barrel protein, CusF, in-
volved in the efflux of surplus copper from
the periplasm of gram-negative bacteria, such
as Escherichia coli, has been added to the cata-
log of copper metallochaperones. CusF has an
unusual copper site, involving a histidine im-
idazole, two methionine thioethers, plus a 7-
interaction from the aromatic ring of trypto-
phan (39-41). The methionine thioether group
appears as a Cu ligand in sites located within
more oxidizing environments, for example, in
copper permeases such as Ctrl (42). The E. coli
CusBCA proteins are thought to form a com-

plex that straddles the inner and outer mem-
branes to couple the inner-membrane (IM)
proton motive force to copper efflux across
the outer membrane. It is predicted that the
substrate is acquired in the periplasm rather
than the cytoplasm. By using selenomethion-
ine derivatives to distinguish the metal sites,
it was possible to follow movement of cop-
per from Cu(I)-SeMet-CusF to apo-CusB by
X-ray absorption spectroscopy (43). The pro-
teins have closely matched affinities, leading to
asuggestion that metal transfer might be driven
by removal of the Cu(I)-CusB product through
CusBCA-mediated efflux, analogous to the ar-
guments proposed for the driving force for cop-
per transfer from Atx1 to Cec2.

COPPER METALLOCHAPERONES
FOR CYTOCHROME OXIDASE

Unlike Atxl and Cecsl that donate Cu(l) di-
rectly to the target molecule, Cox17-mediated
Cu(I) donation to cytochrome ¢ oxidase (CcO)
subunits involves two accessory factors Cox11
and Scol, which function in the metallation of
the Cug site in Coxl and Cuy site in Cox2,
respectively. Both Cox11 and Scol are IM-
associated proteins with Cu(I)-binding globu-
lar domains protruding into the intermembrane
space (IMS). Cox17-mediated Cu(I) transfer to
Cox11 and Scol is the initial event, followed by
the subsequent transfer to Cox1 and Cox2, re-
spectively. Cu(I) donation to Cox11 and Scol is
believed to impart specificity to the Cu(l) trans-
fer to CcO subunits during CcO biogenesis.
One difference between the Cu(I) metallation
of Cox1 and Cox2 is that the Cu, site in Cox2
is localized 8 A above the IM, whereas the Cug
site in Cox1 is buried 13 A below the membrane
surface (44).

Cox17

Cox17 was cloned from Saccharomyces cerevisiae
from a CcO deficiency mutant. Cells lacking
Cox17 were respiratory deficient and unable to
propagate on nonfermentable carbon sources
(45). Mitochondria isolated from the mutant
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cells contained both mitochondrial and nuclear
CcO subunits, precluding a role for Cox17
in the expression or import of the subunit
polypeptides. The mutant cells lacked the CcO-
specific heme #, but not heme 4 found in other
respiratory complexes or cytochrome ¢ (45). In-
sight into the role of Cox17 in CcO biogenesis
was gleaned by the observation thatcox17A cells
regained an ability to propagate on glycerol and
ethanol medium with the addition of 0.4% cop-
per salts. Because the mutant cells contained a
functional Sod1 superoxide dismutase, the role
of Cox17 is specific to CcO and/or mitochon-
dria. Mice lacking Cox17 die during early em-
bryogenesis at a stage similar to mice lacking
the copper transporter Ctrl (46, 47). Prior to
embryonic death, CcO activity was severely im-
paired in COX17 -/- mice. Depletion of COX17
mRNA, using siRNA, in HeLa cells resulted in
an induced CcO deficiency (48). Steady-state
levels of Cox1 and Cox2 were diminished fol-
lowing the knockdown, but the other respira-
tory complexes retained the same magnitude of
abundance as in wild-type (WT) cells.

Cox17 is a small hydrophilic protein of 63
residues in humans. It contains a conserved twin
CXyC motif that forms a helical hairpin con-
figuration (Figure 5). This helical hairpin is
also referred as a CHCH (coiled-coil; helix;
coiled-coil; helix;) motif (49). The twin CX,C
structural motif is found in numerous IMS pro-
teins; several of these, including Cox19, Cox23,
and Pet191, are important in CcO biogenesis.
The Cox12 structural subunit of CcO project-
ing into the IMS also contains the twin CXoC
motif. The cysteines within the twin CXyC
motif are present in two disulfides, stabiliz-
ing the helical hairpin of Cox17 (Figure 54)
(50, 51). The redox couple of the double disul-
fide configuration of Cox17 to the fully re-
duced state has a midpoint potential of —294
mV, consistent with the dual disulfide molecule
being the likely species in vivo, considering
that the IMS redox potential is approximately
—255 mV unlike the more-reducing potential
of the cytoplasm (—296 mV) (52, 53). In support
of the disulfide configuration of Cox17 within
the IMS is the observation that other Cys-rich
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a Cox17

a-helix

C Cox11

Plus TM
a-helix

Figure 5

Copper metallochaperones for CcO. (#) Disulfide
bonds between two pairs of cysteine residues (yellow)
on antiparallel a-helices (red) create a helical hairpin
of Cox17 [Protein Data Bank (PDB) code 2RNB].
Cu(]) is coordinated to a pair of cysteine residues.
(b) Scol is tethered to the inner membrane (IM)
(hydrophobic «-helix not shown) with a thioredoxin
fold (B-strand, dark blue; histidine, pale blue) in the
intermembrane space (PDB 2GQM). (¢) Cox11 is
tethered to the IM (hydrophobic a-helix not shown)
with an immunoglobulin-like 3-barrel in the IMS
(PDB 1SPO).



helical hairpin proteins within the IMS with a
twin CX;C motif form heterohexameric com-
plexes in which disulfides are essential to sta-
bilize both the structure and function of the
complex (55). Although Cox17 likely exists with
twin disulfides, Cox17 is functional without ei-
ther of the two disulfides (54).

