
news and views

nature structural biology • volume 8 number 9 • september 2001 733

In the more than half century since the
great Danish biochemist Kaj Linderstrøm-
Lang first enunciated the concept of the
structural hierarchy of proteins1, the com-
plex processes of protein folding and
assembly have captured the imagination
and focus of investigators from many
diverse fields. About one-third of all
known proteins contain metal cofactors
and the vast majority of these function as
essential metalloenzymes. Despite the
critical role of metalloproteins in process-
es as fundamental as cellular respiration,
little is known about the molecular mech-
anisms of metalloprotein biosynthesis and
assembly. Within the cell, successful syn-
thesis and assembly of a metalloprotein
may require specific metal delivery, sub-
strate recognition, protein unfolding,
metal insertion and, ultimately, recovery
of the intact properly folded and function-
ing metalloenzyme. Now a study from the
Rosenzweig and colleagues2, reported on
page 750 of this issue of Nature Structural
Biology, describes the molecular picture of
Cu/Zn superoxide dismutase (SOD1) in
complex with the copper chaperone for
SOD1 (CCS), providing insights into the
mechanisms of copper delivery and inser-
tion into SOD1 as well as the structural
basis for potential mechanisms that may
allow for physiologic regulation of metal
transfer from chaperone to its target.

Copper proteins and chaperones
Throughout evolution, the chemical reac-
tivity of transition metals has been
exploited by living organisms to provide
for controlled catalysis in biological sys-
tems. The redox properties of copper
proved especially useful for catalyzing
facile electron transfer reactions, and
many proteins found in a diverse range of
biochemical processes involving the bind-
ing or activation of dioxygen have evolved
to incorporate this metal3. The relative
abundance and solubility of copper in the
environment also provided a driving force
for natural selection and as a result we
now find a role for this metal in diverse

processes, including oxygen transport and
delivery in mollusks, immune defense in
arthropods and fruit ripening in plants.
Copper is an essential micronutrient in
humans, where it is required for cellular
respiration, iron homeostasis, pigment
formation, neurotransmitter production,
peptide biogenesis, connective tissue
biosynthesis and antioxidant defense3.

When cellular copper homeostasis is
perturbed, the redox properties of copper
also account for the observed toxicity of
this metal with resultant oxidative damage
to proteins, lipids and nucleic acids3. For
this reason, specific pathways exist for the
trafficking and compartmentalization of
copper within cells. How the cellular con-
centration of copper (or other transition
metals) is controlled to allow delivery and
incorporation into newly synthesized
apoproteins while preventing any possi-
bility of accumulation to a toxic level is

not well understood. Nevertheless, the
past few years have seen spectacular
advances in our understanding of the
molecular mechanisms of cellular copper
metabolism owing largely to a series of
ingenious genetic experiments by Culotta
and colleagues in Saccharomyces cerevisi-
ae, which revealed the presence of several
soluble, cytosolic proteins required for the
delivery of copper ions to specific target
proteins within the cell through direct
protein−protein interaction4. O’Halloran
originally coined the term metallochaper-
one for these proteins4, which function to
protect copper from intracellular chela-
tion and deliver it to a specific target. Thus
far, three pathways of metallochaperone-
mediated copper delivery have been char-
acterized in detail (Fig. 1). All these
pathways are evolutionarily conserved,
revealing common mechanisms for metal-
loprotein synthesis in diverse species.
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Copper is an essential transition metal that plays a fundamental role in the biochemistry of all aerobic organisms.
Recent work elucidating the structural mechanisms of copper delivery to superoxide dismutase provides insight
into the cell biology of copper metabolism and serves as an example of how to understand the principles
governing the incorporation of metals into proteins.

Fig.1 Pathways of copper trafficking within a mammalian cell. The three principle copper chaper-
ones, Cox17, CCS and Atox1 are shown along with the respective protein targets, cytochrome c
oxidase, SOD1 and the Wilson and Menkes copper transporting ATPases. The mechanisms regulat-
ing initial copper uptake into the cell via the membrane transporter Ctr1 and the subsequent dis-
tribution of this metal to each chaperone remain unknown.
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Although the physiological functions of
the copper chaperones have been estab-
lished by genetic experiments, the ques-
tion of how copper delivery is
accomplished at a molecular level has
remained less understood. This question
is at the core of our understanding of how
the cell regulates metalloprotein synthesis
because landmark studies from the
O’Halloran laboratory suggest that essen-
tially no free copper or zinc is available in
the cytoplasm of the cell5,6. This finding,
reflecting the capacity of the cell to protect
itself against the highly reactive free met-
als, presents severe mechanistic restraints,
which must be accounted for if we are to
understand the process of metal utiliza-
tion by proteins. When and where does a
metalloprotein obtain its specific metal?
How does the cell facilitate the differential
recognition by the metal of specific bind-
ing sites over the excess nonspecific chela-
tors? What are the factors that permit
physiological regulation of this process so
that metalloproteins are synthesized with-
in the appropriate timeframe and location
in each cell? As is often the case in complex
biological problems, the answers to these
questions have begun to emerge from the
elucidation of protein structures.

