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Chaperone/Antioxidant Protein Atox1
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Abstract

Significance: Antioxidant protein 1 (Atox1 in human cells) is a copper chaperone for the copper export pathway
with an essential role in cellular copper distribution. In vitro, Atox1 binds and transfers copper to the copper-
transporting ATPases, stimulating their catalytic activity. Inactivation of Atox1 in cells inhibits maturation of
secreted cuproenzymes as well as copper export from cells. Recent Advances: Accumulating data suggest that
cellular functions of Atox1 are not limited to its copper-trafficking role and may include storage of labile copper,
modulation of transcription, and antioxidant defense. The conserved metal binding site of Atox1, CxGC, differs
from the metal-binding sites of copper-transporting ATPases and has a physiologically relevant redox potential
that equilibrates with the GSH:GSSG pair. Critical Issues: Tight relationship appears to exist between intra-
cellular copper levels and glutathione (GSH) homeostasis. The biochemical properties of Atox1 place it at the
intersection of cellular networks that regulate copper distribution and cellular redox balance. Mechanisms
through which Atox1 facilitates copper export and contributes to oxidative defense are not fully understood.
Future Directions: The current picture of cellular redox homeostasis and copper physiology will be enhanced
by further mechanistic studies of functional interactions between the GSH:GSSG pair and copper-trafficking
machinery. Antioxid. Redox Signal. 19, 945–957.

Introduction

In biological systems, the redox potential of copper ions
(Cu + 4Cu2 + ) is effectively utilized by the electron transfer

enzymes, including various oxidoreductases. Copper defi-
ciency decreases the activity of cuproenzymes (48, 75–77) and
causes cellular pathologies, many manifestations of which can
be linked, at least in part, to defects in antioxidant defense
mechanisms (82). Cells respond to copper deficiency by
adjusting their glutathione (GSH) levels (1) and upregulating
genes involved in GSH synthesis (16). Although copper
deficiency is deleterious, excess copper is also harmful. Due to
its inherent redox activity, copper can trigger nonspecific
oxidation of proteins and lipids, alter cellular redox balance
by changing the ratio of reduced:oxidized GSH, and induce
radical mediated damage to DNA (28). Cells and tissues avoid
Cu toxicity using tightly controlled Cu distribution mecha-
nisms, in which copper ions are escorted to their destinations
by small copper-binding molecules called copper chaperones
(19, 70).

The discovery of copper chaperones in baker’s yeast (57)
was especially significant, because in addition to identifying a
new class of proteins, the study highlighted the tight link
between copper homeostasis and oxidative state of a cell.
Specifically, the first copper chaperone was identified in a
genetic screen for proteins able to functionally complement
the loss of a cytosolic Cu, Zn-dependent superoxide dis-
mutase (SOD1), the key protein involved in cellular defenses
against reactive oxygen species. The newly discovered pro-
tein, antioxidant protein 1 (Atx1), required copper for its an-
tioxidant function and had a well-defined copper-binding
site, MxCxxC (57). Through the subsequent studies in yeast
(58), insects (90), mice (29), and other species (59, 94), it has
been firmly established that Atx1 and its orthologs (Atox1 in
human cells) play an important role in copper distribution
and transfer of copper to the secretory pathway. In addition,
the protective role of the recombinant Atox1 against oxidants
in mammalian neuronal cells was reported (46). The identi-
fication and characterization of other copper chaperones,
such as copper chaperone for superoxide dismutase 1 (CCS)
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for activation of SOD1 in a cytosol (17) and SCOI/II (22, 33,
49, 68), COX11 (15), and COX17 (32) (for functional
assembly of cytochrome c oxidase in mitochondria) further
highlighted the ability of these proteins to deliver copper
cofactor along with performing thiol-based redox reactions
(54, 55).

Extensive biochemical studies followed these original ob-
servations. As a result, the structure and the copper-binding
properties of Atox1 have been described in detail (4, 78), and
the hypotheses on how Atox1 mediates copper transfer to Cu-
ATPases in the secretory pathway have been developed (97).
In stark contrast, only few studies have attempted to elucidate
the basis and significance of Atox1 antioxidant activity. Yet,
accumulating data indicate that the role of Atox1 in cell
physiology is complex and cannot be fully explained by
its function as a dedicated metal shuttle for the copper-
transporting ATPases. Data obtained in several different
organisms indicate that, although important, Atox1 is not
obligatory for the activity of the copper-exporting systems,
and may only be required for copper export via secretory
pathway when copper is limiting. Mice and flies with the
genetically deleted Atox1 are born and develop into adult-
hood, whereas this does not happen if they lack active copper
transporters (34, 72). New data have emerged showing a
protective effect of Atox1 on cells’ growth in low GSH (30)
along with the studies illustrating the dual role of Atox1 in
maintaining the mRNA levels for the secreted Cu/Zn-
dependent superoxide dismutase 3, SOD3 along with trans-
ferring copper to SOD3 during biosynthesis (42). Altogether,
these observations suggest that Atox1 may play a key role at
the intersection of several metabolic pathways by contribut-
ing to both copper homeostasis and cellular redox balance.
Could specific activity of Atox1 be determined by the meta-
bolic state of cells, including copper levels and cellular redox
environment? This review summarizes available data on the
structure, function, and physiology of Atox1; it also highlights
issues that remain to be addressed in order to fully under-
stand the physiologic role of this small yet extremely in-
triguing protein.

Discovery of Dual Function of Atox1

The Atx1 was first described in yeast Saccharomyces cerevisiae
by Lin, Culotta, and colleagues, who found that the over-
expression of a previously uncharacterized 8-kDa cytosolic
protein suppressed the Lys/Met auxotrophy phenotype of a
strain lacking Cu/Zn-dependent superoxide dismutase SOD1
(57). Reciprocally, a 10-fold increase in ATX1 levels increased
cell resistance to dioxygen and paraquat even in the absence of
SOD1 and SOD2, suggesting that this newly characterized
protein had anti-oxidant properties. The name reflected this
fact, and it was adopted for most of the Atx1 orthologs in other
species (Atox1 in human cells). It was also noticed that the
antioxidant function of Atx1 required copper, since no pro-
tection of the DSOD1 phenotype by overexpressed Atx1 was
observed when copper was depleted either by copper chela-
tion or by genetic inactivation of the copper uptake trans-
porter Ctr1 (58).

