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ABSTRACT

Copper is an essential nutrient required for function of several biologically active
enzymes located in various cell compartments. However, copper accumulation has toxic
effects within the cell as evidenced by pathologies observed in patients with Wilson
discase. To manage the vital role copper in human physiology, a novel class of proteins,
called metallochaperones has evolved. These proteins function to temporarily sequester
copper and to distribute the metal to specific target proteins throughout the cell. Several
structural aspects of the copper distribution pathway have been studied in detail. The
focus of this dissertation involves understanding the molecular mechanisms of copper
transfer from the metallochaperone Atox1 to the copper-transporting P-type ATPase, the
Wilson disease protein (WNDP).

The Wilson disease protein transports copper into the secretory pathway for
incorporation into the ferroxidase ceruloplasmin and also functions to excrete copper
from the cell when copper is elevated. Several disease mutations of WNDP were shown
to disrupt protein-protein interactions with the metallochaperone Atox1 suggesting that
these interactions are important for WNDP function in the cell. To better understand
functional interactions between Atox1 and WNDP, we generated the recombinant Atox1
in the apo and copper-bound form, determined the stoichiometry of copper binding, and
developed biochemical protocols to study transfer of copper. Using these techniques we
demonstrate that recombinant Atox1 transfers up to 6 copper atoms to the amino-terminal
domain of the Wilson disease protein (N-WNDP). This copper transfer stimulates the
catalytic activity of full-length WNDP providing strong evidence for the direct effect of

Atox1 on the transporter.

Xi



The data described in this dissertation suggest that the role of Atox1 is to regulate
the copper occupancy of WNDP. The copper-Atox1 transfers the metal to N-WNDP,
while the incubation of apo-Atox1 with copper-bound N-WNDP results in the removal of
copper from the latter and down-regulation of the WNDP catalytic activity. Interestingly,
even a large excess of apo-Atox| is insufficient to remove all the copper from N-WNDP
and completely inactivate the enzyme. This partial reversibility favoring forward copper
transfer reaction could be essential for the function of Atox1 in a cell where copper
delivery to WNDP should be achieved when both apo- and copper-bound Atox1 forms
are present.

The experiments described in this dissertation also explored the molecular
mechanism of Atox1-mediated copper transfer to N-WNDP. There has been no
information in the literature on how copper is transferred to the multiple copper-binding
sites in copper transporters and how specificity towards different sites, if any, is achieved.
Our results show that chaperone Atox1 preferentially delivers copper to metal-binding
site 2 (MBS2) of N-WNDP and that this step is essential for further migration of copper
to the intramembrane copper-binding sites of WNDP. This preference for MBS2 is likely
due to specific protein-protein interactions between MBS2 and Atox1 as the incubation of
N-WNDP with free copper results in non-selective loading of multiple metal-binding
sites. Furthermore, copper binding to MBS2 results in specific conformational changes
in N-WNDP enabling Atox1 to load the other MBS with copper. We propose a model
for Atox1-mediated copper delivery to N-WNDP where MBS2 and MBS3 function as the
switch facilitating copper binding to MBS35,6 and eventual transfer to the intramembrane

portion of WNDP,

xii



In summary, the research presented in this dissertation provides the first
biochemical evidence of direct copper transfer from the metallochaperone Atox1 to
Wilson disease protein and details the molecular mechanisms involved in the first step of
Atox1-mediated copper delivery to the intramembrane portion of WNDP. These findings

represent an important contribution to the understanding of copper metabolism in the cell.
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Chapter 1

Introduction



1.1: Physiological role of copper in the human body
1. 1.1: Copper is an essential element

The micronutrient copper is an essential element needed for the proper function of
a cell and for the organism as a whole. It is a transition metal that can exist in two
distinct redox states, Cu'™ and Cu”". These two redox states are useful in biological
systems by enabling copper to donate or to accept an electron during enzymatic reactions.

The biologically significant property of copper lies in its role as a cofactor to
several enzymes critical for cell survival. These copper-dependent enzymes function in
a diverse array of cellular and biochemical pathways (1). For example, the mitochondrial
cytochrome C oxidase functions in the electron transport chain, while the cytosolic
Cu/Zn-superoxide dismutase converts oxygen radicals to oxygen and hydrogen peroxide.
In the secretory pathway, copper binds to several proteins including the multicopper
ferroxidase ceruloplasmin as well as tyrosinase, an enzyme essential for the production of
the pigment melanin.

The role of copper in cell metabolism goes beyond utilization of copper as a
cofactor for protein function. The unbound form of copper can presumably generate
oxygen radicals in solution through Fenton chemistry. The generation of reactive oxygen
species can have deleterious consequences for the cell including protein modification,
lipid peroxidation, and DNA damage (2-4). This negative function results in the tight

regulation of copper in the cell and in the body.



1. 1.2: Copper homeostasis in the human body

A delicate balance of copper is required to maintain normal cell homeostasis.
Copper deficiency leads to the loss of copper-dependent protein functions and
multisystem disorders. Similarly, copper overload is associated with significant organ
damage (5). Therefore, the copper uptake and excretion processes must be regulated to
keep a proper physiological concentration of copper and maintain the mineral balance
(Figure 1. 1).

The primary source of copper for the human body is the diet. The major sources
of this micronutrient include vegetables, animal milk products, shellfish and grains (6, 7).
It has been estimated that the body needs about 0.75 mg/day copper and most diets
contain about 0.6-1.6 mg/day (6, 8). This suggests that the average person ingests
enough copper to sustain a healthy metabolism. i

The major point of copper entry in gastrointestinal tract are the enterocytes lining
the intestinal mucosa. These cells facilitate copper transport from the diet to the blood
where copper binds to histidine, serum albumin or transcuprein (9, 10). These serum
proteins then deliver copper to tissues throughout the body, including the liver, brain and
kidney, where it can be incorporated into newly synthesized copper-dependent proteins.
The excess copper is excreted from the blood by the liver. The liver exports copper into
the bile allowing it to be removed from the body in the stool. It has been estimated in
mammals that about 50% of the ingested copper rapidly reappears in the bile, while the
rest of copper is absorbed (7). The other minor site of copper excretion is the urine where

the average person excretes 0.02-0.05 mg/day (8).



1.2: Diseases of copper metabolism
1.2.1: Acquired and genetic causes of copper deficiency

Copper deficiency in humans can be either dietarily acquired or caused by genetic
disorders. Acquired deficiency arises from a diet low in copper, whereby the body
cannot absorb enough copper from the ingested nutrients to meet the daily requirement.
This situation, for example, is present in malnourished infants who consume a diet based
on copper-deficient cow’s milk or infant formula lacking supplemented copper (11, 12).
Copper deficiency in these infants results in low ceruloplasmin levels, neutropenia,
anemia, and bone abnormalities leading to bone lesions and fractures (13, 14).
Fortunately, these clinical symptoms can be quickly reversed through the
supplementation of copper in the diet.

The systemic copper deficiency in infants also results from a disruption of the
copper transport across the epithelial layer of the gastrointestinal tract. Two X-linked
genetic diseases, Occipital Horn Syndrome and Menkes disease, have been identified as
leading to copper deficiency in the body (15).

Occipital Horn Syndrome, also known as Type IX Ehlers-Danlos disease, is a
milder form of copper deficiency (16). This disease is caused by mutations in the gene
ATP7A which affect splice site junctions during mRNA processing (17, 18). The disease
phenotype is characterized by lax skin and vascular abnormalities(19), but patients only
have mild neurological disease and are able to live into adulthood (15).

The classical genetic disease of severe copper deficiency is Menkes disease. The
characterization of Menkes disease is an excellent example of the serendipitous nature of

scientific research connections. In 1962, John Menkes identified a neurological



syndrome affecting boys in early childhood (20). These boys all had peculiar, bristled, or
“kinky” hair. They also had reduced pigmentation due to a loss of tyrosinase activity and
died between the ages of 7 months and 3.5 years. Subsequently, Gillespie and colleagues
discovered that copper-deficient sheep in Australia displayed steely wool (21). This led
David Danks and coworkers to connect the “kinky” hair phenotype observed in
Australian sheep with the low serum copper levels due to copper deficiency in Menkes
disease patients (22).