CCS and SOD1
The target of CCS is the soluble and abun-
dant intracellular enzyme SOD1, which
normally exists in the cytoplasm as a high-
ly stable homodimer containing two cop-
per and two zinc ions per active dimer.
SOD1 catalyzes the disproportionation of
superoxide to hydrogen peroxide and
dioxygen via redox cycling of the copper
ions bound at the active site7. Scavenging
of superoxide anions by SOD1 is critical
for antioxidant defense and inherited
gain-of-function mutations in this
enzyme can result in the fatal neurodegen-
erative disease amyotrophic lateral sclero-
sis7. CCS, which is also found as a
homodimer, is highly specific for SOD1
and does not deliver copper to other
cuproproteins within the cell4 (Fig. 1).
Mice with a targeted disruption of CCS
have a marked reduction in SOD1 activity
due to impaired copper incorporation
into this enzyme8, a finding that empha-
sizes the essential nature of CCS in SOD1
function.

Previous structural work from the
Rosenzweig laboratory9,10 confirmed the

presence of three specific functional
domains in CCS, that had been predicted
based on biochemical analysis11,12. The 
N-terminal domain contains an MXCXXC
(where X is any amino acid residue) copper-
binding motif, and its structure resembles
the metallochaperone ATOX1. The struc-
ture of domain II is highly similar to that of
the target protein SOD1 but lacks the criti-
cal amino acids required for catalysis. The
C-terminal domain III contains a highly
conserved CXC motif that is critical for cop-
per delivery but is not needed for the pro-
tein−protein interaction13. In addition,
biochemical and biophysical studies have
provided evidence for a heterodimeric
complex of CCS and SOD114. Now
Rosenzweig and colleagues provide us with
the structural details of yeast CCS in com-
plex with its target SOD1. These remarkable
studies offer the first molecular details of
metallochaperone function, revealing strik-
ing conformational changes in both the
chaperone and SOD1 upon interaction that
account for metal delivery and insertion.

What precisely does this new structural
information teach us? First, the crystal
structure reveals that the complex is a het-
erodimer of one monomer of each protein,
indicating that the highly stable SOD1
dimer must dissociate during chaperone
interaction. Second, we learn that the same
conserved interface residues essential for
formation of CCS and SOD1 homodimers
are the critical elements in permitting
CCS−SOD1 interaction and that this is
accomplished with strong hydrogen bond-
ing. Third, domain I of CCS is linked to the
rest of the protein by a flexible linker and in
the complex it is rotated in a new confor-
mation. Fourth, domain III of CCS is a long
random coil, which in the heterodimer
complex swings into a position that places
the critical CXC motif adjacent to the
SOD1 active site. A conformational change
in SOD1 allows the formation of an inter-
chain disulfide bond between CCS and
SOD1, which opens up the SOD1 active site
and places the CXC motif in a position ide-
ally situated for copper delivery. The dis-
covery of this interchain disulfide bond
involving a cysteine in the copper-binding
CXC motif of CCS domain III suggests a
mechanism for physiological regulation
where control of the oxidation state of this
ligand by the redox status of the intracellu-
lar milieu might permit the fine tuning of
copper delivery required by the cell.
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Implications
The metallochaperones function to cat-
alyze the incorporation of metal into a
specific protein within the cell4. The find-
ings from this current study indicate that,
at least in the case of CCS, this is accom-
plished by direct interaction of the chap-
erone with the metal-binding site of the
target protein. Recent biochemical studies
support this structural work and suggest
that copper  stabilizes the heterodimeric
CCS−SOD1 intermediate complex15. Will
the principles that emerge from these
studies allow a broader understanding of
how proteins acquire metals within the
cell? Definitive answers must await further
work. We still do not understand how or
where in the cell metallochaperones
acquire copper nor do we know what
processes regulate the distribution of this
metal amongst the different chaperones
(Fig. 1). Nevertheless, given our current
recognition of the critical role of copper
and other metals in the pathogenesis of a
growing number of human diseases3, it is
imperative that we continue to define the
mechanisms of metalloprotein synthesis
in molecular terms.
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