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SUMMARY

X-linked inhibitor of apoptosis (XIAP), traditionally known as an anti-apoptotic protein, has recently
been shown to be involved in copper homeostasis. XIAP promotes the ubiquitination and degradation
of COMMDJ, a protein that promotes the efflux of copper from the cell. Through its effects on
COMMD1, XIAP can regulate copper export from the cell and potentially represents an additional
intracellular sensor for copper levels. XIAP binds copper directly and undergoes a substantial
conformational change in the copper bound state. This in turn destabilizes XIAP, resulting in lowered
steady-state levels of the protein. Furthermore, copper-bound XIAP is unable to inhibit caspases and
cells that express this form of the protein exhibit increased rates of cell death in response to apoptotic
stimuli. These events take place in the setting of excess intracellular copper accumulation as seen in
copper toxicosis disorders such as Wilson's disease and establish a new relationship between copper
levels and the regulation of cell death via XIAP. These findings raise important questions about the
role of XIAP in the development of copper toxicosis disorders and may point to XIAP as a potential
therapeutic target in these disease states.

INTRODUCTION

Apoptosis, or programmed cell death, is a fundamental process that is required for normal
development and homeostasis of multicellular organisms. This process is tightly regulated at
various levels and deregulated apoptosis has been implicated in a wide variety of human
diseases [1-3]. Activation of caspases, a family of cysteine-aspartic-acid specific proteases is
a critical event in the induction of apoptosis and occurs in response to a variety of stimuli [4,
5]. Caspase activation ultimately leads to the hallmarks of apoptosis including chromatin
condensation, DNA fragmentation and plasma membrane blebbing. Inhibitor of apoptosis
proteins (IAPs) provide protection from programmed cell death by binding to and inhibiting
specific caspases [6,7]. All IAPs contain between one and three tandem copies of a ~70 amino
acid motif known as a baculovirus 1AP repeat (BIR) domain [8-10]. Of the eight human IAPs
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identified so far, five also contain a carboxy-terminal RING finger, which possesses E3
ubiquitin ligase activity and directs proteasomal-mediated degradation of target proteins
(Figure 1). The BIR domains resemble the structure of zinc fingers and are capable of
coordinating one atom of zinc to three cysteines and one histidine while the RING finger can
chelate two zinc atoms utilizing cysteine and histidine moieties.

X-linked inhibitor of apoptosis (XIAP), a 57 kDa protein, is the best characterized member of
the IAP family. It contains three amino-terminal BIR domains and a carboxy-terminal RING
finger (Figure 1). The role of XIAP as a potent anti-apoptotic protein has been attributed to its
ability to directly bind to and inhibit specific caspases [6]. The BIR3 domain of XIAP binds
to the amino-terminus of processed caspase-9, an initiator caspase, which is activated following
mitochondrial permeabilization and cytochrome c release [11,12](Figure 2). XIAP binding to
caspase-9 prevents its dimerization, and inhibits its protease activity. XIAP-mediated
inhibition of the executioner caspases-3 and -7 is the result of binding to BIR2 and a segment
immediately amino-terminal to BIR2 in XIAP, which blocks the active site of these caspases
[13-16]. Whether the activation of apoptosis is initiated by events that perturb the mitochondria
(via caspase-9) or progress directly from cell surface receptors (via caspase-8), the ability of
XIAP to inhibit the downstream executioner caspases-3 and -7 makes it a potent and broad
inhibitor of cell death. Initiation of the apoptotic cascade involves the inactivation of XIAP
through the release of the mitochondrial proteins Smac/DIABLO and Omi/HtrA2 into the
cytoplasm where they bind to XIAP at precisely the same domains that mediate the interactions
of XIAP with the caspases [17-21]. Acting as competitive inhibitors of caspase binding and
through other mechanisms, these factors inhibit XIAP function, thereby facilitating
propagation of the apoptotic cascade via the executioner caspases (Figure 2). In addition to its
anti-apoptotic properties, XIAP has also been implicated in a variety of intracellular signaling
events including the NF-xB pathway [22,23], the c-Jun-N-terminal kinase pathway [24,25]
and the TGF-p pathway [26-28].