Subsequent studies revealed that Atx1 was an important
component of the pathway for the high affinity iron uptake
(58). Atx1 was found to facilitate the delivery of copper to the
Golgi lumen, where copper was used for biosynthetic matu-

ration of ferroxidase FET3, an enzyme essential for the uptake
of iron under iron-limiting conditions (58). Because high
copper complemented the loss of Atx1 in yeast and because
Atx1 bound copper in vitro, it was suggested that Atx1 acted
as copper carriers or ‘‘copper chaperones’’ that ensured the
delivery of copper to the secretory pathway (Fig. 1). These
pioneering studies were subsequently replicated in a mam-
malian system, where genetic inactivation of a mouse Atx1
ortholog (Atox1) was found to greatly impair copper delivery
from placenta to fetus resulting in copper deficiency and high
mortality of newborn pups (29). More recent studies using
Atox1 - / - mice with a different genetic background found less
copper deficiency and mortality compared to the earlier
report (72). However, this latter study revealed a significant
inhibitory effect of Atox1 inactivation on copper delivery
(via Cu-ATPase ATP7A) to SOD3, an important antioxidant
molecule at the cell surface. In addition, downregulation of
SOD3 mRNA and protein in response to Atox1 inactivation
was observed, making connection between copper metabo-
lism and anti-oxidant defense even more intertwined (72).

Does Atox1 Act as a Dedicated Copper Shuttle,
a Storage Molecule for Exchangeable Copper,
or a Regulator of Copper Pumps?

These findings opened an avenue for intensive investiga-
tions of biochemical properties of Atox1 and the mechanism
of Atox1-mediated copper delivery to the secretory pathway.
Over the years, great progress has been made in these areas

FIG. 1. Atox1 role in cellular copper trafficking pathways.
Copper enters the cell through the high-affinity copper
transporter Ctr1 and binds to cytosolic copper chaperones
(Atox1 and CCS) and/or small thiol molecules such as glu-
tathione for further intracellular distribution (‘‘Labile’’ Cu
pool). Excess copper is sequestered by metallothioneins to
avoid build-up to toxic levels (‘‘Immobilized’’ copper pool).
The arrows indicate either Cu or membrane trafficking
pathways. Dashed arrows are hypothetical routes of the
Atox1-mediated Cu transfer. To see this illustration in color,
the reader is referred to the web version of this article at
www.liebertpub.com/ars
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overshadowing several intriguing observations, which re-
main largely unexplained by the current model of Atox1 ac-
tion. For example, many tissues show little correlation
between the expression levels of Atox1 and Cu-ATPases. In
the brain, Atox1 has been found predominantly in neurons
(66, 92), whereas Cu-ATPases are expressed in neurons and
astrocytes (18, 92). The large-scale analysis of human tran-
scriptome showed highest expression of Atox1 in the adult
kidney, liver, and spleen (GO dataset: GDS181). The levels of
Atox1 in the pituitary gland and trachea were low compared
to other tissues. In contrast, expression of Cu-ATPases ATP7A
(in pituitary) and ATP7B (in trachea) analyzed in the same
study were high compared to most other tissues. The dis-
crepancy can be explained by the fact that mRNA levels do
not necessarily reflect protein levels. Yet, this lack of a direct
correlation between Atox1 and Cu-ATPases is not consistent
with Atox1 serving solely as a copper delivery vehicle for
Cu-ATPases, and this discrepancy has also been observed in
other systems.

In Caenorhabditis elegans, intestinal cells expressed orthologs
of both Atox1 (CUC-1) and Cu-ATPase (CUA-1), whereas
cells of pharyngeal muscle have only Cu-ATPase but lack the
Atox1 ortholog (94). Similarly, some prokaryotes express
Atox1 orthologs, whereas others do not. For example, the
genomes of Escherichia coli and Legionella pneumophila do not
encode for the Atox1-like copper chaperone, despite the
presence of functionally characterized copper pumps. It is
also significant that even in eukaryotic cells in which Atox1
and Cu-ATPases are co-expressed, the copper export ability of
Cu-ATPases is only partially lost when Atox1 is inactivated
(83). In the study of copper efflux from mammalian cells, the
Atox1 + / + cells were shown to retain 33% – 8% of the initial
load of radioactive copper, whereas the Atox1 - / - cells re-
tained 53% – 8% ( p < 0.03)(83). The lack of tight functional
dependence is also true in cyanobacteria, where the Atox1
ortholog, Atx1, is not required for copper delivery to thyla-
koids, even though copper uptake into this compartment re-
quires Cu-ATPases (93). In yeast, increasing extracellular
copper overcomes the lack of the chaperone and allows cop-
per delivery to the secretory pathway.

Clearly, while Atox1 is an important facilitator of copper
transport, it is not essential for the ability of Cu-ATPases to
bind and transfer copper across membranes. In other words,
the delivery of copper to the transporters can be accomplished
by other molecules. Biochemical data provide illustration of
how Atox1 function can be complemented. The Cu-ATPase
CopA from Archaeoglobus fulgidus is currently the best charac-
terized copper transport system, from a biochemical point of
view. CopA is thought to receive copper from a copper chap-
erone CopZ, which has an Atox1-like domain (23). When ex-
pressed as a recombinant protein, this domain increases the
Vmax of CopA ATPase activity by two-fold (to 5.5 lmol/mg/h)
compared to ‘‘free’’ copper (23, 101). CopA also requires
10–20 mM cysteine for its activity (60). In the absence of
chaperone, cysteine increases the CopA Vmax to a comparable
or even higher level (9.2 lmol/mg/h) (101), demonstrating that
in vitro abundant thiol-containing molecules fully substitute for
the lack of a copper chaperone. In fact, current data in eu-
karyotes do not exclude the possibility that copper is delivered
to Cu-ATPases by small molecules (like GSH) whereas Atox1
regulates the ATPase turnover and stimulates transport activ-
ity by ensuring that the regulatory sites are loaded with copper.