Cu(I) binding to Cox17 occurs through two
vicinal cysteine residues in a digonal Cu(I)-
thiolate complex (Figures 5« and 6) (50, 51,
55). The mononuclear Cu(I)-Cox17 has been
characterized only after in vitro Cu(I) recon-
stitution. Recombinant expression of Cox17 in
E. coli leads to the accumulation of a Cu-Cox17
oligomeric, tetranuclear Cu(I) complex in cells
cultured in Cu-supplemented medium (56).
Recombinant expression in bacteria without
copper supplementation results in the isolation
of metal-free protein. This is presumably due
to the absence of available cytosolic copper
ions in E. coli (57). The polycopper protein
is in a dimer/tetramer equilibrium, with the
Cu(I)-thiolate cluster likely existing at the
dimer interface (56). The tetracopper cluster
conformer requires multiple cysteine residues
to be in the reduced thiolate state. Cox17 pu-
rified from the IMS is largely devoid of bound
Cu(I) and is monomeric (58). Cu-reconstituted
human Cox17 shows a S-Cu-S angle of 130°
(55). The bent coordination may permit an ex-
ogenous thiolate to provide a third ligand. The
Cu(I) thiolate center is charge stabilized by two

either

SS-apo-Sco1

(2GGT)

Cu(l)-Cox17
(2RNB) apo-Scol
reduced

(2GT5)

i1

\ or

| Cu(l)-Sco1

(2GQM)

apo-Cox17
reduced
(2RN9)

Figure 6
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Visualization of metal-binding motifs taken from structures (Protein Data Bank
codes indicated) of the apo and Cu(I) forms of Cox17 and Scol to represent the
transfer of Cu(I) from Cox17 to Scol and, potentially, to represent the
coincident transfer of two electrons when apo-Scol is oxidized.

adjacent Lys residues. Lys20 may mimic the
stabilizing Lys65 in the Cu-Atx] complex. In
addition, a hydrophobic patch, formed by ends

of the C-terminal helix and the N-terminal seg-
ment, orients the Cys thiolates for Cu(I) bind-
ing. The Cu(I) center is solvent accessible yet
avidly bound with a K, value of 6.4 x 107 M
(59). The Cu(I)-binding affinity must be poised
for transfer to target proteins Scol and Cox11.
Another well-defined digonal Cu(I)-thiolate
complex exists in the E. coli CueR transcrip-
tional regulator (57). This MerR-based regula-
tor exhibits an essentially linear S-Cu-S bond
angle of 176° with short Cu-S bond distances of
2.13 A. Eight residues separate the two coor-
dinating cysteines. The linearity of the Cu(l)

coordination results in a Cu(l) K; near 1072!
M. In contrast, the bent coordination of Cu(I)
by the vicinal Cys residues in Cox17 reduces
the binding affinity perhaps to permit transfer.

The disulfides in Cox17 are introduced dur-
ing import into the IMS. The IMS import
of small cysteine-rich polypeptides with either
twin CXoC or twin CX;C structural motifs is
mediated by a disulfide relay system involv-
ing the mitochondrial intermembrane space
assembly (MIA) machinery consisting of at least
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Mia40 and Ervl (Figure 2) (60-64). Tran-
sit of these proteins, as unfolded polypeptides
through the TOM translocase in the OM,
results in transient capture of the imported
molecules by Mia40 through an intermolecular
disulfide. Mia40 contains two structural disul-
fide bonds formed by its twin CXyC motif as
well as a N-terminal labile disulfide. The reac-
tive disulfide lies within a CPC sequence mo-
tif and has a reduction potential of —200 mV
(65). The nonoptimal stereochemistry of the
disulfide with a single residue spacer likely con-
tributes to its instability. The sulthydryl ox-
idase Ervl catalyzes formation of a reactive
disulfide in Mia40 that is responsible for tran-
sient capture of imported protein with reduced
thiolates (60, 61, 66, 67). The second Cys of
the CPC motif is the active Cys forming the
transient disulfide with Cox17 and other target
proteins (65). Protein release from the Mia40
complex is facilitated by disulfide exchange re-
actions resulting in disulfides in the imported
proteins. The oxidative folding of Cox17 and
other Mia40 targets traps the proteins within
the IMS. It remains unclear whether the Cu(I)-
binding Cys23 and Cys24 residues of Cox17
are also initially oxidized. If a disulfide forms
with Cys23 and Cys24, reduction would be re-
quired for Cu(I) binding. Information is lack-
ing on what redox couples exist within the IMS.
GSH reductase and thioredoxin reductase are
not known to be present in this compartment.