Classical Menkes disease is caused by mutations or deletions in the gene ATP7A
(23-25). The deletions are predominantly the result of translocation breakpoints of the X
chromosome. The frequency of Menkes disease is about 1 per 100,000 male births with
most patients dying by three years of age (15).

Patients with Menkes disease show a systemic copper deficiency due to impaired
absorption in the intestine and the entrapment of copper in the epithelial cells at the
blood-brain barrier (Figure 1. 1) (15). The lack of copper in the body leads to a loss of
function of several copper requiring enzymes including tyrosinase, cytochrome C oxidase
and lysyl oxidase (15). This results in the clinical pathologies characteristic of Menkes
disease patients. These symptoms include the coarse “kinky” hair, demyelination of
neurons in the brain, skin and joint laxity, reduced pigmentation, and neurological

abnormalities such as seizures and impaired visual tracking (19).

1. 2.2: Copper toxicosis and Wilson disease
Similarly to acquired dietary copper deficiency, some people exhibit acquired

copper toxicosis due to an elevated intake of copper from the diet. If the body does not



excrete excess copper, the liver becomes saturated and this may result in hepatic damage.
For example, patients with Indian childhood cirrohsis (ICC) have hepatic copper levels
10-100 times that of normal children (26). In these patients, the excess copper is
primarily present in the nuclear fraction leading to increased DNA damage through
fragmentation (27). When left untreated, ICC has a 90% mortality rate six months after
diagnosis (28). Although it has not been determined whether a genetic component is
involved, ICC has been largely eradicated through changes in infant-feeding practices
and with the use of the copper chelating drug D-penicillamine (28).

Wilson disease is the classic example of a genetic disease characterized by copper
toxicosis. Samuel Wilson initially described it in 1912 when four patients were
diagnosed with a progressive lenticular degeneration associated with liver cirrhosis (29).
About 35 years later, Cunnings showed that patients with Wilson disease had clevated
copper levels (30). Shortly thereafter, Scheinberg and Gitlin found a deficiency in serum
ceruloplasmin levels in Wilson disease patients (31). These initial observations laid the
foundation for the recent genetic and biochemical characterization of Wilson disease.

Wilson disease is an autosomal recessive disorder caused by mutations in the
gene ATP7B (32-34). Over 200 different disease mutations have been identified from
patients with more than half of them resulting from missense mutations of ATP7B (35).
The disease frequency is about 1 per 30,000 births with a heterozygous carrier frequency
of about 1 per 100 (36). The disease symptoms usually appear during childhood but
rarely before the age of three (37). However, the diagnosis of Wilson disease in
adulthood usually occurs after other diseases of the liver (viral hepatitis, alcohol-induced

cirrhosis) have been ruled out (38).



The symptoms of Wilson disease include elevated copper levels in several organs
including the liver, brain and kidney (37). Copper accumulation in the liver, due to a loss
of copper export into the bile, leads to hepatic failure or liver cirrhosis as shown in Figure
1. 1(39). Wilson disease patients also show an increased incidence of neurological
abnormalities (tremors, speech impediments, dystonia in the face and neck) along with
the occasional presentation of Kayser-Fleischer rings in the cornea of the eye (38).
Finally, Wilson disease patients have an increased copper concentration in their urine
with a drastic decrease in the serum ceruloplasmin concentration (8).

The only United States Food and Drug Administration approved treatment
involves the ingestion of the drug D-penicililamine (40). D-penicililamine, a copper
chelator, works by increasing the excretion of copper in the urine. Unfortunately, D-
penicililamine is toxic to the body and leads to severe side effects.

These clinical observations emphasize the central role of the copper-transporting
ATPases in human copper homeostasis. The function of these transporters is critically
dependent on the copper chaperone Atox1. Characterization of Atox1 and understanding
the mechanism of the Atox1-mediated copper transport are central issues discussed in this

dissertation.

1.3: The copper chaperones
1. 3.1: The cellular copper distribution network

The mammalian cell utilizes a specific molecular machinery to temporarily
sequester and transport copper from the cellular uptake system to the essential cupro-

enzymes located in the various cell compartments. This unusual method of the



intracellular ion distribution is mediated by small specialized proteins, termed
metallochaperones or copper chaperones (41). Three copper chaperones, Cox17p, Atoxl1,
and CCS, have been identified which deliver the metal ion to the mitochondria, to the
secretory pathway, and to the abundant cytosolic protein superoxide dismutase,
respectively (Figure 1. 2). This distribution network is needed as the amount of free
copper in the cytosol was estimated to be less than one copper atom per cell (42).

Copper enters the cell through the high-affinity copper transporter Ctrl (43, 44).
What happens subsequently remains to be determined. One possible mechanism of
copper release from Ctrl involves the direct retrieval of copper from Ctrl by the
chaperones, and preliminary evidence shows copper exchange between yeast Ctrl and
Atx1 (45). However, until direct transfer to the other chaperones is demonstrated, it
cannot be excluded that copper is released from Ctrl directly into cytosol and an
unidentified molecule (possibly glutathione) temporarily sequesters copper before
binding to the chaperones. Excess copper entering the cell can also be stored by binding
to cytosolic metallothioneins, but this cellular process has not been well characterized
(46).

The three pathways involving the copper-binding chaperones are shown in Figure
1. 2. In the first pathway, the chaperone Cox17p is thought to bring copper to the
mitochondria and deliver it to either the Scolp or Cox11p proteins, which then insert the
copper into cytochrome C oxidase (47). Interestingly, recent studies demonstrated that
when Cox17p is tethered to the inner membrane of the mitochondria, copper is still
delivered to Scolp or Cox11p, suggesting that Cox17p may not be the main copper

chaperone for the mitochondria (48). A second pathway involves CCS, which inserts



copper into cytosolic Cu/Zn-superoxide dismutase (SOD1) (49). The third pathway
involves the delivery of copper by Atox1 to WNDP and MNKP for transport into the
secretory pathway. Copper transported into the secretory pathway by WNDP binds to
ceruloplasmin while proteins such as tyrosinase and lysyl oxidase receive copper from
MNKP (50, 51). The delivery of copper by the metallochaperone Atox1 to the WNDP

forms the essential subject matter of this dissertation as discussed in Chapters 2 and 3.

1. 3.2: Mechanism of SOD1 activation by CCS

The metallochaperone dependent maturation process of the highly abundant
cytosolic protein Cu/Zn-superoxide dismutase is best characterized. The mature form of
SOD1 requires the insertion of a zinc ion and a copper ion, the formation of an
intramolecular disulfide bond, and homodimerization (52-54).

The first step in the maturation of SODI is the insertion of zinc into the nascent
protein. Zinc binds to four distinct residues in SOD1 (52, 53). The mechanism of zinc
delivery and binding to SOD1 remains unknown. However, Fabio Arnesano and
colleagues have shown that zinc binding to SODI is a critical step in the eventual
homodimerization of SOD1 (55).

The formation of the intramolecular disulfide bond in SOD1 and the loading of
copper involve interaction with the copper chaperone CCS. The structural features of
these two proteins lay the foundation for understanding the process of copper transfer and
SOD1 maturation. The structure of SOD1 was initially determined to be a B-barrel with a
Greek key fold (56). In comparison, the chaperone CCS contains three separate domains:

an Atx1-like copper-binding Domain I, Domain II, which has an SOD1-like structure and



is involved in heterodimerization with SOD1, and Domain III that is required for copper
insertion and is involved in the disulfide bond formation (57, 58).