More recently, XIAP has been found to play an important role in intracellular copper
homeostasis. It had previously been known that a mutation in COMMD1 (Copper Metabolism
gene MURR1 domain containing 1) results in an autosomal recessive form of a non-Wilsonian
copper toxicosis disorder affecting Bedlington terriers characterized by marked hepatic copper
accumulation. A role for XIAP was first suggested in copper metabolism when COMMD1 and
XIAP were found to bind each other in vivo. XIAP regulates COMMDL levels by acting as an
E3 ubiquitin ligase for the protein and promoting its proteosomal degradation [29]. By directing
COMMD1 for proteasomal degradation, XIAP promotes copper retention in various models
including cultured cells and Xiap deficient mice [29]. In addition to this role in copper
homeostasis, XIAP turns out to be a copper binding protein whose intracellular levels and anti-
apoptotic actions are negatively regulated by intracellular copper [30]. Therefore, by this
model, copper itself provides negative feedback to the actions of XIAP within the intracellular
environment.

COPPER METABOLISM IN EUKARYOTIC CELLS

Copper, a transition metal with two redox states, is an essential trace element that acts as a
catalytic cofactor for a number of enzymes involved in critical biological processes including
protection against free radicals (superoxide dismutase) [31], oxidative phosphorylation
(cytochrome c oxidase) [32], pigmentation (tyrosinase) [33], collagen maturation (lysyl
oxidase) [34] and neuropeptide and peptide hormone production (peptidylglycine alpha-
amidating mono-oxygenase, PAM) [35]. However, free copper is very toxic due to its ability
to react with hydrogen peroxide and generate highly reactive hydroxyl radicals. Consequently,
free copper in the cell is almost undetectable and complex homeostatic mechanisms have
evolved to regulate intracellular copper distribution and excretion [36].

Arch Biochem Biophys. Author manuscript; available in PMC 2008 July 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mufti et al.

Page 3

Copper is transported into the cell via the high affinity Copper transporter (Ctr) proteins, which
are highly conserved from yeast to humans [37,38] (Figure 3). All Ctr proteins contain three
transmembrane domains, and most possess extracellular, methionine rich motifs (MxxM,
MxM) at the amino terminal and an additional MxxxM motif in the second transmembrane
domain [39]. These domains are essential for binding extracellular copper and facilitating
transport into the cell. In yeast, two functionally redundant high affinity copper transporters
(yeast Ctrl and Ctr3) are predominantly responsible for copper import in the form of Cu(l).
Metalloreductases, Frel and Fre2, bound to the plasma membrane, are responsible for reducing
extracellular Cu (1) to Cu (1) prior to transport into the cell [38]. Two Ctr homologs, Ctrl and
Ctr2, have also been identified in vertebrates, and of these, Ctr1 is the main protein responsible
for intracellular copper transport. It is ubiquitously expressed and is absolutely required for
embryonic development, as Ctrl-deficient mice die halfway through gestation due to growth
retardation and impaired development of the neuroectoderm and mesoderm [37]. The exact
function of Ctr2 in vertebrates remains unclear although the same protein in yeast has been
shown to play an important role in mobilizing vacuolar copper stores [40].

Due to its toxicity, intracellular copper trafficking is very tightly regulated and evolutionarily
conserved pathways have developed for the handling of copper upon entry into the cell
involving proteins, known as chaperones, whose function is the delivery of copper to specific
targets [41] (Figure 3). Delivery of copper to superoxide dismutase (SOD1), a zinc and copper
containing protein, occurs via the Copper Chaperone for SOD (CCS), which is found in both
the cytoplasm and the mitochondrial intermembrane space (IMS). SOD1 is an important
enzyme, which catalyzes the conversion of superoxide anion to hydrogen peroxide and oxygen
[42,43]. Mutations in SOD1 are associated with amyotrophic lateral sclerosis (ALS), a
neurodegenerative disorder characterized by the loss of upper and lower motor neurons and
muscle atrophy [44,45]. CCS-mediated delivery of copper to SODL1 is important for the stability
of this protein as Ccs-deficient mice exhibit severe reductions in SOD1 levels and activity in
various organs despite normal mRNA expression [46].