Cox17 is also present in the yeast cyto-
plasm, initially encouraging a hypothesis that
Cox17 may shuttle Cu(l) to mitochondria (58).
However, restricting Cox17 to mitochondria
through tethering to the IM retained normal
CcO biogenesis (68). Import of Cox17 through
the TOM translocase occurs as an unfolded
and, presumably, apopolypeptide. The source
of copper for metallation of Coxl and Cox2
during CcO biogenesis arises from a mitochon-
drial matrix copper pool. A significant fraction
of mitochondrial copper is localized within the
matrix as a soluble, low-molecular-weight lig-
and complex (CuLl), which is conserved from
yeast to humans. Information is lacking on
whether copper within the Cul. complex is
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imported as ionic Cu(I) or as a Cul. com-
plex. The ligand appears to be present in the
apo state within the cytoplasm, so an attractive
postulate is that formation of the CulL com-
plex occurs within the cytoplasm and the com-
plex is imported into the mitochondrial matrix
through an unknown carrier. Heterologous ex-
pression of two Cu(I)-binding proteins in the
mitochondrial matrix was shown to titrate out
the matrix Cu(I)-ligand complex and induce a
respiratory deficiency (69, 70). These effects
are reversed by supplementation of cell cul-
tures with CuSOy. Attenuation of mitochon-
drial copper in Podospora anserina by a het-
erologous Cu(I)-binding protein also induces
a CcO deficiency (71). In addition, the pres-
ence of the matrix-targeted Crs5 in yeast results
in diminished Sodl protein levels within the
IMS and impaired activity of an IM-tethered
hSodl1.

Cu-Cox17- and Scol-Mediated Cu(l)
Transfer to Cox2

The recipient of Cu(I) from Cu-Cox17 is Scol
in yeast, and a combination of Scol and Sco2
in mammalian cells. Overexpression of Scol
restored respiratory function in yeast lacking
Cox17, thereby linking Cox17 and Scol (72).
Scol participates in the formation of the mixed
valent Cu, site in Cox2. In the absence of Scol,
yeast are stalled in CcO biogenesis, and the
complex is degraded (73, 74). Yeast also pos-
sess Sco2, but cells lacking Sco2 are not res-
piratory deficient. Both human Scol and Sco2
proteins are required for CcO biogenesis and
have nonoverlapping functions (75). Mutations
in either gene results in a fatal encephalomy-
opathy, although the clinical presentation dif-
fers between hSCOI and hSCO?2 patients (76,
77). In addition to the CcO deficiency, patient
tissues show a tissue-dependent copper defi-
ciency (78).

Scol and Sco2 are tethered to the IM by
a single trans-membrane helix with a globu-
lar domain protruding into the IMS containing
a single Cu(l) site (79, 80). Cu(I) is trigonally
coordinated by two cysteinyl residues within
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a CPDVC sequence motif plus a histidine
imidazole (Figures 56 and 6) (80). Mutation of
the Cys or His residues abrogates Cu(I) bind-
ing, resulting in a nonfunctional CcO (79, 80).
The Cu(l) ion is partially shielded by the first
Cys and the adjacent two residues (81). The
structures of the metal-free human Scol and
Cu; Scol complex are similar with the exception
of one protruding loop thatadopts two different
conformations (81) (see the loop marked by an
arrow in Figure 5b). In the apo conformation,
the Cu(I)-binding region is more disordered,
and the conformer, frozen in the crystal struc-
ture of hScol, contained the His rotated out of
position for planar Cu(I) coordination (82-84).
The movement of the protruding loop orients
the Cu(l) binding His residue for metal binding.
The dynamic properties of this loop suggest it
could influence interactions involved in Cu(I)
transfer (81).

Human Sco2 shows greater conformational
dynamics than hScol (85). These proteins
have thioredoxin folds, raising questions about
whether Sco proteins may function in redox re-
actions. Recent evidence suggests that hSco2
acts as a thioldisulfide oxidoreductase in CcO
biogenesis, whereas hScol may be the domi-
nant Cu(I) donor to Cox2 (86). Thioredoxins
typically contain a cis-Pro in juxtaposition to
the redox active cysteinyl residues. The cis-Pro
precludes metal ion binding (87). The corre-
sponding positions in Scol and Sco2 are the
Cu(l) ligand His, consistent with their Cu(I)-
binding function. If Sco2 is primarily an oxi-
doreductase, its function remains dependent on
the Cys and His residues. Substrate recognition
by protein disulfide isomerases, which share the
thioredoxin fold (88), may also be dissimilar to
partner recognition by copper metallochaper-
ones with the former being dominated by hy-
drophobic interactions. The reduction poten-
tial of the Cys residues in hScol and hSco2 are
—280 mV and —310 mV, respectively. Consid-
ering the reduction potential of the IMS is ap-
proximately —255 mV (52), it is predicted that
Sco proteins may exist with at least some Cys
residues oxidized and therefore not poised for
Cu(I) binding. Scol and Sco2 in fibroblasts do

have a mixture of oxidized and reduced Cys
residues (86).

Direct Cu(I) transfer from Cox17 to Scol
has been shown in vitro and in vivo. This likely
occurs through a highly transient interaction
of the two molecules (59). The interaction pre-
sumably imparts specificity to the Cu(l) transfer
step. The specificity of the transfer reaction was
demonstrated by using mutant proteins (89).
Cys57 forms a disulfide with Cys26 in the twin
CXyC motif of Cox17. Whereas a C*’S substi-
tution maintains function, a C*’Y substitution
abrogates Cox17 function (45, 54). The non-
functional C*7Y Cox17 mutant failed to medi-
ate Cu(I) transfer to Scol in both in vivo and
in vitro assays despite binding Cu(I) normally
(89). However, the mutant retained the ability
to transfer Cu(I) to its second target Coxl11.
Scol P'4L is an allele of patients with CcO
deficiency (90-92). Prol74 is adjacent to the
second Cys in the Cu-binding CXXXC motif
in Scol, and this mutant has impaired Cu(I) ac-
quisition from Cox17 (59, 92). A transient inter-
action persists between P'7*L Scol and Cox17,
but K¢, is weaker, perhaps too weak to allow
Cu(I) acquisition from a, now relatively tighter,
Cu(l) site in Cox17 (59).