The crystal structure of heterodimeric CCS and SOD1 complex showed a
disulfide bond between Cys229 of CCS and Cys57 of SOD1 (58). Recent studies by
Thomas O’Halloran and colleagues have shown that the formation of this intermolecular
disulfide bond is important for the proper maturation of SOD1 (54). After the formation
of the CCS-SOD1 disulfide bond and the proper insertion of copper into SOD1, a
rearrangement occurs enabling the formation of the essential intramolecular disulfide
bond in SOD1 between Cys57 and Cys146. This then facilitates the homodimerization of
SOD1 leading to a functional protein (55).

While the structural basis of the chaperone-target recognition has been determined,
the mechanism of copper insertion from CCS to SODI has not yet clarified. In fact
copper binding to CCS alone is not really understood. The model proposed by Eisses
et.al. suggests that human CCS forms a bridged copper cluster between the two cysteines
in the Atx1-like CxxC motif in Domain I and the CxC motif in Domain I11 (59). At the
same time, in the crystal structure of yeast CCS alone or in complex with SODI1, these
two domains are located on opposite sides of the protein (57, 58), suggesting marked
conformational rearrangement upon copper binding. Although the structural and copper-
binding information was obtained using proteins isolated from different species, the
sequence similarity of human and yeast SOD1 and functional data suggest that these two
proteins work in a similar fashion (42, 57, 60-62).

In spite of all the structural and biochemical characterization of CCS and SOD1,

the main question of how CCS inserts the copper atom into SOD1 remains unresolved.

10



The similar lack of mechanistic understanding of copper delivery is also characteristic of
the other two copper transfer pathways, where the amount of structural information
markedly exceeds the functional data. Therefore, the major focus of this thesis was to
obtain such mechanistic information and gain insight into the biochemical basis of

Atox1-mediated copper delivery to the copper transporters in the secretory pathway.

1. 3.3: The yeast copper chaperone Atx1

The biology of the metallochaperone-mediated copper delivery to the secretory
pathway has been extensively characterized in yeast. In fact, the first metallochaperone
discovered was the small cytosolic yeast protein Atx1 (63, 64). Atxl is 73 residues in
length and contains a MTCxxC copper binding motif where Cu(l) binds to the cysteines
in the CxxC motif with a linear two-coordinate geometry (41, 63, 64).

The initial genetic experiments by Lin and colleagues showed that Atx1 was
involved in copper delivery to the secretory compartment and that this process was
required for normal iron metabolism. An atxIA strain failed to grow on iron-deficient
media but growth occurred with the addition of copper to the media (64). Furthermore,
Huffman and O’Halloran demonstrated that Atx1 functioned in the delivery of copper
specifically to the copper-transporting ATPase Ccc2p (65). These findings provided an
interesting link to the earlier studies in which Andrew Dancis and colleagues showed that
iron uptake in yeast is tightly controlled by the availability of copper (66). High-affinity
iron uptake is mediated by the Ftrlp transporter, which functions in a complex with the
copper-dependent ferroxidase Fet3p (67). The ferroxidase Fet3p obtains its copper in the

secretory pathway from Ccc2 completing the link between copper uptake and subsequent

11



iron uptake (68, 69). Disruption of copper delivery to the secretory pathway by
inactivation of either Ccc2p or Atx1 results in the generation of copper deficient and non-
functional Fet3p and in an iron-starved yeast phenotype. This observation has been
utilized as the basis of the convenient complementation assay used for measuring copper
transport into the secretory vesicles.

Many aspects of the Atx1-mediated copper delivery to the secretory pathways
have been recapitulated in the mammalian system. At the same time, there are several
important differences, which include a more complex organization of mammalian target
proteins and the additional levels of regulation in higher eucaryotes.The work described
in Chapters 2 and 3 focuses on the aspects of the copper transfer mechanism that are
unique to mammalian cells. The sections below summarize our current knowledge of

mammalian Atox! and also compare and contrast human Atox1 with yeast Atx1.

1. 3.4: The mammalian copper chaperone Atox1

Atox1 is a conserved and widely expressed protein. The human copper chaperone
Atox1 (also known as the Human Atx1 Homologue 1, HAH1) was initially identified by
screening a liver cDNA library for homologues of Atx1 (70). The identification of other
mammalian homologues of Atox] in sheep (71), rats (72, 73), mice (74), and dogs (75),
has lead to extensive characterization of its expression pattern. Human Atox] mRNA
expression was found in many tissues including the brain, the spleen, the intestine, as
well as a variety of other cell lines (70). Atox] mRNA is detected throughout the brain

(72); with higher levels of expression observed in the pyramidal neurons of the cerebral
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cortex, the hippocampus, and the locus coeruleus, i.e. the regions of the brain that have
high levels of metals (72).

Moore and co-workers used immunostaining of kidney tissue to show Atox1
localization in the glomeruli, the loops of Henle of the medullla, and in the
juxtamedullary and cortical portion of the nephrons (76). The localization of Atox1
correlates with the reported pattern for copper-transporting ATPases, although more
definitive co-localization studies remain to be performed. In the liver, Atox1 localizes to
the hepatocytes lining the hepatic sinusoids, which delivers nutrients and secreted
proteins from the liver to the rest of the body (76). Atoxl localization in cells
surrounding the hepatic vein is consistent with its role in copper delivery to the
biosynthetic pathway, perhaps for copper incorporation into ceruloplasmin. Localization
in other organs has yet to be characterized.

Generics studies of Atox1. Genetic characterization of the human copper
chaperone Atox1 has also been done. The gene for the human Atox! contains 4 exons
and 3 introns spanning a 16 kb region of the genome, with the start codon located at the
3" end of exon 1 and the termination codon in exon 3 (77). Afoxl was determined to
reside in the chromosome region 5q32-33 (70) immediately adjacent to the SPARC gene
(78). The gene for Atox1 encodes for a small cytosolic protein of 68 amino acids and
shares 47% identity and 58% homology to yeast Atx1 (Figure 1. 3) (70). Similarly to
Atxl, Atox] contains a conserved MTCxxC sequence motif. Cu(I) binds to the two
cysteines of this motif with a linear coordination geometry (79, 80) and a calculated

binding affinity of K, = 2.45 x 10° M™! (81).
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The role of the human copper chaperone Atox1 in the delivery of copper into the
secretory pathway of the cell has been investigated using a genetic approach. A
complementation assay utilizing the afx/A yeast strain demonstrated that Atox1 delivered
copper to the secretory pathway and restored copper insertion into Fet3p (70).
Furthermore, mutation of the copper binding cysteines in the MTCxxC motif of Atox1
abrogated Fet3p activity in the atx]A yeast strain (79), suggesting that the two cysteines
were important for Atox1-mediated copper transfer to the secretory pathway.

The generation of the Atox1 knockout mouse provided further support to the role
of Atox1 in copper delivery to the secretory pathway. The disruption of the mouse Afox/
gene locus eliminated the production of Atox1 protein. As the result, the Atox1™ animals
show a Menkes disease-like phenotype. They are hypo-pigmented, display skin laxity,
and stunted growth (82), indicative of a systemic copper deficiency. Despite this copper
deficiency, however, more than half of the knockout mice reached adulthood and were
able to reproduce. This result suggests that although Atox1 is important, there may be
other less efficient pathways facilitating copper delivery to the secretory pathway, which
enable the Atox1™ mice to survive.

Functional characterization of AtoxI1. Prior to the initiation of the work described
in this dissertation, the only mechanistic information on Atox] was the demonstration of
direct protein-protein interactions between Atox1 and the copper-transporting ATPases,
WNDP and MNKP. Hamza and co-workers used GST pull-down assays of
endogenously expressed WNDP in HepG?2 cells or transiently transfected WNDP and
MNKP in COS-7 cells to demonstrate interaction between Atox1 and WNDP or MNKP

(83). The interaction between Atox1 and WNDP was enhanced when the cells were
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grown in elevated copper. Yeast 2-hybrid assays supported these results showing a
copper dependent interaction between Atox1 and N-WNDP and N-MNKP (84).
Interestingly, several patient disease mutations in the N-WNDP disrupted interaction with
Atox1 suggesting that the WNDP function requires Atox1-mediated copper delivery to

the N-WNDP (83).