Another example of intracellular copper handling involves copper delivery to Cytochrome ¢
Oxidase (CcO), the terminal enzyme in the respiratory chain (Figure 3). CcO has two catalytic
subunits, Cox1 and Cox2, both encoded by the mitochondrial genome. These subunits require
copper as a catalytic co-factor and copper insertion takes place within mitochondria. The copper
chaperone Cox17 is one of the factors that plays an important role in the metallation of CcO
and its deficiency results in the lack of copper delivery to CcO in yeast [47]. Cox17 is found
in both the cytosol and mitochondria. It was originally thought that Cox 17 binds copper in the
cytosol, translocates into mitochondria and delivers copper to Cox1 and Cox2 [48-50].
However, further studies in yeast showed that in Cox 17 deficient cells, CcO activity can be
fully restored by mitochondrial restricted expression of Cox17 [51]. This indicates that a
different and as yet unidentified protein is responsible for transporting copper from the cytosol
to mitochondria where it eventually binds to Cox17 in the IMS. Copper is then transferred from
Cox17 to two co-chaperones, Cox 11 and Scol, which incorporate copper into the Cox1 and
Cox2 subunits of CcO [52].

The delivery of Cu (1) to the P-type ATPases 7A and 7B (Ccc2 in yeast), the main transporters
responsible for copper excretion from cells, also involves copper chaperones and has been
extensively studied (Figure 3). ATP7A and 7B, which are both found in the trans-Golgi
network, contain six MxCxxC metal binding domains (MBDs) at their amino termini and each
MBD is capable of binding one atom of copper [53]. Antioxidant protein 1, or Atox1 (Atx1 in
yeast) is a cytosolic copper chaperone responsible for the shuttling of Cu (1) to ATP7A and 7B
[54-57]. Following binding to copper and under normal or low copper conditions, ATP7A and
7B translocate Cu (1) into the lumen of the secretory vesicles for integration into cuproenzymes
such as ceruloplasmin and tyrosinase [58,59]. The exact manner in which copper is loaded onto
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cuproenzymes in the secretory compartment is not known. ATP7A is present in most tissues
of the body and is highly expressed in intestinal epithelial cells but is absent in hepatic tissue.
In the intestinal epithelium, ATP7A is required to mediate delivery of copper from the cell to
the systemic circulation and thus it is essential for the systemic absorption of copper from the
gastrointestinal tract [60]. In the presence of elevated copper levels, ATP7A translocates to the
plasma membrane and pumps excess copper out of the cell [61]. Mutations of ATP7A result in
Menkes disease, an X-linked disorder characterized by a lack of intestinal copper absorption.
Affected children have severe neurological damage and present with seizures, hypotonia, and
failure to thrive [62]. ATP7B is structurally related to ATP7A, and in humans, it is
predominantly expressed in the liver, kidney and brain [53]. Like ATP7A, in elevated copper
states ATP7B moves from post-Golgi vesicles to the plasma membrane, specifically the biliary
canalicular membrane allowing copper excretion into bile [63]. This constitutes the main
pathway for copper efflux from the body and mutations in ATP7B in Wilson's disease result
in the pathological accumulation of copper in many organs and tissues, particularly the liver
and brain [64]. The hallmarks of the disease are the development of liver damage culminating
in cirrhosis, and neurological damage, primarily to the basal ganglia, resulting in dysarthria,
dyspraxia and ataxia, along with deposition of copper in the eye manifesting as Kayser-
Fleischer rings [65].

XIAP AND COMMD1

Copper accumulation resembling Wilson's disease can occur in humans and animals in the
absence of mutations in ATP7B. One such example is the copper toxicosis syndrome that affects
a high proportion of a specific dog strain, the Bedlington terrier [66-68]. Although ATP7B is
not mutated, these animals have severe impairment of biliary copper excretion similar to that
observed in Wilson's disease [69]. Using positional cloning, MURR1 (now referred to as
COMMD1) was identified as the gene responsible for this disorder [70]. Its protein product
binds to the amino-terminus of ATP7B and presumably regulates its function by a mechanism
yet to be identified [71]. COMMDL is the prototypical member of a family of ten homologous
and highly conserved proteins known as COMMDL to 10 [72]. The defining characteristic is
the presence of a unique carboxy-terminal domain termed the COMM domain (copper
metabolism gene MURRL). In addition to its role in copper homeostasis, COMMDL1 and other
COMMD proteins also function as negative regulators of the transcription factor NF-xB. The
functional link between these two disparate activities remains elusive.