Recently, Cu-Cox17 was shown to effec-
tively transfer both Cu(I) and reducing equiva-
lents to oxidized apo-Scol, leading to Cu-Scol
formation and fully oxidized Cox17 (93). The
Cu-free conformer of Cox17 failed to reduce
oxidized Scol, suggesting that Cu(l) is neces-
sary for the disulfide exchange mechanism. The
ability of Cu-Cox17 to mediate Cu(l) transfer to
oxidized Scol abrogates a necessary mechanism
to maintain reduced thiolates in Scol. Although
Cu-Cox17 can also transfer Cu(I) to Sco2 with
reduced thiolates (94), it fails to transfer to ox-
idized Sco2 (93).

The Cu(]) ions transferred from Cox17 to
Scol appear to be donated subsequently to
Cox2 as an intermediate step in CcO assembly
(Figure 2). The Scol-mediated metallation of
Cox2 likely occurs after extrusion of the Cox2-
soluble domain into the IMS by the Cox18
translocase. Information on the Scol-mediated
metallation of Cox2 in eukaryotes is limited,
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although a group of conserved residues on the
dynamic protruding loop in Scol was shown to
be important for function with Cox2 (95). Sco
proteins are widely distributed phylogenically.
In prokaryotes, Scol is often codistributed with
CcO and linked to the Cu, center in Cox2 (96).
However, Scol in Rbodobacter capulatus is asso-
ciated with a cbb; CcO lacking a Cuy site (97).
The Cu-binding function of this Sco protein,
designated SenC, is required for maturation of
the cbb; CcO. One scenario is that SenC is the
Cu(I) donor to the Cug center. The B. subtilis
Scol is implicated in formation of the Cuy site
in CcO. The intriguing aspect of the Bacillus
Scol is its dramatic preference for Cu(Il) over
Cu(I) (98). The marked stability of the Cu(II)-
Scol complex may necessitate a conversion step
to an intermediate state of Cu(I)-Scol compat-
ible with Cu transfer (99).

Cox17 is restricted to eukaryotes. A bioin-
formatic search for genes associated with Scol
in bacteria revealed a protein of unknown func-
tion with a conserved H(M)X;yMX,; HXM se-
quence motif present in both gram-negative
and gram-positive organisms (100). The
protein, designated DRI1885, has a single-
candidate 7ans-membrane helix followed by a
globular domain folded into a Greek key f-
barrel conformation capable of binding a sin-
gle Cu(I) ion with a Met;His ligand set. The
protein is analogous to other bacterial periplas-
mic Cu-binding proteins that use Met-rich mo-
tifs to coordinate Cu(I). The surface-exposed
Cu(I) site makes it accessible for Cu(I) transfer.
A homologous protein in Thermus, designated
PCu,C for the periplasmic Cuy chaperone, was
shown to bind Cu(I) with a subpicomolar affin-
ity (101). Cu-PCu,sC was able to transfer Cu(I)
in vitro to the reduced, soluble Cuy domain
of CcO subunit II of Thermus without the as-
sistance of Scol (101). Successive Cu(I) trans-
fer steps assembled the binuclear Cuy center
in subunit II. No transfer occurred when the
Cys residues in subunit II were oxidized, unless
reduced apo-Scol was present, leading to the
oxidation of Scol. Thus, Thermus Scol func-
tions as an oxidoreductase, rather than a Cu(I)
donor, to form the Cu, center in CcO. The di-
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rect Cu(I) transfer from Cu-PCu,C to subunit
II may involve ligand-exchange steps with the
two Cys residues in the Cuy center. Cu(l) coor-
dination by a Met; His protein is preferred over
a Cys-based donor like Cox17 in the more oxi-
dizing periplasm. The DR1885/PCu,C family
of proteins may functionally replace Cox17 in
prokaryotes as Cu(I) donors to Cu, centers that
face the periplasmic space. A clear prediction
is that bacterial cells lacking DR1885/PCu,C
may be impaired in CcO biogenesis.

The implications of Scol having a redox role
rather than a Cu(I) transfer function in Thermus
are unclear. Maintaining Scol in the reduced
state competent for a redox function would re-
quire reducing equivalents in the periplasm. In
yeast, Scol has a Cu(l) transfer function, and
it remains to be demonstrated whether it pos-
sesses a redox function. In humans, Sco? is im-
plicated in a redox function (86).

Cox11-Mediated Cug Site Formation

Copper metallation of the Cug site in Coxl
requires Cox11 (Figure 2). S. cerevisiae lack-
ing Cox11 have impaired CcO activity and
less Cox1 (102). CcO isolated from Rhodobac-
ter sphaeroides cox11A cells lacked Cug but con-
tained both hemes, and the environment of the
heme in the Cug-heme 45 site was altered (103).
The Cu, site in R. sphaeroides CcO was unaf-
fected in cells lacking Cox11. Thus, the absence
of Cox11 appears to specifically preclude Cup
site formation.