1. 3.5: The chaperones Atx1 and Atox1 have similar structural features

Structural characterization of Atxl and Atox1 was the first step towards
understanding the copper transfer mechanism mediated by these proteins (85). The
overall structural organization of Atx1 and Atox] is very similar. Using X-ray
crystallography Amy Rosenzweig and co-workers. demonstrated that the structure of
copper-bound Atox! is composed of a B1-0ti-B2-P3-0t2-Bs fold, which is very similar to the
crystal structure of Hg(II) bound Atx1 (85). The MTCxxC copper-binding motif is
located in an exposed loop at the N-terminal end of the first a-helix, allowing for easy
access of the copper-binding cysteines to the solvent or to interacting proteins during
copper binding and transfer (Figure 1. 3). Interestingly, the electrostatic surface potential
for Atox1 and Atx1 is very positive due to several conserved lysine residues on the
surface of the protein adjacent to the CxxC motif. It has been proposed that these lysine
residues play an important role in interactions between the chaperone and its target.
Mutagenesis analysis of Atx1 support this hypothesis (86), however mutations of the
equivalent Lys in human Atox1 do not disrupt interactions between Atox1 and its targets

(79). The Atx1-Ccc2a docking experiments described in Section 1.5 and information in
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Chapter 3 address whether these lysines are important for the function of Atox1 and what
this role could be.

The current model for Atx1/Atox1-mediated copper transfer suggests that the
chaperone binds copper as a monomer with the 1:1 stoichiometry, docks to the target
protein via specific protein-protein contacts, transfers copper to the acceptor site and then
dissociates. It seems plausible that the binding and release of copper from Atox1 will be
accompanied by structural changes and that such changes could be important for overall
copper transfer process. Changes in the structure of Atox1 and Atx1 upon copper
binding were indeed observed by NMR spectroscopy and were found to be similar for
these two chaperones (87, 88).

Arnesano and colleagues showed that copper binding to Atx1 caused the
MTCxxC loop to become more rigid inducing an extra turn in the first a-helix (87). This
resulted in a change in the solvent accessibility of the two cysteines whereby the first
cysteine flips from a solvent accessible position in the apo-Atx1 form into a more buried
orientation in the copper-bound form. The second cysteine goes from about 45% solvent
accessibility in the apo-form to 3% accessibility in the copper-bound form (87). These
changes, when taken together, suggest that the flexible loop with the exposed cysteines in
the absence of copper is designed to easily capture the ion either from the solution or
another protein. However, once copper is bound it becomes buried in a position within
the protein making it less accessible from the solvent. This observation raises an
interesting question as to how this buried copper becomes available for transfer and what
is the driving force for copper transfer. Presumably, docking of copper-Atox] to the

target protein induces further changes in the structure of the copper-Atox1 complex that
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are favorable for copper release. The details of this process remains to be established.
The studies described in Chapter 3 address the issue of directional copper transfer and

shed some light as to why copper is transferred from Atox1 to the MBS2 of WNDP.

1.4: The copper-transporting ATPases

To regulate the intracellular copper concentration, cells have developed a
sophisticated network of copper-trafficking proteins that includes the copper-transporting
ATPases and metallochaperones, such as Atox1. In humans, Wilson disease protein
(WNDP) and the Menkes disease protein (MNKP) are copper-transporting ATPases that
interact with Atox1. The studies described in Chapter 2 revealed that Atox1 controls
copper occupancy of WNDP (and presumably MNKP) and regulates the catalytic activity
of this transporter.

The copper-transporting ATPases belong to a large family of ion transporting P-
type ATPases. After the initial discovery of the Na',K"-ATPase by Jens Skou in 1957,
over 100 different P-type ATPases have been identified in the evolutionarily diverse
kingdoms of archaea, bacteria, and eukaryotes (89, 90). These transporters utilize the
energy from the hydrolysis of ATP to transport metal cations across the membrane and
against the concentration gradient. The cations transported include the transition metals
copper, cadnium, and zinc (91-93) and other metals including sodium, potassium,

magnesium, and calcium (94).
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1. 4.1: Evolutionary conservation of copper-transporting ATPases

The copper-transporting ATPases are found in organisms of all phylogenetic
kingdoms. These transporters are highly conserved; the biggest difference among these
proteins is the number of copper-binding sites at the N-terminal domain of the ATPase.
The prokaryotic bacteria Enterococcus hirae contain two copper-transporting ATPases,
CopA and CopB, which have only one metal-binding site in the N-terminal copper
binding domain (93). In the simple eukaryote Saccharomyces cerevisiae, the copper-
transporting ATPase Cce2p contains two metal-binding sites in its N-terminal copper
binding domain (95). The human copper-transporting ATPases, the Wilson disease
protein (WNDP) and the Menkes disease protein (MNKP), cach contain six metal
binding sites in their N-terminus (24, 32). The presence of multiple metal-binding sites
in the human proteins suggests that the copper-transfer mechanism in humans is more
complex than in prokaryotes and that functional interactions between the metal-binding
sites of the copper-transporting ATPases are likely. Our studies described in Chapter 3
tested this prediction and provided experimental evidence for regulatory interactions

between the multiple metal-binding sites in WNDP.

1. 4.2: Sequence characteristics of the Menkes and Wilson disease proteins

The important sequence characteristics and key functional properties of WNDP
and MNKP have been described. Tt has been shown that WNDP and MNKP encode for
copper-transporting ATPases sharing 54% sequence identity and 65% sequence
homology (34). The predicted organization of the two copper-transporting ATPases is

shown in Figure 1. 4.
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Both proteins have eight putative transmembrane segments, a large cytsolic ATP
binding domain and a cytosolic N-terminal copper-binding domain with six metal
binding repeats. Within the sixth transmembrane segment resides the conserved CPC
sequence motif (94). Mutation of the two cysteines in this motif to serines results in a
complete loss of the copper transport across the membrane (96). It is assumed that the
CPC motif has a similar function in MNKP, since mutation of the first Cys in this motif is
associated with the loss of MNKP function and Menkes disease (97).

The WNDP and MNKP also share a similar cytosolic ATP-binding domain. The
cytosolic ATP-binding domain contains the residues required for ATP coordination and
the site of catalytic phosphorylation (Figure 1. 4). The aspartic acid residue in the
conserved DKTG motif is a target of catalytic phosphorylation; mutation of this residue
leads to a loss of catalytic activity and copper transport function (98-101). Another
important sequence is the GDGxXxND motif, which is thought to orient the By-phosphates
of ATP during hydrolysis (102). In addition, WNDP and MNKP also have a conserved
SEHPL sequence where the histidine residue in WNDP has been shown to be essential
for the proper orientation of ATP during catalysis (103).

The third large region of sequence similarity resides in the N-terminal copper-
binding domain of WNDP and MNKP (N-WNDP and N-MNKP, respectively). The N-
WNDP and N-MNKP comprise about 650 amino acids with each domain containing six
independently folded metal-binding sites (MBS) of about 70 amino acids and flexible
loop regions (Figure 1. 4) (34). In N-MNKP there is a large loop of about 70 amino acids
between MBS1 and MBS2. In contrast, N-WNDP has a large loop of about 70 amino

acids between MBS4 and MBSS5 and a smaller loop between MBS3 and MBS4. It is
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currently unclear whether or not this difference in loop structure has any consequences
for spatial organization of the metal-binding sites and for the copper transfer mechanism.
However, as described in Chapter 3, the transfer of copper from Atox1 to N-WNDP alters
the loop structure, suggesting that the regions connecting the metal-binding sites are
important for the function of the protein.