It has been suggested (as well as demonstrated in cyano-
bacteria) that the primary role of the Atox1-like copper
chaperone is to prevent copper binding to nonspecific targets
(93). In mammalian system, such role is also likely. In
Atox1 - / - mouse embryonic fibroblasts that lack Atox1, cop-
per redistributes toward nuclei, where it is normally (in
Atox1 + / + cells) present at a relatively low level (62). In the
Atox1 - / - nuclei, the accumulating copper inhibits transcrip-
tion of cyclin D1 and decreases cell proliferation rate (40).
Thus, it could be that the role of Atox1 in transcription is to
prevent the entry and inhibitory effects of copper in the nu-
cleus, although direct interaction of recombinant Atox1 with
DNA has been observed in several independent assays, sug-
gesting a more complex mechanism (41, 62).

In mammalian cells, inactivation of Atox1 has different
consequences for cellular copper content depending whether
or not cells express metallothioneins, small metal chelating
proteins (63). In regular fibroblasts, the Atox1 knockdown is
associated with a slight increase in copper concentration,
perhaps due to slower copper export by Cu-ATPases in the
absence of Atox1. Cells in which both Atox1 and me-
tallothioneins are downregulated accumulate considerably
more copper, which is sequestered in cytosolic vesicles (63).
A possible explanation for this phenomenon is that in the
absence of copper buffering/sequestering molecules, copper
forms complexes with GSH, which are then transported by
the GSH-recognizing ABC-transporters (such as multidrug-
resistance associated proteins) into intracellular vesicles
without proper copper export. This scenario suggests that one
of the functions of Atox1 could be to prevent copper from
binding to reduced GSH and to restrict futile export of
Cu-GSH complexes. In addition, restriction of Cu binding to
GSH is beneficial, because such binding would decrease
amounts of reduced GSH in favor of Cu(GSH)2 complex,
which cells may perceive as an alteration in the glutathi-
one:glutathione disulfide (GSH:GSSG) ratio.

Atox1 has higher affinity for copper than GSH, but lower
affinity than metallothioneins (10, 100). Thus, it is well suited
to serve as a storage molecule for a labile cytosolic copper
pool. Buffering copper and preventing copper entry into the
nuclei would also preclude upregulation of expression of
metallothioneins, which have extremely high affinity for
copper and cannot easily release copper to copper-utilizing
pathways (10). In the buffering capacity, Atox1 can also act as
a copper sensor, stimulating copper export machinery when
cytosolic copper is high (by transferring copper to the regu-
latory sites of copper pumps, see below) and inhibiting the
transporter activity to its basal level when copper is low (96).
The regulatory/sensory role of Atox1 is fully consistent with
its role as a facilitator of copper transport; it also allows for
existence of other other/non Cu-transport functions of Atox1.

Antioxidant Function of Atox1

The ability of overexpressed Atox1 to protect cells against
oxidative stress induced by dioxygen or paraquat is a very
intriguing but poorly understood activity of this protein.
Functional measurements revealed that yeast Atx1 can con-
sume superoxide, but compared to SOD1 the dismutase ac-
tivity of Atox1 is very low (74). Therefore, under normal
conditions, Atx1 contribution to cellular anti-oxidant defenses
via this mechanism is small, if any. Experiments in yeast also
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suggest that the antioxidant function of Atx1 although de-
pendent on copper does not involve the delivery of copper to
the secretory pathway, that is, the chaperone and antioxidant
functions can be uncoupled (74). Given significant structural
similarity between Atx1 and Atox1, the same is probably true
for mammalian cells.

Recent data indicate that Atox1 redox-equilibrates with the
GSH/GSSG pair in vitro and in cell (see below for details) and
that genetic ablation of Atox1 sensitized cells to the decrease
in GSH levels (30). The wild-type mouse embryonic fibro-
blasts are resistant to treatment with 1 mM buthionine-
sulfoximine (BSO, an inhibitor of GSH synthesis), whereas
Atox1 - / - fibroblasts are much more sensitive as evident by
their retarded growth and death in the presence of drug (IC50

42 lM). In mammalian cells, redox buffering of the cytosol is
maintained by various thiol-containing enzymes and metab-
olites, including GSH. The increased sensitivity of Atox1 - / -

cells to GSH depletion likely reflects the loss of Atox1
contribution to cell redox buffering capacity. The Atox1 - / - cells
are sensitive to GSH depletion in either high or low copper,
further illustrating that the antioxidant function of Atox1 may
not be directly linked to its copper chaperone function.

These observations raise several questions. Does Atox1
work at the intersection of metal and redox homeostases and
contribute significantly to maintaining a necessary pool of
reduced GSH upon fluctuating metal levels? Is it possible that
in addition to Cu-ATPases, Atox1 binds to and regulates/
stimulates activity of proteins in other cellular pathways?
Interactions between Atox1 and the peptidyl-prolyl-isomerase
domain of immunophilin FKBP52 were reported along with
the stimulatory effect of FKBP52 on copper efflux (84, 85).
The reverse experiment testing the effect of Atox1 on FKBP52
function would also be interesting, especially given re-
cent findings that FKBP52 deficiency reduces the protein
levels of peroxiredoxin 6 and promotes peroxide-induced
cell death (31).