Cox11 is tethered to the IM by a single
trans-membrane helix with a C-terminal do-
main protruding into the IMS (104, 105). The
Cu(I)-binding cysteinyl residues lie within this
C-terminal domain. The structure of the globu-
lar domain of the Cox11 homolog from Sinorbi-
zobium meliloti adopts an immunoglobulin-like
[-barrel fold (Figure 5¢) (106). Removal of the
trans-membrane domain of yeast Cox11 yields a
soluble protein that dimerizes upon Cu(I) bind-
ing (104). The Cu(J) sites in each monomer are
closely juxtaposed as the dimeric complexes can
form a binuclear Cu(I) thiolate cluster at the
dimer interface. Mutations of two Cys residues
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within a CXC sequence motif abrogate Cu(I)
binding and formation of active CcO. A third
functionally important Cys is spatially removed
from the CXC motif, yet when mutated, this
Cys results in substoichiometric Cu(I) binding.

Cug site formation occurs in Cox1 prior to
addition of the Cox2 or Cox3 subunits. The
Cug-heme #; binuclear site forms in an early
assembly intermediate of Cox1 that is stabi-
lized by the Shy1 assembly factor. Cox11 forms
a transient interaction with Shyl, which may
be important to coordinate Cug site formation.
This proposition is supported by the obser-
vation that accumulation of the nonfunctional
CcO complexes in Rbodobacter and Paracoccus
surfl A (Shyl homolog) cells is compromised
in both Cug and heme ;3 (107, 108).

The membrane-embedded Cug site in Cox1
consists of three His ligands lying within a 12-
helical bundle. In the absence of Cox2, a par-
tially occluded channel forms from the IMS side
of Cox1, where the heme 2 and Cu(I) moieties
enter. The putative physical transfer from Cu-
Cox11 to the buried Cug site in Cox1 may in-
volve the third Cys residue that was removed
from the CXC motif. This Cys is predicted to
be juxtaposed to the IM and may mediate the
Cu(I) transfer. However, it is not clear whether
it would mediate Cu(I) transfer through the
channel or laterally through an accessible port
of the helical bundle. Cox11 appears to tran-
siently occlude the Cox1 channel, as mutant al-
leles lacking the Cu-binding CXC residues con-
fer resistance to the pro-oxidant heme #;:Cox1
assembly intermediate (109).

Summary of the Key Steps in
Copper Metallation of CcO

Copper-transfer reactions are initiated within
the IMS by Cu-Cox17, which acquires Cu(I)
from a small molecule (Figure 2). Cox17 trans-
fers Cu(l) ions to IM-associated Scol and
Cox11. Cu-Coxl1 is the donor to the Cug site
in Coxl, and this site is formed in a Cox1 as-
sembly intermediate that may contain only the
Cox5a and Cox6 peripheral CcO subunits. The
assembly intermediate is fully inserted within

the IM and is associated with CcO assembly
factors, including Shyl. Upon hemylation of
the two heme # centers and formation of Cug,
Coxl is poised for the addition of Cox2. Itis not
clear whether the binuclear Cu, site in Cox2 is
formed in an isolated Cox2 or as Cox2 is as-
sociated with metallated Cox1. Scol mediates
Cu, site formation, and this reaction may occur
as a ternary complex of Cu-Cox17, Scol, and
Cox2. Once the redox copper and heme cofac-
tors are added to Cox1 and Cox2, the remaining
subunits are added for final CcO maturation.

COPPER METALLOCHAPERONE
FOR SUPEROXIDE DISMUTASE

The copper metallochaperone for Cu,Zn-
superoxide dismutase is Ccsl, a 27-kDa three-
domain polypeptide (Figure 2) (110, 111). Two
of the domains, domains 1 and 3, bind Cu(l),
whereas the central domain is a key domain for
interaction with Sodl (112, 113). The phys-
iological significance of Ccsl has been de-
fined in multiple species. Yeast lacking Ccsl
is devoid of Sodl enzymatic activity unless
cells are cultured with high levels of copper
(114, 115). Drosophila melanogaster deficient in
Ccsl lacks Sodl activity and shows exquisite
sensitivity to redox cycling of paraquat (116).
Mice with a targeted disruption of CCS have
a markedly attenuated level of Sodl activity
and exhibit no apparent radio-copper incor-
poration into Sodl (117). Thus, a strong cor-
relation exists that Cesl is required for Sodl
activation.

Role of Ccsl in Superoxide
Dismutase 1 Activation

Cu-Ccsl induces the activation of monomeric
reduced Sodl, facilitating both Cu(l) trans-
fer and disulfide bond formation (118). Ac-
tive Sodl requires binding of both Zn(II) and
Cu and formation of an intrasubunit disulfide
bond between Cys57 and Cys146 (118, 119).
Sod1 is unusual in possessing such an essen-
tial disulfide bond in the reducing cytoplasm.
The reduction potential of the Sod1 disulfide is
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—230 mV, whereas the potential in the cyto-
plasm is approximately —290 mV. The stability
of the Sodl disulfide may arise from the low
solvent accessibility of Cys146 in the disulfide
pair as well as from the stabilization imparted
by Sodl dimerization. The copper center in
Sod1 is sunken within an active site channel that
superoxide anions enter for dismutation (120,
121). In the absence of the metal cofactors and
upon reduction of the disulfide, the Sod1 dimer
is destabilized and exists as an inactive monomer
(118, 122). Metal binding and/or disulfide bond
formation stabilizes the 3-barrel and loop con-
formations within a dimeric enzyme.