The alignment of all six of the metal-binding sites from N-WNDP and N-MNKP
shows a significant region of sequence conservation (Figure 1. 5) (104). Five of the six
MBS from both N-WNDP and N-MNKP contain the GMTCxxCxxxIE sequence motif
where there is a threonine prior to the first cysteine. In contrast, the third MBS of both
N-WNDP and N-MNKP has the GMHCxxCxxxIE sequence with a conserved histidine
present prior to the first cysteine. Additional information about the sequence alignment

of the six MBS in the Wilson disease protein is presented in Chapter 3.

1. 4.3: Copper binding characteristics of N-WNDP and N-MNKP

The copper-binding properties of the N-WNDP and N-MNKP are similar.
Svetlana Lutsenko and co-workers expressed recombinant N-WNDP and N-MNKP as
fusion proteins and copper loaded both proteins in E. coli (105). Upon purification of N-
WNDP and N-MNKP, the measured copper-binding stoichiometry was 5-6, suggesting
that each metal-binding site bound one copper. Using equilibrium dialysis experiments,
it was later demonstrated that N-MNKP binds copper with an apparent affinity of K, = 19
uM" and that copper binding is cooperative (106). In contrast, Wernimont e.a/ used
isothermal calorimetry to monitor copper binding to N-WNDP and showed that N-

WNDP binds copper with similar apparent affinity of K, =20 uM™ but does not show
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any cooperative binding of copper (81). This difference may be a result of the different
structural organization in the N-terminal domains.

The copper-binding environment of N-WNDP and N-MNKP was further studied
using X-ray absorption spectroscopy (XAS) and extended X-ray absorption fine structure
analysis (EXAFS). These studies showed that copper binds to both proteins as Cu(I)
(107, 108), in a distorted linear 2-coordinate geometry where the third coordinate may
come from an exogenous ligand, such as DTT, or from an adjacent copper atom (109,
110). Although these studies focused on the entire N-WNDP and N-MNKP domains, the
copper binding environment of an individual MBS was not studied in detail. To better
understand the mechanism of copper transfer, the studies in Chapter 3 investigated the
copper binding characteristics of the second metal-binding site of N-WNDP, an acceptor
of copper during the transfer process, and compare them with the copper-binding

environment of Atxol, a metal donor.

1. 4.4: Functional properties of the Wilson disease protein

The Wilson disease protein has two functional roles in the cell: biosynthetic and
homeostatic. For the biosynthetic function, WNDP localizes to the frans-Golgi network
under normal cellular conditions. At the trans-Golgi network, WNDP transports copper
into the secretory pathway for insertion into ceruloplasmin (111-113). Upon exposure of
the cell to elevated copper, the WNDP traffics to an unidentified vesicular compartment
(111, 114, 115) and potentially to the plasma membrane (116), where it functions to

export copper from the cell.
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The biochemical properties of WNDP were characterized by Tsivkovskii and
colleagues (100). Copper binding to WNDP facilitates the hydrolysis of ATP and
transient phosphorylation of the invariant aspartate residue in the ATP-binding domain.
Using radioactive [y*’P]-ATP to follow catalytic phosphorylation of WNDP, Tsivkovskii
and colleagues demonstrated a copper dependent increase in activity of WNDP. The
addition of the copper specific chelator bathocuproine disulfonate resulted in an
inhibition of catalytic activity but the subsequent addition of free copper in solution
resulted in a reactivation of the WNDP with ECso = 1.5 + 0.6 uM. These experiments
provided convincing evidence that the catalytic activity of WNDP was copper-dependent.
However, the concentration of free copper in a cell is negligible (42) and is insufficient
for stimulation of WNDP activity. Therefore, it seemed likely that copper-Atox1 complex
might substitute for free copper and that the Atox1-mediated transfer of copper would be
directly linked to stimulation of WNDP activity. The studies described in Chapter 2 of
this dissertation tested this hypothesis.

The role of the N-terminal domain of WNDP in its copper transport function has
been studied in detail. Several laboratories demonstrated that the N-WNDP is essential
for the function of WNDP in the cell. Deletion of the entire N-WNDP or mutation of all
six MBS CxxC motifs caused a complete loss of the in vivo copper transport (96, 101).
However, if MBS6 was left intact, the transport function and catalytic activity of WNDP
were detected, suggesting that MBS6 was sufficient for copper transport (96, 101, 117).
Unfortunately, these results alone could not explain the function of other five N-terminal

MBS of N-WNDP.
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To address this important issue, both deletion and mutagenesis studies were
performed. Tt was shown that the deletion of MBS6 alone with an intact MBS1-5
resulted in a loss of copper transport function while mutation of the cysteines of MBS6
led to a functional protein (101, 117). Huster and Lutsenko demonstrated that MBS5
and MBS6 could each regulate the affinity of the intramembrane copper-binding sites
which suggested that MBSS and MBS6 played a role in the delivery of copper to the
intramembrane sites of WNDP (117). Interestingly, the replacement of MBS1-2, MBS1-
3 or MBS1-4 at the position of MBS5-6 resulted in a complete loss of copper transport
function (96). This result suggested that MBS1-4 have a separate function compared to

MBS5-6 or that MBS1-4 are structurally different from MBS5-6.

1. 4.5: Structural characteristics of the copper-transporting ATPase metal-binding
sites

The sequence alignments of the individual metal-binding sites of N-WNDP, N-
MNKP and yeast Ccc2p suggest that they all have a similar overall fold, which is largely
identical to the fold of Atox1 (Figure 1. 5). This raises the question of how Atox1
recognizes its target proteins. To date, no high-resolution structural information is
available for N-WNDP. However, the solution structures for MBS2 and MBS4 of N-
MNKP (N-MNKP2 and N-MNKP4, respectively) and the first MBS of Ccc2p (Cec2a)
were determined by several investigators (118-121). The NMR solution structures all
revealed the 31-ct1-B2-Bs-02-P4 ferrodoxin-like fold. Similarly to the location of metal-
binding site in the copper chaperones Atx1 and Atox1, the copper-binding sequence

GMT/HCxxC in each MBS is located in the exposed loop prior to the first a-helix,
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suggesting that copper has easy access to the metal-binding cysteines (118). A conserved
phenylalanine is a structural feature of the MBS that is absent in the chaperone and is
located in close proximity to the CxxC motif. This Phe residue has been suggested to
stabilize copper binding (120) and might also function in the formation of a hydrophobic
core with the methionine in the MTCxxC motif and a leucine in loop 3 (121).
Importantly, the electrostatic surface potential of several metal-binding sites showed a
large negative patch near the CxxC motif on the side of interaction with the chaperone
protein. This observation led to the suggestion that the docking of the copper chaperone
to the MBS is driven by the complementary electrostatic interaction between the
positively charged surface of Atx1/Atox1 and a negative surface of MBS. This
hypothesis is plausible and therefore attractive. However, our experiments as described
in Chapter 3 and modeling experiments indicate that the surface complementarity is not
the major force that determines selective docking of Atox1 to the metal binding sites in
N-WNDP and that the consideration of the spatial arrangements of MBS is essential for
understanding of the selectivity of copper transfer.

Copper binding to the MBS does not change the overall fold of the proteins (119,
121). However, differences have been noted in the consequences of copper binding to
the CxxC motif of human N-MNKP2 and MBS1 of Ccc2p (Cec2a). As shown in Figure
1. 5, copper binding to N-MNKP?2 resulted in an extra one turn of o;-helix and the
ordering of the first cysteine of the CxxC motif into a conformation facilitating copper
binding (121). In contrast, the Ccc2a structure underwent very little reordering upon
copper binding except that the CxxC motif became less flexible (119). The reduced

flexibility results in a decrease in solvent accessibility for the first cysteine from 45% to
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25% (119). The reorganization of the copper binding motif might have important
implications for copper transfer and copper-binding environment at this specific metal-
binding site. Moreover, the changes in the helical structure of N-MNKP2 upon copper
binding could also affect other regions of the N-terminal copper binding domain through
changes in the tertiary structure of the domain. The results from Chapter 3 suggest that

copper binding to MBS2 of N-WNDP impacts several other regions in N-WNDP.