In a series of articles, Fukai and colleagues reported that in
the presence of 100 lM CuCl2, the amount of SOD3 mRNA in
Atox1 - / - cells was markedly decreased, but the decrease can

be reversed by expressing the recombinant Atox1 (42). Co-
changes in the SOD3 and Atox1 levels were also observed in
THP-1 macrophages in response to treatment with iron and
ascorbate (61). This latter treatment increased the ratio of
oxidized GSH to total GSH, thus shifting cellular redox bal-
ance, and was accompanied by a two-fold decrease in the
mRNA levels for both SOD3 and Atox1(61). This observation
suggests that Atox1 activity (and protein levels) is an integral
part of the cell response either to GSH oxidation or/and
availability of reduced GSH.

Recent studies of genes induced in the GSH-depleted yeast
cells (conditions that generate an iron starvation phenotype)
revealed that both Atx1 and Cu-ATPase CCC2 were induced
[2.34 and 6.36-fold, respectively (50)], linking copper, iron,
and GSH metabolism. Also in yeast, the expression of Atx1 is
upregulated by oxygen and by iron levels (57). The same iron-
sensing trans-activator, Aft1p, which regulates CCC2 and
FET3, also upregulates expression of Atx1 (58), in agreement
with an important role of Atx1 in the iron acquisition/
utilization pathway. It should be noted that there is a strong
agreement between various published reports that the levels
of Atx1/Atox1 are not regulated by copper, except in an
unusual case of marine polychaetes, which inhabit copper-
polluted waters and have significant increase in the Atox1
protein and mRNA (67). Therefore, changes in Atox1 mRNA
in response to iron (or GSH:GSSG ratio) are significant. They
suggest that in addition to (or instead of) directly regulating
the GSH:GSSG balance, Atox1 may mediate its antioxidant
effect indirectly by contributing to iron homeostasis. Upre-
gulation of Atox1 was also seen in the colon-derived HCT116
cells treated with another redox-influencing molecule, sele-
nomethionine, although the magnitude of effect was very
different depending on the method of analysis (26).

Structure of Atox1

Atox1 is a small polypeptide (68 amino acid residue,
7.4 kDa for human Atox1) with one copper-binding site
formed by a pair of Cys thiols (Fig. 2) in the CxxC site. Atox1

FIG. 2. Structure of human Atox1. (A) Ribbon representation of Cu-Atox1 atomic model [PDB code 1TL4 (3)]. The Cys
residues in the Cu-binding MTCXGC motif and basic residues in the a1 and a2 helices are shown. (B) Topology diagram of
human Atox1. Strands are shown as arrows and labeled from b1 to b4. The conserved MTCXGC and KTGK motifs are indicated.
Bound copper ion is represented by a green sphere; thiols in the MTCXGC motif are in yellow; nitrogen of the invariant Lys is in
blue. Lys/Arg-rich regions around the C-terminal halves of a-helices are indicated. To see this illustration in color, the reader is
referred to the web version of this article at www.liebertpub.com/ars
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has a ferredoxin-like babbab-fold (81) in which two a-helices
(a1 and a2) are located on one side of the anti-parallel b sheet
(b1–4). Analyses of the Atox1 orthologs have identified two
sequence motifs, MxCxxC and KTGK, which together form a
conserved cluster on the protein surface and are crucial for
antioxidant function of Atox1 in yeast (36, 58). Mutation of
second lysine in this motif has only minor effects on protein
ability to bind and transfer copper, but it impairs the antiox-
idant function (36).

The M10xC12xxC15 site is situated in the first solvent-
exposed loop (b1-a1). In this site, copper ligation is mediated
by sulfur atoms from Cys12 and Cys15 located at the distance
of 3.9–4.0Å from each other [PDB 1FEE(97)]. One copper ion
binds with an association constant Ka of 5.6 · 1017 M - 1(7) in
either linear or trigonal environment; in the latter case, the
third ligand may come from the solvent thiols like GSH (78).
The conserved Met does not contribute to copper coordina-
tion and is not essential for copper transport or antioxidant
function (36). Solution structures of the apo and holo-Atox1
demonstrated that, upon copper binding, the b1-a1 coil be-
comes more rigid, the solvent accessibility of Cys thiols is
reduced, and Cys15 is wound into the a2-helix (6). With the
exception of these effects near the copper-binding site, no
significant conformational change was observed in the nu-
clear magnetic resonance (NMR) studies of Atox1. Recent
molecular dynamics simulation studies suggest that subtle
effects of copper binding may extend throughout the protein
(79). The CXXC motif is also implicated in binding of cisplatin,
a platinum-based antitumor drug. Crystal structures of
cisplatin-Atox1 adducts revealed platinum coordination en-
vironment (13) and offered biophysical explanation to
cisplatin-resistance mediated by Atox1 (45). Direct interaction
of Atox1 and cisplatin in solution was further confirmed by
NMR (5, 73).

The K57TGK60 motif of Atox1 has its last two residues as a
part of another loop (a2-b4), situated near the M10xC12xxC15

site. In this motif, Lys60 is important for antioxidant activity
and interactions with Cu-ATPase (38), it also modulates af-
finity of the CxxC site for copper (37). However, mutation of
this residue is not detrimental for copper delivery to the se-
cretory pathway (36). Recent mechanistic studies have yiel-
ded insights into a specific role of Lys60. The Ne atom of Lys60

was shown to form a hydrogen bond with Cys15 and influ-
ence cysteine deprotonation, whereby shifting its pKa by 1.5
unit (from 7.0 to 5.5). Low pKa was proposed to reduce nu-
cleophilicity of Cys15 and help to replace a copper-Cys15
bond with a more favorable interaction between copper and
Cys in an acceptor protein, which is more nucleophilic com-
pared to Cys15 in Atox1 (7). The Ne atom of Lys has also been
implicated in electrostatic neutralization of a thiol-rich envi-
ronment around the MxCxxC site (6) (Fig. 2). It seems likely
that the effect of Lys on Cys nucleophilicity may contribute to
a marked difference in the reducing potentials between Atox1
and the metal-binding domains of Cu-ATPase ATP7B (30),
although this remains to be formally tested.