Domain Structure of Ccsl

The N-terminal domain 1 of Cesl is an Atx1-
like Bappap-fold capable of binding a sin-
gle Cu(l) ion (123). Domain 1 of yeast Cesl
is required for Sodl activation in Cu-limited
cells, but this domain is not essential under
normal growth conditions (114). In the ab-
sence of domain 1, no radiocopper incorpora-
tion into mouse Sod1 was observed in cultured
mouse fibroblasts, but copper salts restored lim-
ited active Sodl (124). Drosophila and Anophe-
les gambiae Ccsl proteins lack domain 1, yet
these proteins activate Sodl efficiently (116).
Human mutant Ccs1 with Cys substitutions in
the MXCXXC motif and Cu(I) bound to do-
main 3 retain the in vitro activation function of
Sod1 (123).

Domain 2 adopts an eight-stranded (3-barrel
structure analogous to Sodl (125, 126). The
dimeric domain 2 in human Ccsl contains a
Zn(II) site similar to Sod1 but lacks the ligand
set for Cu coordination. In contrast, yeast Ccsl
domain 2 lacks both the Zn and Cu centers. Do-
main 2 is important for docking with Sod1 dur-
ing the activation reaction. Mutations that com-
promise Ccsl dimerization also abrogate both
Ccsl and Sod! interaction and Ccsl-mediated
Sodl1 activation (111, 124).

Domain 3 is a short C-terminal segment
containing a critical CXC motif that is unstruc-
tured in the yeast apo-Ccsl protein (125), but
domain 3 is ordered in the co-structure of yeast
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Ccsl and a mutant Sod1 that stabilizes the in-
termolecular complex (113). Cesl lacking the
domain 3 CXC motif fails to transfer Cu(l) or
to induce disulfide formation in Sod1 (114, 123,
124). The binding of Cesl to Sodl involves
both domains 2 and 3, and binding is retained
if the Cys residues are mutated (111). Whereas
the domain 3 CXC motif may suggest digo-
nal Cu(l)-thiolate coordination, EXAFS analy-
ses of the Cu(I) complex clearly showed a poly-
copper cluster. The cluster formed with only
domain 3 Cys residues is consistent with a bi-
nuclear Cu(I)-thiolate center bridging two
Ccsl molecules (123). Polycopper cluster for-
mation is lost when the domain 3 Cys residues
are mutated.

The Sequence of Events in
Ccs1-Mediated Activation
of Superoxide Dismutase 1

The Ccsl-Sodl complex is transient and be-
comes detectable with reduced Sod1 lacking a
Cusite or in mutant Sod1 lacking one Cys of the
disulfide pair (112, 118, 127). In the absence of
bound Cu in Sod1, complex formation between
Cesl and Sod1 is dependent on the disulfide be-
ing reduced. A loop in Sod1 containing Cys57,
one of the disulfide-forming residues, is more
flexible when the disulfide bond is reduced
(128). Ccsl is postulated to recognize a partially
folded nascent conformation of Sodl through
mobile loop elements (127). Cesl interaction
with Sodl is abrogated when the loops become
ordered in the copper-bound, disulfide-bonded
fold. The Cecsl interaction with Sodl is inde-
pendent of Zn(II) binding to Sodl. Because
Zn binding to Sod1 stabilizes a folded confor-
mation (129), Ccsl must be competent to in-
teract with a partially folded Sodl conformer,
but this structure has reduced thiolates and
an empty copper site. The activation process
involves copper insertion and disulfide bond
formation.

Cu site formation appears to be concurrent
with disulfide bond formation. Sod1 mutants
blocked in Cu site formation remain largely
in the reduced state in yeast containing Ccsl
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(127). Likewise, in vitro studies revealed that
reduced Zn-Sod1 protein is inefficiently con-
verted to the oxidized state aerobically in the
absence of Ces1 (118). Sod1 oxidation requires
the intact CXC motif in Ccsl (130). The ad-
dition of Cu-Ccsl to Zn-Sod1 fails to induce
disulfide bond formation anaerobically, but this
process is facile with the addition of air (118). A
putative intermediate in the oxidation reaction
is an intermolecular disulfide between Cys57
of Sodl and Cys229 of Ccsl (113). Formation
of this intermolecular disulfide may resolve to
the C57-C146 disulfide by a disulfide exchange

reaction.

Ccsl-Independent Activation of
Superoxide Dismutase 1

Although Ccsl has a key role in Sodl activa-
tion, itis now clear that a secondary mechanism
exists for Sod1 activation independent of Cesl
in multicellular enkaryotes. The Caenorbabdi-
tis elegans genome completely lacks Ces1 (131).
Mice lacking Ccs1 have 10% to 30% W'T Sod1
activity in various tissues (132). Likewise, Ccs1-
null flies show residual Sod1 activity such that
the phenotype of the null flies is less severe com-
pared to flies lacking Sod1 (116). Human Sod1
is capable of being partially activated indepen-
dently of Ccs1 when expressed in yeast or flies
(116, 133). This Ccsl-independent pathway of
Sod1 activation does not require Atx1 or Cox17
(133).