1.5: Structural characterization of copper transfer from Atx1 to Cce2p

The copper transfer from a copper chaperone to an isolated MBS has been studied
mainly in yeast using Atx1 and an isolated metal-binding domain of the copper-
transporting ATPase Ccc2, Cec2a. The biochemical characterization of copper transfer
from Atx1 to Cec2a showed that each protein has similar affinities for copper (65).
Furthermore, the incubation of both proteins together led to equilibrium, where each
protein bound about 50% of the copper. This result suggested that a directional transfer
from Atx1 to Ccc2a, if it occurs, would require the presence of the other Cec2 domains.

The mechanism of copper transfer from Atx1 to Ccc2a was also studied using
NMR spectroscopy and computer simulated docking experiments. These studies yielded
several interesting results. The complex formation is apparently triggered by electrostatic
interactions between the positively charged patch on Atx1 and the negatively charged
region of Ccc2a, as discussed in earlier sections. Structural analysis of the lysine residues
K24 and K28 of the a;-helix of Atx1 shows the formation of salt bridges through

electrostatic interactions with glutamate residues in Ccc2a (122). Furthermore, mutation
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of these lysines resulted in reduced copper delivery to the secretory pathway and slower
cell growth on iron deficient media using in vivo assays (86).

After the Atx1-Ccc2a complex is formed there is very little change in the overall
structure of Cec2a when comparing the apo-Cec2a, Cu-Cec2a, and the adduct Atx1-
Ccc2a structures (122). In contrast, major changes were observed in Atx1 upon complex
formation. The Atx1-Ccc2a complex resulted in an Atx1 structure which was
intermediate between the apo-Atx1 and Cu-Atx1 forms (122). Specifically, adduct
formation resulted in a reorganization of the copper-binding loop of Atx1 where the
second Cys became more solvent accessible, facilitating a relaxed copper-binding state.
In fact, in several docking experiments between Cu-Atx1 and apo-Ccc2a, this rotation by
the second Cys of Atx1 might help to expel the copper atom from Atx1, allowing the
cysteines of Ccc2a to capture the copper upon transfer (123).

The other main area of movement in Atox1 upon complex formation is in the loop
spatially adjacent to the metal-binding site, containing the conserved KTGK motif. The
lysine residues moved away upon adduct formation to an orientation similar to the apo-
Atx1. Arnesano and colleagues postulated that the role of this conserved lysine may be
in the stabilization of the Cu(l) bisthiolate center upon copper transfer from Atx1 to
Cec2a (87).

While copper transfer from Atx1 to Ccc2a is somewhat characterized, very little
is known about the transfer mechanism between their human equivalents, Atox1 and the
metal-binding sites in N-WNDP or N-MNKP. The X-ray crystallographic structure of
Atox1 was originally solved as a copper-bound dimer (124). The dimeric structure of

Atox1 is thought to be an artifact of crystallization as the copper atom is completely
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shielded from the solvent and unavailable for transfer. (In addition, the monomeric
nature of Atox1 in a cell is directly demonstrated by our gel-filtration experiments, see
Appendix.) Consequently, it was proposed that the dimer represents a model of the
copper-transfer intermediate between the chaperone (donor protein) and the MBS
(acceptor protein) (124). In contrast to Atx1, the dimeric Cu-Atox1 crystal structure
showed the conserved lysine in the KTGK motif, Lys60, formed a bridged hydrogen-
bond network through one water molecule to the backbone oxygen of the second Cys of
the opposite monomer (124). Whether Lys60 of Atox1 (similarly to the homologous
lysine in Atx1), is involved in stabilizing the copper-binding region upon transfer, or is

instead important for electrostatic interactions with a MBS has yet to be determined.

1. 6: Questions addressed in this dissertation

My published research (125, 126) as reported in Chapters 2 and 3 of this dissertation
addresses important questions regarding the role of the metallochaperone Atoxl in the
delivery of copper to the copper-transporting ATPase ATP7B, the Wilson disease protein.
Can Atox| directly transfer copper to all six of the MBS of the full-length N-WNDP, and
does the transfer affect the catalytic activity of WNDP? Can Atox1 perform this copper
transfer function alone? Does Atox1 randomly transfer copper to the metal-binding sites
on N-WNDP or does it transfer to a preferential site? If one site is the preferential site,
what structural characteristics make it the special site? Is copper transfer reversible? The
answers of these questions contribute to an understanding of the mechanisms of copper

transfer from the metallochaperone Atox1 to the Wilson disease protein.
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Figure 1. 1.

Copper distribution in the human body. Copper enters the body from dietary sources.
Upon digestion copper crosses the intestinal epithelial layer where it enters the portal
vein for transport to the liver. The liver distributes copper to the body including the brain
or the liver excretes copper into the bile duct where it is then eliminated from the body in
the stool. Menkes disease results in a block of copper uptake from the intestine and
copper transport across the blood-brain barrier. In contrast, Wilson disease blocks copper

excretion from the liver into the bile.

28



Figure 1. 1.
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Figure 1. 2.

Copper metabolism in a human cell. Schematic representation showing the distribution
of copper in a human cell. Copper enters the cell through the copper transporter Ctrl and
is bound to the three metallochaperones or to metallothioneines. Cox17 delivers copper
to the mitochondria. The copper chaperone for superoxide dismutase (CCS) delivers
copper to Cu/Zn-SOD1 (SOD1). Atox! delivers copper to the trans-Golgi network
where the Wilson disease protein (WNDP) and the Menkes disease protein (MNKP)
transport copper across the membrane for incorporation into copper dependent enzyme
ceruloplasmin. Under elevated copper conditions WNDP and MNKP traffic to vesicular

compartments and the plasma membrane to export copper from the cell.
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Figure 1. 2.

Metallothionein.

o CCS SOD1
— @D «— 0 @ G

Mitochondria

Cox17 X
— @
’ . Atox1 P

NP _+Cu,

—_—
——
——
-Cu
" WNDP

Vesicular
compartment

Ceruloplasmin

31



Figure 1. 3.

The copper chaperones Atx1 and Atox1 have many similarities. 4, sequence
alignment of the yeast chaperone Atx1 and the human chaperone Atox1. The MTCxGC
motif is shown in blue with the copper-binding cysteines shown in red. The conserved
lysine in the KTGK motif is shown in orange. B, ribbon model showing the NMR
solution structures of apo- and Cu-bound Atox1 (1TL4 and 1TLS, respectively). The two
structures are orientated such that the a;-helix is in the same position for each mode].

The a-helices are in blue and the B-sheets are in green. The two cysteine residues (red) in
the CxxC motif are coordinating the copper atom (light blue). The conserved lysine is

shown in orange.
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Figure 1. 3.
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Figure 1. 4.

Two-dimensional model of the Wilson disease protein. The schematic shows the
sequence motifs important for essential function of a human copper-transporting P-type
ATPase. The blue ovals with the CxxC motif in white represent the six metal-binding
sites in the N-WNDP copper-binding domain with the number of each MBS shown in
purple. The CPC motif present in transmembrane domain 6 is shown in yellow and the

invariant aspartate critical for catalytic phosphorylation is highlighted in red.
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Figure 1. 4.
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Figure 1. 5.