While the Gly59Lys60 residues are strictly conserved, Lys57

is often substituted with Arg, indicating that the positive
charge, rather than the size of a side chain, is important in this
position. In addition to electrostatic effects, the K57TGK60

motif has been implicated in translocation of Atox1 into the
nucleus (40). A typical nuclear localization signal (NLS) con-
sists of Lys/Arg-rich repeats; consequently, a possible NLS

function for the K57TGK60 motif was suggested and tested
(65). Although deletion of this sequence was accompanied by
the loss of Atox1 movement to the nucleus, some uncertainties
remain. Both monopartile and bipartile NLSs are typically
observed in a coil or loop structures (outside the secondary
structure elements). This common property makes the NLS
function less likely for the KTGK site and an adjacent positive-
patch of Atox1, in which basic residues belong mainly to
a-helices except for Lys60 in the a2-b4 loop. Thus, the loss of
nuclear localization upon deletion of the KTGK sequence may
represent a negative effect of the deletion on overall protein
folding.

Atox1-Like Proteins

In human genome, three other proteins contain the Atox1-
like domains: the copper chaperone for cytosolic superoxide
dismutase SOD1 (CCS) and two Golgi-localized copper-
transporting ATPases (ATP7A and ATP7B). CCS has three
distinct domains (domains I-III), among which domain I is
strikingly similar to Atox1 (51). It has the same ferredoxin fold
as Atox1 as well as one MxCxxC site. The SOD1-like domain II
of CCS is thought to facilitate specific copper transfer through
heterodimerization with SOD1 (87), whereas the role of the
Atox1-like domain I is not entirely clear. In yeast, domain I is
not required for SOD1 activation by CCS except under
copper-limiting conditions, when it becomes essential, sug-
gesting its role as a high-affinity copper acceptor (88). Struc-
tural similarities between Atox1 and domain I of CCS suggest
that these proteins may compete for the same source of cop-
per. Competition between the copper chaperone, if occurs,
would serve as a negotiation point between the two distinct
copper trafficking pathways (to SOD1 and the Golgi lumen).
The in-cell data provide support to such functional competi-
tion between the two pathways. Whereas Atox1 mRNA and
protein levels are not regulated by copper, the CCS levels are
highly sensitive to copper fluctuations (52, 53), indicating that
the Atox1:CCS ratio (and presumably copper distribution
between the two pathways) is copper-dependent. Indeed, in
macrophages, when oxygen limitation increases copper
influx, the delivery of copper to the ATP7A/secretory path-
way (presumably via Atox1) is enhanced, whereas the ac-
tivity of the CCS target SOD1 under the same conditions is
markedly reduced (98).

The Cu-ATPases ATP7A and ATP7B belong to the second
group of proteins containing the Atox1-like domains. The
Cu-ATPases act downstream of Atox1 and transport copper
from the cytosol into the lumen on intracellular compart-
ments, Golgi and vesicles (Fig. 1). These large membrane
proteins form the copper translocation pathway within the
membrane, where two copper ions are thought to bind tran-
siently during the translocation process (24). The N-termini of
human ATP7A/B contain 6 metal-binding domains (MBD1–
6), each with a very similar fold to Atox1. It has been proposed
that Atox1 delivers copper to MBD via heterodimerization (13,
97). Numerous in vitro data support this view, although recent
structural studies of Cu-ATPase LCopA offered an alternative
model for Atox1 docking to Cu-ATPase and direct delivery of
copper to the intra-membrane binding sites (Fig. 3) (23, 27).

Biochemically, structural similarity often implies competi-
tion for the substrate. In the case of Atox1 and MBDs such
common substrate could be copper or another domain of
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Cu-ATPase, with which MBD and Atox1 may interact. Several
reports indicated that MBDs have an auto-inhibitory function
in Cu-ATPases(11). Atox1 may both transfer copper to MBDs
and displace them thus disrupting the autoinhibitory contacts
and stimulating transport activity. The Atox1-mediated
transfer of copper to MBDs is reversible, further suggesting
the role of Atox1 in regulating metal occupancy of MBDs (96).
Although copper binding characteristics of Atox1 and MBS
are similar (7) the redox properties of their CxxC motif are
very different, in agreement with more diverse cellular func-
tions for Atox1 compared to MBDs.

Sequence analyses identified Atox1 homologs and related
proteins in all phyla from bacteria to human (Fig. 4). The first
atomic models were determined for yeast Atx1 (81) and an
Atox1-like bacterial copper chaperone CopZ (99); these were
followed by numerous structures, including apo and holo
Atox1 (6, 97), Atox1-MBD complexes (8), bacterial homologs
of Atox1, and Atox1 adducts with drugs (2, 13). This struc-
tural information, along with the homology models, enables
mechanistic classification of the Atox1-like proteins and helps
to identify essential amino acid residues and their role in
various activities of Atox1.

Sequence analysis suggests that the Atox1-like proteins can
be divided into two groups based on the amino-acid patterns
within their two functional motifs: MxCxxC and KTGK. The
MxCxxC motif is present in all Atox1-like proteins including
bacterial homologs (CopZ), MBDs of copper transporters, and
domain I of CCS. The in vitro and in-cell data indicate that
these proteins all bind copper. However, the identity of resi-
dues located between two invariant cysteines correlates with

the distinct redox properties of these proteins. The MBDs of
human Cu-ATPases ATP7A/ATP7B show the canonical
pattern MT/HCxSC (Fig. 4). Recent data demonstrate that
these sites have an average redox potential of approximately
- 180 mV and therefore are likely to remain reduced under a
variety of intracellular conditions (30). In Atox1, X1 varies,
whereas X2 is invariably Gly; that is, the consensus pattern of
Atox1 site is MTCxGC (Fig. 4). This latter pattern resembles
the redox site of oxidoreductases, such as ferredoxins, thior-
edoxins, and glutaredoxins. The redox site of these proteins is
formed by the CxxC motif, which is similarly to Atox1 posi-
tioned at the end of the loop connected to the a-helix. The
intervening dipeptide sequence (X1 and X2 in CX1X2C) is the
primary determinant of the redox properties of the site. In
thioredoxins and glutaredoxins, the X1X2 sequences are in-
variantly Gly-Pro and Pro-Tyr, respectively. The presence of
helix-breaking proline and glycine resembles the CxGC site
of Atox1. Coincidentally, the redox potential of CxxC site of
Atox1 is similar to that of glutaredoxin and can be influenced
by changes in the GSH:GSSG balance (30).