The first clue that XIAP plays a role in copper homeostasis came from studies that identified
COMMD1 as an XIAP-associated factor in a yeast two-hybrid screen [29]. XIAP binds to
COMMD1 via its BIR3 domain in a manner independent of its binding to caspases. In keeping
with this finding, COMMD1 does not affect the ability of XIAP to inhibit caspase-mediated
cell death. However, like COMMDZ1, XIAP was found to affect intracellular and tissue copper
levels, implicating this protein-protein interaction in the regulation of copper homeostasis.
When COMMDL levels are decreased in cultured cells by transfection of short interfering RNA
(siRNA) oligonucleotides, intracellular copper levels become elevated, similar to the
phenotype of COMMD deficient dogs which develop copper toxicosis. On the other hand,
ectopic expression of XIAP in cell culture systems results in an increase in intracellular copper
levels similar to the effect of COMMDL deficiency. Corresponding to this finding, fibroblasts
derived from Xiap-deficient mice have decreased copper levels compared to wild-type controls,
and liver tissue copper content in Xiap-deficient mice is lower than in wild-type controls.

Therefore, XIAP and COMMD1 have inverse effects on intracellular copper content. In
keeping with this, XIAP was found to act as a negative regulator of COMMDL1 protein levels.
An increase in cellular XIAP levels by ectopic expression results in a decrease in COMMD1
levels and, conversely, when endogenous XIAP levels are suppressed, COMMDL1 levels
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increase. This effect is mediated by the E3 ubiquitin ligase activity of XIAP, which promotes
the degradation of COMMDL1 by the proteasome. Transfection of an XIAP point mutant lacking
the E3 ubiquitin ligase activity of the wild-type protein results in an elevation in COMMD1
protein levels, and proteasomal blockade with lactacystin also has the same effect. Therefore,
these studies demonstrated an unexpected role for XIAP in the regulation of intracellular copper
levels through its ability to control COMMD protein levels. While many functions have been
attributed to this protein, particularly its ability to inhibit caspases, it is noteworthy that Xiap-
deficient mice primarily exhibit abnormalities in copper regulation, implying that other cellular
mechanisms cannot compensate for this function of XIAP.

XIAP AND COPPER

In addition to playing an important role in copper homeostasis, more recent studies
demonstrated that intracellular copper levels in turn regulate XIAP [30]. Besides its known
ability to bind zinc [9,73,74], XIAP was found to be a strong copper binding protein.
Intracellular copper accumulation induced by non-toxic increases of copper in the growth
media resulted in the loading of copper onto XIAP, which can be easily detected by a
characteristic alteration in its electrophoretic mobility. Purified recombinant XIAP avidly binds
to immaobilized copper, changing its electrophoretic mobility in a similar manner. Copper
binding to XIAP can be reproduced in various cell-free in vitro systems including the addition
of copper to cell lysates from various cell lines or to bacterially made, recombinant XIAP and
can be reversed by the use of copper-specific chelators, further indicating that this is indeed a
direct event. Interestingly, increasing concentrations of zinc did not reverse copper binding
suggesting that copper and zinc bind to distinct sites on XIAP or that the affinity of XIAP for
copper is greater than that for zinc. Biochemical studies demonstrated that cysteine residues
that are distributed across the whole protein mediate this binding between XIAP and copper.
Copper binding proteins classically contain domains that include the CxxC motif and this is
the case for ATP7B [53] as well as XIAP, which contains CxxC motifs in each BIR domain
as well as in the RING finger.

The interaction between XIAP and copper results in a profound conformational change of
XIAP, demonstrated by the characteristic electrophoretic mobility change of copper-bound
XIAP as well as a different pattern of proteolytic digestion of the copper bound form. Once
XIAP undergoes a conformational change in the presence of copper, it is unable to effectively
inhibit caspase-3 activity in vitro. Surprisingly, this loss of inhibitory activity is not due to a
change in the ability of copper-loaded XIAP to bind caspase-3, as this interaction remains
unaffected, but occurs through a yet undefined molecular mechanism. It therefore follows that
intracellular copper accumulation and the resultant generation of the copper-bound form of
XIAP increases the susceptibility of cells to apoptotic stimuli such as Tumor Necrosis Factor
(TNF).