Structural characteristics of the N-WNDP, N-MNKP, and Cce2p metal-binding sites.
A, sequence alignment of the six MBS of N-WNDP and N-MNKP and the two MBS of
Ccc2p. Each MBS sequence contains 69 amino acid residues. The blue stretch of
residues highlights the GMT/HCxxCxxxIE copper-binding motif where the copper
coordinating cysteines are shown in purple. The conserved phenylalanine is shown in
green. The unique sequence characteristics of MBS3 of N-WNDP and N-MNKP are also
identified with the histidine in the copper-binding motif in red and the proline motif
highlighted in cyan. B, Ribbon model showing the NMR solution structures of apo- and
Cu-bound N-MNKP2 (1S60 and 1S6U, respectively). The two structures are orientated
such that the a;-helix is in the same position for each model. The a-helices are in blue
and the p-sheets are in dark green. The two cysteine residues (purple) in the CxxC motif
are coordinating the copper atom (light blue). The conserved phenylalanine is shown in

light green.
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Figure 1. 5.
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TCASCVHSIE
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TCGSCVSTVT
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Apo-N-MNKP2

3%
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RVKVSLSNQE
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SVLVALMAGK
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SVVVSLVTEE

ATVKYVPSVV
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ATIIYDPKLQ
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CLQQVCHQIG
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SPEELRAAIE
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GPRDIIKIIE

TPRTLQEAID
SVEEMKKQIE
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SPETLRGAIE
QPPMIAEFIR
GPRDIIHTIE

ADSIKEIIED
TLETAREMIE

Cu-N-MNKP2

DMGEEASIA
DMGFEAAIK
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EIGFHASLA
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AVSEGLYRV
DMGEFDATLS
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SLGFEASLV

-CGIDCEIL
DCGEDSNII

B)



Chapter 2

Metallochaperone Atox1 Transfers Copper to the N-Terminal Domain of the

Wilson’s Disease Protein and Regulates Its Catalytic Activity

Walker, J. M., Tsivkovskii, R., and Lutsenko, S. (2002) J Biol Chem 277, 27953-9.
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2.1: Summary

Copper is essential for growth and development of mammalian cells. The key role in the
intracellular distribution of copper belongs to the recently discovered family of
metallochaperones and to copper-transporting P-type ATPases. Mutations in the ATPase |
ATP7B, the Wilson’s disease protein (WNDP), lead to intracellular accumulation of
copper and severe hepatic and neurological abnormalities. Several of these mutations
were shown to disrupt protein-protein interactions between WNDP and the
metallochaperone Atox1, suggesting that these interactions are important for normal
copper homeostasis. To understand the functional consequences of the Atox1-WNDP
interaction at the molecular level, we produced recombinant Atox1 and characterized its
effects on WNDP. We demonstrate that Atox1 transfers copper to the purified N-
terminal domain of WNDP (N-WNDP) in a dose-dependent and saturable manner. A
maximum of 6 copper atoms can be transferred to N-WNDP by the chaperone.
Furthermore, incubation of copper-Atox1 with the full-length WNDP leads to stimulation
of the WNDP catalytic activity, providing strong evidence for the direct effect of Atox|
on the function of this transporter. Our data also suggest that Atox] can regulate the
copper-occupancy of WNDP. Incubation with apo-Atox! results in removal of copper
from the metallated N-WNDP and apparent down-regulation of WNDP activity.
Interestingly, at least one copper atom remains tightly bound to N-WNDP even in the
presence of excess apo-Atox1. We suggest that this incomplete reversibility reflects the
functional non-equivalency of the metal-binding sites in WNDP and speculate about the

intracellular consequences of the reversible Atox1-mediated copper transfer.
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2.2: Introduction

Copper is a trace element that has a dual role in human physiology. It is essential
for normal cell metabolism serving as a cofactor to various enzymes involved in cellular
processes as diverse as respiration, antioxidant defense, neurotransmitter biosynthesis,
and iron homeostasis. At the same time excess copper is toxic to the cell, therefore the
intracellular copper concentration is tightly controlled. Recent studies in yeast indicate
that the amount of free copper in eucaryotic cells is negligible and that copper, after being
transported into the cell, quickly becomes bound to various carriers (42). Among these
carriers, the key role in further intracellular distribution of copper belongs to a recently
discovered family of copper chaperones. These proteins temporarily sequester free
copper while delivering it to specific target proteins throughout the cell (127-129).

Human copper chaperone Atox1 (also known as HAH1) is a small cytosolic
protein that plays a key role in distribution of copper to the cell secretory pathway. In
yeast, the Atox1 ortholog, Atx1, was shown to facilitate copper delivery to the copper-
transporting P-type ATPase Ccc2, which then transports copper into the late Golgi
compartment (41, 64). In mammalian cells, Atox1 was proposed to bring copper to the
copper-transporting ATPases ATP7A and ATP7B, or the Menkes disease protein (MNKP)
and the Wilson’s disease protein (WNDP), respectively. MNKP and WNDP then utilize
the energy of ATP hydrolysis to either translocate the metal into the lumen of the frans-
Golgi network for incorporation into copper-dependent enzymes or to export excess
copper out of the cell. Deletion of the Atox1 gene in mice leads to intracellular

accumulation of copper and decreased activity of secreted copper-dependent enzymes,
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such as tyrosinase, supporting the proposed role of Atox1 as a metal donor for the
copper-transporting ATPases (82).

Although the important role of Atox1 for mammalian copper homeostasis was
clearly demonstrated (82), the experimental data directly linking functions of the human
chaperone Atox1 and the copper-transporting ATPases MNKP and WNDP are still
lacking. Recent studies from several laboratories provided experimental evidence for
physical interactions between Atox1 and the N-terminal domains of MNKP and WNDP
(71, 83, 84). In addition, several mutations found in Wilson’s disease patients were
shown to disrupt the ability of WNDP to interact with Atox1, suggesting that this
interaction was essential for normal copper homeostasis (83). Whether the protein-
protein interactions lead to transfer of copper from Atox1 to either WNDP or MNKP has
not yet been demonstrated. Most importantly, it remains unknown whether transfer of
copper from the chaperone to the copper-transporting ATPases has a direct effect on
activity of these transporters.

To address these important issues, we generated recombinant Atox1 and
examined whether Atox1 can transfer copper to the N-terminal domain of WNDP (N-
WNDP). We also determined the effect of Atox] on the catalytic activity of WNDP
using the full-length membrane-bound transporter. Finally, we characterized the
reversibility of the Atox1-mediated transfer of copper and demonstrated that Atox] can
regulate the copper-occupancy and activity of WNDP. In this work, we focused on the
functional interactions between Atox1 and WNDP; however our conclusions are likely to
be applicable, at least in general, to the transfer of copper from Atox1 to MNKP, which is

highly homologous to WNDP.
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2.3: Materials and Methods

Cloning, Expression, and Purification of Atox1. The Atox1 cDNA was excised
from the previously generated pET24b-Atox1 plasmid using Ndel and EcoRI
endonucleases and cloned into the pTYB12 vector (New England Biolabs) to produce the
pTYBI12-Atox1 construct (for detailed description of the construct see Figure 2. 1 and the
Results section). This construct, encoding the fusion protein composed of Atox1, intein,
and a chitin-binding domain, was then transformed into the E. co/i strain BL21 (DE3).

The expression of the Atox1-containing fusion was induced with 0.5 mM
isopropyl-p-D-thiogalactopyranoside (Roche) for 18 hours at room temperature. The
cells were then harvested by centrifugation and resuspended in lysis buffer (25 mM
Na;HPOy, 150 mM NaCl, pH 7.5) containing one Complete EDTA-free protease
inhibitor mixture tablet (Roche). The cells were passed through a French Press (Sim-
Aminco) at 16,000 psi and the lysate was cleared by centrifugation at 30,000 x g for 30
minutes. The soluble fraction of the lysate was passed through a chitin-bead column
(New England Biolabs), allowing the Atox1-fusion to bind to the resin via its chitin-
binding domain. The resin was then washed with 30 column volumes of lysis buffer. To
induce the intein-mediated cleavage the beads were incubated in 50 mM dithiothreitol
(DTT), 25 mM Na,HPO,, pH 8.15, 150 mM NaCl, for 40 hours at room temperature.
Atox1 was then collected in elution fractions and dialyzed against lysis buffer at 4°C
overnight to remove DTT. Protein concentration was measured using the Bradford assay
(130) and protein purity was determined by a 15% Laemmli gel (131). The identity of

Atox1 was confirmed by mass-spectrometry and by immunochemistry using an Atox1-
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specific antibody (Figure 2. 6). The yield of purified soluble Atox1 was ~ 2 mg of
protein from a liter of cell culture.