The clear structural distinction between MBDs and Atox1
suggests a potential functional specialization such as binding
of copper (for MBD) and a dual role in copper binding and
redox chemistry (for Atox1). The bacterial CopZ and copper
transporters share the sequence pattern MSCxH/SC with
MBDs; the presence of Gly in the X2 position is rare in CopZ
and copper transporters. We speculate that these structural
features may reflect the main role for these proteins in copper
handling. Similarly, Doman I of CCS has a sequence pattern
more similar to MBDs, suggestive of its role as a copper
acceptor.

The sequence pattern of the region corresponding to the
conserved KTGK motif of Atox1 is also unique for each group
of the Atox1-like proteins (Fig. 4). Within the tetrapeptide
sequence, only Gly is invariant in all these proteins. Glycine is
a general helix-breaker (71), and Gly59in Atox1 defines a
transition from the a2helix to a loop. The lysine residue that
follows glycine (Lys60) is characteristic of Atox1 and is absent
in the MBD/CopZ group. As described above, this lysine
lowers the pKa of the second thiol in the CxxC motif and is
essential for the antioxidant function of Atox1 (36). In the
MBDs of copper-transporting ATPases and bacterial CopZ,
the corresponding positions are taken by Tyr or Phe; in CCS, it
is Arg. The difference in nucleophilicity of thiols was sug-
gested to underlie a lower copper affinity of Atox1 compared
to MBDs (more nucleophilicthiolate) and favorable copper
transfer from Atox1 to MBDs. However, the lower pKa of Cys
in Atox1 is a trade-off since it stabilizes thiol in an active
deprotonated state and increases its reactivity toward various
electrophillic targets as observed for thioredoxin (21). Fur-
thermore, stabilization of thiol by a lysine residue enables
regulation of redox properties of the CxxC site, because the
lysine residue can be displaced or become involved in other
ion-paring interactions upon Atox1 docking to the target
proteins.

Atox1 and its orthologs also differ from the rest of Atox1-
like proteins in the electrostatic pattern on the a helical side
(a-side) of the molecule. The a-side of Atox1 has a positive
patch next to the MxCxxC/KTGK cluster (Fig. 5). This is
mainly due to presence of Lys/Arg on the C-terminal halves
of the a1 and a2 helices and only infrequent occurrence of
acidic residues in the region (Figs. 2 and 4). The

FIG. 3. Proposed direct and indirect routes for Atox1-
mediated delivery of copper to human Cu-ATPases. The
two proposed pathways of Cu transfer from Atox1 to Cu-
ATPase are indicated by solid arrow (to the N-terminal metal
binding domain) and dashed arrow (direct delivery to the
trans-membrane sites).The spatial organization of domain
shown in the figure is a schematic representation generated
through molecular modeling and docking studies to assist
discussion in the text and does not represent an experimen-
tally determined structure. To see this illustration in color,
the reader is referred to the web version of this article at
www.liebertpub.com/ars
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electronegative environment of the CxxC motif is neutralized
by Lys60 (the electrostatic surface model with Lys60 > Ala
shows a significantly negative pattern around the CXXC
motif). Corresponding positive patch is not observed in CopZ
and other Atox1-like proteins, which typically show neutral
or fairly negatively charged surfaces.

It has been proposed that complimentary electrostatic
surfaces of the a sides of Atox1 (positive) and MBDs (nega-
tive) facilitate their interaction and hence copper transfer
(35). However, this model does not work well for the bac-
terial CopA-CopZ pair both of which have either neutral or
negative surfaces. Such charge similarity may point

FIG. 4. Multiple sequence alignment of Atox1-like proteins. (A) The alignment shows two conserved regions corre-
sponding to Cu binding site of Atox1 (MTCXGC and KTGK in Atox1). For clarity, intervening sequences are replaced with
numbers denoting the residues in these excised regions. The top line of the alignment represents the secondary structure of
human Atox1 (PDB ID 1TL4). Widely conserved pattern of hydrophobic residues (A, C, F, I, L, M, V, W and Y) contribute to
protein folding and are shaded in gray. In the regions corresponding to MTCXGC and KTGK motifs of Atox1, conserved
residues are shaded in various colors; cysteines in yellow, hydroxyl residues (S and T) in green, glycine in orange, basic residues
(K and R) in blue, acidic residues (D and E) in red, aromatic residues (F, W and Y) in purple, histidines in steel-blue. To highlight
electrostatic nature of C-terminal half of the a2 helix, acidic and basic residues in the corresponding region are also colored
but not shaded. Sequences are identified by the protein name followed by abbreviated species name. Species names are as
follows: human, Homo sapiens; mouse, Musmusculus; fish, Danio rerio; fly, Drosophila melanogaster; plant, Arabidopsis thaliana;
yeast, Saccharomyces cerevisiae; Syn, Synechocystis; Eco, Escherichia coli; Ehi, Enterococcus hirae; Bsu, Bacillus subtilis; Afu,
Archaeoglobus fulgidus. Alignment was produced using CLUSTALW(91). (B) Phyrogenic clusters for Atox1-like proteins. The
phylogram was generated based on the similarity among sequences shown in A. Blue squares represent the major two
clusters. (C) Schematic representation Cu binding sites in various Atox1-like proteins. Bound copper ion is represented by a
green sphere; thiols from CXXC motif in yellow; nitrogen from the conserved Lys/Argin blue; aromatic rings in purple. To
see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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toward competitive rather than complementary interactions.
The Atox1-specific positive patch suggests more unique,
Atox1-specific, interactions. Interestingly, a conserved posi-
tive patch near the CxxC motif and a neutralized environment

around the catalytically active Cys are also observed for a
thioredoxin-like reductase NrdH and glutaredoxin 1 (44). In
these redox enzymes, the CxxC motif sits at the edge of a
hydrophobic pocket surrounded by the positively charged