As well as resulting in a conformational change in the protein, copper binding to XIAP is
accompanied by a decrease in its half-life in cells. Consistent with this effect, copper overload
states such as Wilson's disease in humans result in decreased levels of XIAP protein in affected
liver tissue. Other hallmarks of copper binding to XIAP, such as its altered electrophoretic
mobility, are also seen in vivo confirming that this is a phenomenon that takes place in the
setting of copper overload syndromes. The observation that copper binding to XIAP and its
subsequent degradation occurs in disease states raises important questions about the
pathogenesis of copper-induced cellular damage. This brings up a scenario in which aberrant
copper accumulation as seen in Wilson's disease and other copper toxicosis disorders results
in a conformational change in XIAP, where the protein is no longer able to inhibit caspase-3.
In addition, copper destabilizes XIAP, thereby lowering its steady-state levels. The net effect
of these two changes is to make the cell more susceptible to apoptotic stimuli and this may
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contribute to the pathophysiology of copper toxicosis syndromes (Figure 4). Furthermore, these
findings point to the possibility of stabilizing XIAP, for example through the use of small
molecule inhibitors, as part of the treatment of copper toxicosis disorders.

The profound effect that increased intracellular copper levels have on XIAP protein levels and
function raises important questions that will need further investigation. Studies carried out thus
far present the possibility that XIAP may be acting as an intracellular copper sensor. In this
role, increases in copper levels result in a lowering of XIAP levels leading to a subsequent
elevation of its ubiquitination target, COMMDZ, culminating in the efflux of copper from the
cell (Figure 4). Another critical question is how copper becomes incorporated into XIAP and
whether an unknown protein chaperone is involved. Similar to this, it is also possible that XIAP
may act as a copper chaperone, which is responsible for the delivery of copper to another
cuproprotein in the intracellular environment. Given that the E3 Ubiquitin ligase activity of
XIAP can be directed to the copper regulator COMMDY, it is equally possible that XIAP may
function as a regulator of other steps of copper metabolism. For example, the possibility that
it may ubiquitinate known copper chaperones, thereby affecting the metallation of well known
cuproenzymes such as SOD1 and CcO needs to be examined. Further studies are needed to
elucidate the precise role of XIAP in copper metabolism and what role if any this novel function
has on the anti-apoptotic and signaling functions of XIAP.
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Figure 1.
The IAP Family Members. Eight mammalian | APs have been described so far and all are
characterized the presence of one or more baculovirus IAP repeat (BIR) domains.
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Figure 2.

Role of XIAP in the extrinsic and intrinsic cell death signaling pathways. Two different

pathways can initiate apoptosis. The death-receptor mediated (extrinsic) pathway involves the

activation of caspase-8 following stimulation of the receptor by ligands such as Fas. The

mitochondrial (intrinsic) pathway is initiated by a variety of stimuli including DNA damaging
agents such as UV and chemotherapy resulting in the mitochondrial release of cytochrome ¢
and subsequent activation of caspase-9. Both pathways converge to activate caspases- 3 and

-7, effector caspases responsible for the death of the cell. XIAP regulates both pathways by its
ability to directly bind and inhibit caspase-3, -7 and -9. The mitochondrial proteins, Smac and

Omi, antagonize the caspase inhibitory properties of XIAP.
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Figure 3.
Model of copper uptake and metabolism. Copper enters the cell via the high affinity copper

transporter, Ctrl. Atox1 is the chaperone responsible for transporting copper to the P-type
ATPases 7A and 7B in the trans Golgi network (TGN). The chaperone, CCS, delivers Cu to
cytosolic Cu/Zn superoxide dismutase (SOD1), and Cox17, in the mitochondria, delivers Cu
to Cytochrome ¢ Oxidase (CcO). The manner in which copper is transported from the cytosol
to Cox 17 in the mitochondria has not been fully elucidated. COMMD1 promotes the efflux
of copper from the cell, probably via its interaction with ATP7B. XIAP may reduce copper
export by acting as an E3 Ubiquitin ligase and promoting the degradation of COMMD1.
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Figure 4.

Overview of the relationship between copper, XIAP and the apoptotic threshold. Intracellular
copper accumulation induces a conformational change of XIAP, which promotes its
degradation and decreases its ability to inhibit caspase-3. The net result of these changes is a
lowering of the apoptotic threshold and increased cell death in response to apoptotic stimuli.
COMMD1 is involved in the efflux of copper from the cell and XIAP regulates it by promoting
its ubiquitination and proteosomal degradation.
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