Yeast Sod1 differs from human and fly Sod1
in depending on Ccsl for activation (115, 131).
Two C-terminal Pro residues in yeast Sod1 pre-
clude Cecsl-independent activation. Replace-
ment of the yeast Pro residues restores Ccsl-
independent activation, and insertion of Pro
residues at the corresponding positions in hu-
man Sodl abrogates Ccsl-independent acti-
vation (133). The Ccsl-independent pathway
requires GSH, although the role of GSH in
Cu insertion and/or disulfide bond formation
is unclear. Because Sodl proteins lacking the
C-terminal Pro residues are Cu activated in
ces] A yeast cells (116, 131), there must be some
bioavailable Cu(I) complexes in the yeast cy-

tosol. The identity of the bioavailable Cu(I)
complex is a major unresolved question. Cu
metallation of Sodl by such complexes is less
efficient than by Cu-Ccsl, but once it occurs,
disulfide bond formation also proceeds. The
facile oxidation of worm Sod1 in the absence of
Cesl implies a secondary pathway (131). Disul-
fide bond formation is typically a facilitated pro-
cess, but sulthydryl oxidases are not known in

the cytoplasm.

Activation of Superoxide Dismutase 1
in the Mitochondrial Intermembrane
Space by Ccsl

Cesl is key to activation of Sod1 within the mi-
tochondrial IMS, where 1% to 5% of Sod1 re-
sides (Figure 2). The presence of Sod1 within
the IMS is largely dependent on Ccsl (134).
In the absence of Ccsl, only minimal levels of
Sod1 are apparent in the IMS (131). The limit-
ing factor for the import of Ccs1 into the IMS is
Mia40 (135-137). Overexpression of Mia40 in
yeast or mammalian cells enhances IMS levels
of Ccsl, and depletion of Mia40 has the op-
posite effect (136, 137). Import and capture of
Ccsl in the IMS are likely achieved through
disulfide bonding to Mia40, followed by trans-
fer of the disulfide to Ccsl either in domain 1
or 3 (137). Two factors question whether oxida-
tive folding of Cecs1 is the major mechanism of
its retention within the IMS. First, it is unclear
whether disulfide bonding within the CXXC in
domain 1 or CXC in domain 3 would be suffi-
cient to trap Ccs1 within the IMS as the cross-
links would not stabilize disperse segments of
the Cesl polypeptide to sterically block diffu-
sion back out through the TOM translocase.
Second, the stability of those candidate disul-
fides may be low because of unsatisfactory spac-
ing between Cys residues (138). This also sup-
ports a transient disulfide introduced in domain
1 of Ccsl upon IMS import. However, reten-
tion of Ccsl in the IMS must involve general
folding of domains 1 and 2. Because the Zn site
in domain 2 is not conserved in all Ccsl or-
thologs, metal binding is not an obvious trigger

for IMS folding.
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If transient disulfides form in domain 1 of
Cecsl, it is unlikely this disulfide is transferred
initially to imported Sod1 as Cu insertion must
precede disulfide bond formation in Sodl. It
is conceivable that Cu(I) insertion into Sodl
is mediated by domain 3 of Ccsl and that
the disulfide is subsequently transferred from
the Ccsl domain 1. Sodl is not an apparent
substrate of the Mia40/Ervl system (137), so
disulfide bond formation in Sodl must occur
through a Ccs1-dependent pathway asin the cy-
toplasm. Human Sod1 contains two additional
Cys residues (C6 and C111), and neither of
these is involved in a disulfide bond, yet reten-
tion of human Sod1 in the mitochondria of cul-
tured cells is dependent on both (136). Cys111
is near the dimer interface, and the distance be-
tween the two Cys side chains is about 10 A.
Cys111 was reported to be part of a nonnative
Cu(II)-binding site, leading to speculation that
it may mediate Cu insertion into the active site

(139).

Key Features of Ccs1-Mediated
Superoxide Dismutase 1 Activation

Ccsl binds Cu(l) in either domains 1 or 3.
Domain 1 binding must necessitate transfer to
the domain 3 CXC motif for subsequent trans-
fer to Sodl. Cu-charged Ccsl interacts with
newly synthesized Sodl polypeptides prior to
completion of its native fold. The transient in-
teraction is mediated by domains 2 and 3 of
Cecsl. Zn(II) binding to Sod1 can occur either
prior to Ccsl complex formation or concomi-
tantly. Cu(l) transfer occurs from Cu(l) asso-
ciated in the domain 3 CXC motif. The only
characterized Cu(I)-bound state in domain 3 is
the binuclear Cu(I) thiolate cluster bridging a
Ccsl dimer. A second candidate Cu(I) donor
is a mononuclear digonal Cu(I) complex, but
this state has not been reported to date. Cu(I)
transfer to Sodl is accompanied by disulfide
bond formation in an oxygen- or superoxide-
dependent manner. Major unresolved questions
are the mechanism by which the disulfide bond
is formed and the sequence of Cu(l)-ligand
exchange. The major questions in the Cesl-

Robinson o Winge

independent pathway of Sodl activation in-
clude the identity of the bioavailable copper
pool(s) used in Sod1 metallation and the mech-
anism of disulfide bond formation.

ADDITIONAL TARGETS FOR
COPPER METALLOCHAPERONES

Atx1 is implicated in copper supply to amine
oxidase 1 (Caol) in Schizosaccharomyces pombe,
which has been localized (as a green fluores-
cent protein fusion) to the cytosol rather than
the Golgi or some other internal membra-
nous compartment (140). Of the copper met-
allochaperones, only disruption of Atx1 caused
a loss of enzymatic activity, and a yeast two-
hybrid interaction has been detected between
Atx1 and Caol. Arabidopsis thaliana has a second
Awx1, CCH, with an extra C-terminal domain
that is inhibitory to its interactions with the
P, -type ATPases HMAS (4, 141-143). CCH is
expressed in the vicinity of xylem and phloem
elements, and one hypothesis is that the C-
terminal region enables movement through
plasmodesmata, suggesting a role for CCH in
systemic Cu trafficking.