FIG. 5. Surface electrostatic patterns of Atox1-like proteins. Blue (positive) and red (negative) colors illustrate the elec-
trostatic surface potentials of Atox1-like proteins. Protein backbone (ribbon and arrows) and key residues corresponding to
Cys12, Cys15, Lys60 in human Atox1 are also shown. For comparison, models of representative reductases, NrdH, Trx1, and
Grx1, are included. PDB code is indicated above each model. The structures for human ATP7B MBD3–6 were derived from
two models (2ROP and 2EW9) and represented separately. For proteins without PDB codes, the model was generated based
on homology using human Cu-Atox1 (PDB code 1TL4) as a template structure. Protein and species names are represented in
the same way as in Figure 4; P. aeruginosa, Pseudomonas aeruginosa; S. flexneri, Shigella flexneri. To see this illustration in color,
the reader is referred to the web version of this article at www.liebertpub.com/ars
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rims, which form platforms for thioredoxin-reductase and
GSH, respectively. It is tempting to speculate that the unique
electrostatic surface pattern of Atox1 may facilitate its redox
reactions given that GSH has a fairly negative surface charge.
The unique positive surface of Atox1 may also be involved in
the recently demonstrated Atox1-DNA interactions (40).

Although the Atox1-like proteins/domains have almost
identical backbones and substantial sequence similarity to
true Atox1 molecules, features specific to Atox1 point to
different biochemical properties/functions of the latter. In
fact, in a phylogenetic tree, the Atox1 orthologs form a cluster
distinct from the Cu-ATPase MBDs (Fig. 4), even when only
MBDs (and not the entire Cu-ATPases) are used for align-
ments. CopZ is more often observed in the cluster of
Cu-ATPase MBDs, perhaps reflecting its predominantly
copper-binding/buffering function. Compared to MBDs and
CopZ, CCS is more closely related to Atox1 although the
possible relation between CCS and Atox1 has not been ex-
plored. The grouping places CopZ of A. fulgidus in a unique
position; it has the CxGC motif as seen in all Atox1 molecules
and Phe instead of Lys in the a2-b4 loop like the MBDs of
eukaryotic Cu-ATPases. These structural features suggest that
while the Atox1-like domain of A. fulgidus CopZ binds copper
but may lack redox activity. Therefore, it is particularly in-
teresting that in A. fulgidus CopZ, the Atox1-like domain is
fused to the N-terminal domain containing an Fe-S cluster
(a well-known redox moiety). Altogether, the A. fulgidus
CopZ may play a highly specialized role, which could be
expected in this sulfate-reducing anaerobe that grows opti-
mally at 76�C(12).

Atox1-Mediated Copper Delivery to Cu-ATPases:
The Target Sites and the Role of Redox

Experiments in Drosophila melanogaster indicate that
Atox1 becomes more important for the organism survival
under conditions of copper limitations (34). One explanation
for this observation is that the chaperone is needed under
these conditions to increase affinity of the transporter for
copper. However, this does not seem to be the case. Strong
in vitro evidence exists for the chaperone-mediated activa-
tion of the copper transporting ATPases (in the case of CopA
and human copper ATPase); in neither case chaperone sig-
nificantly increases the affinity of transporter for copper
compared to free copper. However, these in vitro data could
be misleading since the experiments are performed in the
absence of other copper-binding proteins, which may
markedly decrease copper availability for the copper-export
machinery.

Currently, the biochemical mechanism of Atox1-dependent
copper transfer to the secretory pathway is not well under-
stood. Two models have been proposed. One model suggests
that Atox1 docks at the positively charged surface near the
first and second trans-membrane segments (TM1, 2) of copper
ATPase and directly delivers copper to the transport site
(Fig. 3). Another model suggests that Atox1 transfers copper
to the MBDs in the regulatory N-terminal domain, which in
turn indirectly (through transferring copper to other metal-
binding sites) or directly (through causing opening access to
the trans-membrane portion) facilitate copper entry to the
transport site (Fig. 3). Evidence exists for both models (25, 39,
64, 95), but neither model provides clear explanation of how

the MBD sites and the intramembrane sites communicate with
each other and whether/how Atox1 prioritizes copper de-
livery to these structurally different sites. It is possible that the
role of Atox1 in stimulating copper transport resembles
the role of calmodulin in activating calcium export systems.
The transport activity of the plasma membrane Ca2 + -ATPase
is markedly upregulated by Ca2 + -calmodulin. Upon Ca2 +

binding, calmodulin disrupts the autoinhibitory inter-domain
interactions within the Ca2 + -ATPase (14) allowing ATPase to
bind Ca2 + at the transport sites and undergo conformation
transitions required for calcium export. Similarly, Atox1 may
combine copper delivery role with the disruption of auto-
inhibitory interactions between MBDs and other domains of
Cu-ATPases and stimulate transport activity of Cu-ATPases
when copper is elevated.

The role of the cellular redox-maintaining machinery in the
copper transfer/transport mechanism is an important and
only partially characterized issue. Recent study suggests that
the MBDs of Cu-ATPases can be glutathionylated (89). It has
been proposed that upon copper elevation glutaredoxin(s)
remove the GSH units from the CxxC motif making it avail-
able for copper binding (89). The model is logical, and the
dependence of copper efflux on the presence of glutaredoxins
(Grx1 and Grx2) in a cell has been clearly demonstrated.
Nevertheless, the mechanism through which copper stimu-
lates interactions between MBDs and Grx1 needs further
study. Specifically, it was previously shown that intact cys-
teines in the MBDs were necessary for copper-dependent in-
teractions with Grx1 (56). Since both proteins have the CxxC
motif, copper dependence of interactions is explained by the
formation of the complex between the MBD and Grx1 bridged
by copper (as was shown for the MBD-Atox1 pairs). Glu-
tathionylation of cysteines at steady state before copper ad-
dition (89) would prevent copper binding to MBDs and
disrupt rather than facilitate interactions with Grx. Thus, how
copper stimulates the Grx1-Cu-ATPase interactions and fa-
cilitate the removal of GSH from the CxxC site remains un-
clear. Are there other molecules that regulate Grx1 in a
copper-dependent manner? Could that be Atox1? Quantita-
tive analyses of glutathionylation (and more detailed study of
the Grx1 partners) may be useful in resolving this conun-
drum. Recent data on labeling of Cys residues indicate that in
cell Atox1 and MBDs of ATP7B are largely reduced (see
below), which means that glutathionylation of Cu-ATPase is
likely to be partial. Markedly different redox properties of
Atox1 and MBDs also suggest that Atox1 is better suited to
respond to fluctuations in the GSH:GSSG ratio and that the
effect of Grx1 downregulation on copper efflux could be
controlled through Atox1.

Redox Properties of Atox1

To better understand the link between Atox1 function and
cellular redox homeostasis, we recently characterized the re-
dox properties of the MxCxxC site in Atox1 (30). As observed
for most of the thiol-based enzymes, Atox1 is susceptible to
aerobic oxidation. In vitro, a freshly purified Atox1 binds
copper readily; upon storage, the copper binding ability is
lost, but can be recovered by treatment with exogenous re-
ductants. This phenomenon is due to reversible oxidation of
the MxCxxC site with the formation of an intra-molecular
disulfide. Similar disulfide formation is observed in the
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CXXC-containing oxidoreductases including thioredoxin and
glutaredoxin. Comparison of the standard redox potentials
identified Atox1 as a protein particularly susceptible to re-
versible Cys oxidation under physiologic conditions. Fur-
thermore, the standard redox potential of Atox1 and Grx1 are
close, - 229 and - 220 mV, respectively, even though the
overall fold of these proteins is not the same. In contrast,
MBDs of ATP7B have average potential of - 178 mV despite
having overall structure very similar to that of Atox1. As
described above, Atox1 is characterized by the conserved Gly
in the X2 position and Lys60, which is likely to contribute to the
relatively low standard redox potential of Atox1 Cys residues.
MBDs of ATP7B have Ser in the X2 position and Phe instead of
Lys. These features may explain marked differences in redox
potentials of Atox1 and MBDs, although this hypothesis still
needs to be tested.

The unique properties of the Atox1 CxxC site beg the
question about physiologic significance of a relatively low
standard redox potential of this protein. If the CXXC motif of
Atox1 is involved only in copper binding, susceptibility to
oxidation would be detrimental to such function. However, if
Atox1 acts as a reductase or if the function of Atox1 is regu-
lated by cellular redox environment, then reversible oxidation
of its metal-binding site could be very significant. The inter-
section between copper binding and redox reactivity has been
observed for other metallochaperone systems. Mammalian
enzyme SOD1 is inactive even in the presence of its chaperone
CCS when GSH is depleted (43). This observation suggests
functional interactions between cellular GSH and chaperone
in generating copper-bound SOD1, an important antioxidant
molecule. It is not unusual for proteins to have a dual role as a
metal carrier and a reductase. For example, glutaredoxins are
well-characterized cytosolic thiol reductases and, at the same
time, some glutaredoxins (e.g., Grx3) participate in the for-
mation and transporting of Fe-S clusters (80). Furthermore,
some proteins can couple metal trafficking with redox reac-
tions. In recent study, a mitochondrial copper carrier Cox17
was shown to pass copper ion and electron at the same time to
the downstream acceptor protein Sco1 (9). It is tempting to
speculate that Atox1 may also be involved in such dual or
coupled reactions.

Low redox potential of Atox1 also raises questions about
the mechanism of redox maintenance of the CxxC site. We
have previously found that, in solution, GSH effectively re-
duces Atox1 either directly or in a glutaredoxin-dependent
manner, suggesting GSH involvement in the redox mainte-
nance of Atox1 (30). Physiologic relevance of this observation
was tested in cultured cells by inhibiting GSH reductase ac-
tivity. Inhibition of GSH reductase caused significant oxida-
tion of Atox1, consistent with redox equilibration between
cytosolic GSH and Atox1. Oxidation of Atox1, in turn,
resulted in a limited supply of copper to the downstream
copper-dependent enzyme (ceruloplasmin) in the secretory
pathway (30). In proliferative conditions, the redox potential
of cytosolic GSH/GSSG ranges from - 258 to - 220 mV
(HT29, fibroblasts, HL-60, murine hybridoma cells (47)),
which is lower than the standard redox potential of Atox1.
Indeed, in proliferating stage, Atox1 is present mostly in the
reduced form (30). However, the GSH/GSSG-based redox
potential may change, particularly during cell differentiation
and polarization (69), serum depletion (86), or apoptosis (20)
from - 258 up to - 165 mV (47). Such conditions would favor

Atox1 oxidation and may significantly affect copper traffick-
ing routes in cells. Further studies are needed to test these
predictions.

Perspective

The discovery and subsequent studies of Atox1 demon-
strated the important role of this small cytosolic protein in
copper export from the cytosol and laid solid foundation for
understanding of intracellular copper trafficking. Accumu-
lating data point to properties and functions of Atox1 that go
beyond an established role as a specialized copper carrier.
Recent findings of the physiologically relevant redox prop-
erties of the Atox1 CxxC site highlight the need to revisit the
original role of Atox1 as an antioxidant protein. Exploring this
property of Atox1 in more detail is likely to yield new insights
into the link between metal homeostasis and a cellular redox
state.
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