Mutants of E. hirae missing CopZ show low
expression of the cop operon, including copA
and copB, plus hypersensitivity to copper re-
sulting from insufficient copper-exporting P;-
type ATPase activity (8). If CopZ solely do-
nated Cu(l) ions to a copper exporter, then
intracellular copper levels would be elevated
in AcopZ, and copper-responsive expression
of the cop operon would be predicted to be-
come higher. An alternate target for CopZ
has been suggested. Transcriptional regulation
of the cop operon is mediated by the DNA-
binding repressor CopY. Purified CopY con-
tains one Zn(Il) ion, which can be displaced
by two copper ions to form a Cu(l)-thiolate
cluster (144, 145). Binding of CopY to nu-
cleotide sequences from the cop operator pro-
moter region is impaired by the replacement of
zinc with copper. The second Ba o f-domain
of the Menkes ATPases expressed in isolation
is incapable of donating Cu(I) to CopY, al-
though a variant in which four residues are
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replaced with lysines does donate (145). This
supports the idea of direct protein contact me-
diated by complementary electrostatic surfaces
on CopZ and CopY. As with analogous Cu(I)
transfer experiments, the metal might not at-
tain a similar equilibrium by exchanging via
free solution owing to its kinetic properties,
notably the copper metallochaperone off rate
for Cu(I), that is unique to the heterodimer
interface.

Atox1 can affect the transcriptional control
of cyclin D1 and mouse embryonic fibroblast
proliferation (146). A yeast two-hybrid inter-
action also occurs between Ccsl and the -
secretase (BACEL) that cleaves the amyloid
precursor protein and generates the AR pep-
tides that aggregate in Alzheimer’s disease se-

SUMMARY POINTS

nile plaques. Cesl and BACEL can be coim-
munoprecipitated in extracts from rat brains
(147). A short cytosolic tail of BACEI con-
tains three Cys residues that bind Cu(I), and
this same short region associates with domain 1
of Cesl. Fluorescent fusions of the two proteins
track together along axons of neuronal cells,
heading toward the synapse, implying that Ccsl
forms a stable association with secretory vesicles
containing BACEL. Perhaps the intermolecu-
lar interaction between domain 1 of Ccsl and
BACET tail is structurally similar to transient
intramolecular interactions with domain 3 of
Cesl. Some detected copper metallochaperone
interactions might not be physiological, but
aberrations linked to grave pathologies demand
consideration.

1.

The switch between cuprous and cupric ions is exploited in oxidoreductases but can also
catalyze deleterious redox chemistry, for example via the Fenton reaction.

. Cu() is at the top of the Irving-Williams series, and Cu(I) also has a tendency to

form tight thiol complexes; hence copper is liable to outcompete other metals in
metalloproteins.

. The cytosol contains numerous potential copper-binding sites, and the estimated avail-

able copper concentration is negligible, probably subfemtomolar.

. Copper is passed to cuproproteins by ligand-exchange reactions from copper metal-

lochaperones to avoid copper becoming kinetically trapped, or engaging in deleterious
interactions while en route with docking between a metallochaperone and its partner,
presumed to encourage the release of copper from the metallochaperone.

. Solution structural studies have visualized transient complexes between N-terminal do-

mains of P;-type ATPases and Atx1-type copper metallochaperones to reveal changes
predicted to aid Cu(l) release and to reveal interacting surfaces with complementary
electrostatics.

. Interactions between Atxl-type copper metallochaperones and N termini of P;-type

ATPase are regulatory, and Cu(]) can be separately donated to ATPase membrane sites.

. Cox17, Scol, and Coxl11 in the mitochondrial IMS form two copper supply pathways

for Cuy and Cug, sites of cytochrome oxidase.

. Cesl introduces an essential disulfide bond into Sod1 and supplies Cu(I) to Sod1 both

in the cytosol and in the mitochondrial IMS, although several Sod1 species can acquire
Cu(I) and the critical disulfide without Ccs1 provided GSH is present.
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FUTURE ISSUES

L.

Studies over the coming years should aim to further visualize heterodimer complexes
between Ccsl and Sodl, the mitochondrial copper metallochaperones for cytochrome
oxidase and their partners, along with CopZ and membranous regions of Pi-type
ATPases.

. The effect that docking between a metallochaperone and its partner has on Kopr for

Cu(I) from the metallochaperone needs to quantified, perhaps by stopped-flow methods.

. In addition to determining the sequence of Cu(I)-ligand exchange, proton and electron

migration that prepares recipient Cys residues for Cu(I) awaits a full description, as does
the coupling of Cu(l) transfer from Ccs1 to Sod1 with disulfide bond formation in Sod1.

. Additional twin CX,yC proteins within the IMS contribute to CcO biogenesis, including

Cox19, Cox23, and Pet191, but their actions remain to be defined.

. The sources of copper for each metallochaperone remain to be unequivocally defined,

the low-molecular-weight mitochondrial matrix copper ligand needs to be structurally
characterized, and mechanisms that prioritize different cuproprotein destinations are yet
to be discovered.
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