Preparation of the copper-bound Atox1. CuCl, was mixed with glutathione at a
1:10 molar ratio and the mixture was then added to Atox1 at copper to protein ratio of 1:1.
Following a 10 min incubation at room temperature, Atox1 was extensively dialyzed
against lysis buffer and the stoichiometry of the copper-Atox1 complex was determined
by a bicinchoninic acid (BCA) assay, where absorbance of a Cu(I)-BCA complex was
monitored at 562 nm (132), or by atomic absorption (both methods produced very similar
results). Electron paramagnetic resonance (EPR) measurements were carried out on one
of the samples, which had a typical copper-binding stoichiometry of 0.8 Cu/Atox1. EPR
spectra were recorded on a Bruker E500 X-Band EPR spectrometer with a Super X
microwave bridge and a Super High Q resonator. The instrument was equipped with a
liquid nitrogen flow cryostat. No Cu®" signal was detected, suggesting that copper bound
to Atox1 was in the reduced Cu'* form (Figure 2. 7).

Transfer of copper from AtoxI to the N-terminal domain of WNDP (N-WNDP).
N-WNDP used in this study was a fusion of the first 606 amino acid residues of WNDP
and the maltose binding protein. N-WNDP was expressed and purified using affinity
chromatography on amylose resin as described earlier (105). For copper-transfer
experiments, N-WNDP bound to amylose resin (New England BioLabs) was washed
with 30 column volumes of assay buffer (20 mM Bis-Tris-propane pH 7.0, 200 mM KCl,
5 mM MgCly) and then incubated with 100 uM DTT for 10 minutes at room temperature.
After an additional wash with 10 column volumes of assay buffer various amounts of

soluble copper-bound Atox1 in assay buffer were added to the resin and incubated with
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N-WNDP for 10 minutes at room temperature. (The amount of N-WNDP bound to the
amylose resin was determined from a preliminary analytical purification of a portion of
the lysate). Atox] was then washed off the resin with assay buffer, followed by elution
of N-WNDP with 10 mM maltose in the assay buffer. The protein concentration of each 1
sample was measured using the Bradford assay and the amount of copper bound to each
protein was estimated using the BCA assay.

The presence of Atox1 in the N-WNDP elution fractions was examined by
quantitative Western blot analysis. From the elution fractions, 2 ug of total protein were
run on a Tris-Tricine gel (133) in parallel with known amounts of purified Atox1 used to
generate a calibration curve. The proteins were transferred to a Immobilon-P membrane
(Millipore) and then immunostained using polyclonal anti-Atox1 antibody at 1:20,000
dilution. The amount of Atox1 in the fractions was quantified by densitometry (Bio-Rad)
and compared to the calibration curve.

Reverse Copper Transfer from N-WNDP to Atox]. N-WNDP was loaded with
copper in vivo by growing the N-WNDP-expressing cells in the presence of 500 uM
CuCly, as previously described (105). Copper-loaded N-WNDP was bound to amylose
resin and washed as described above. The increasing amounts of apo-Atox1 were then
added to the resin and the mixture was incubated for 10 minutes at room temperature.
Atox1 was washed off the resin followed by elution of N-WNDP with the maltose-
containing buffer, and the amount of copper bound to N-WNDP and Atox1 was analyzed.
In addition, the accessibility of the cysteines in N-WNDP after removal of copper by apo-
Atox1 was examined using chemical labeling with the residue-specific fluorescent

reagent 7-diethylamino-3-(4'-maleimidylphenyl)-4-methylcoumarin (CPM) (Molecular
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Probes). A sixty-fold molar excess of CPM was added to N-WNDP and the reaction
mixture was incubated for 2.5 minutes at room temperature in the dark. The reaction was
quenched with an excess of B-mercaptoethanol, and the CPM-labeled protein was
electrophoresed on a 10% SDS-PAGE. The intensity of labeling was quantified using
densitometry of fluorescent bands. The gels were then stained with Coomassie Blue, and
the amount of protein in the N-WNDP bands was determined by a second round of
densitometry. The fluorescence intensity was then normalized to the N-WNDP protein
levels.

The effect of the copper-Atox1 complex on the catalytic activity of WNDP. The
full-length WNDP was expressed in Sf9 cells using the baculovirus-mediated infection,
and the membrane fraction containing WNDP was isolated as previously described (100).
Apo-Atox1 and copper-bound Atox1 were prepared as described above and were
dialyzed overnight against the assay buffer, containing 100 uM of freshly prepared
reducing reagent tris-(2-carboxyethyl)phosphine hydrochloride (TCEP, Sigma), prior to
incubation with WNDP.

For the Atox1-mediated reactivation of WNDP, 50 pg of total membrane protein
was resuspended in 200 pl of ice-cold assay buffer, containing 100 uM TCEP. The
copper chelator bathocuproine disulfonate (BCS, ICN Biomedicals) was added to a final
concentration of 100 uM. After a 15 min incubation on ice, the membrane protein was
pelleted by centrifugation at 20,000 x g for 5 min, and BCS was removed. The
membrane pellets were resuspended in 200 pl assay buffer containing 100 uM TCEP,
and the copper-Atox1 complex was added to the mixture at concentrations indicated in

the legend to Figure 2. 3. After a 10 min incubation at room temperature, the samples
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were placed on ice for 5 min, radioactive [y-**PJATP (5 uCi, specific activity 20
mCi/umol) was added to 1 uM final concentration, and the reaction mixture was
incubated on ice for additional 4 min.

The reaction was stopped by addition of 50 ul of ice cold 1 mM NaH,PO, in 50%
trichloroacetic acid (TCA) and then centrifuged for 10 min at 20,000 x g. The protein
pellet was washed once with ice-cold water, resuspended in 40 ul of sample buffer (5
mM Tris-POy, pH 5.8, 6.7M Urea, 0.4M DTT, 5% SDS) and loaded on the acidic version
of a 7.5% Laemmli gel (134). After electrophoresis, the gels were fixed in 10% acetic
acid for 10 min and dried on blotting paper. The dried gels were exposed either overnight
to the Molecular Imaging screen CS (Bio-Rad) or for several hours at — 80°C to Kodak
BioMax MS film, and the intensity of the bands was quantified using Bio-Rad Molecular
Imager or Bio-Rad densitometer. Then, the dried gels were rehydrated, stained with
Commassie Blue and the amount of protein in the WNDP-related bands was determined
by a second round of densitometry. The 32P—incorporation into WNDP was then
normalized to the WNDP protein levels.

The results of the initial experiments with apo-Atox1 showed significant
variability. This was most likely due to rapid oxidation of the apo-chaperone, since
storage of apo-Atox| decreased its effects on WNDP and N-WNDP, while subsequent
treatment of apo-Atox1 with reducing reagent TCEP restored the chaperone function. To
make the results reproducible additional treatment of apo-Atox1 with TCEP was carried
out immediately before the reactions with either N-WNDP or the full-length WNDP.

Inactivation of the catalytic phosphorylation of WNDP by apo-Atox1. 50 ug of

the membrane preparation containing WNDP was resuspended in 200 ul of the assay
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buffer containing 100 uM TCEP, and apo-Atox1 was added to final concentrations
indicated in the Figure 2. 5 legend. Following a 10 min incubation at room temperature,
the membranes were sedimented by centrifugation at 20,000 x g for 5 min. The
membrane pellets were then resuspended in 200 ul of assay buffer and incubated on ice
for 5 min. Radioactive [y-*PJATP (5 pCi, specific activity 20 mCi/umol) was added to 1
1M final concentration and the analysis of catalytic phosphorylation of WNDP was
carried out as described above. The generation and characterization of the D1027A
mutant of WNDP, which lacks catalytic activity and was used in these experiments as a

background control, had been described previously (100).

2.4: Results

Expression and purification of Atox1. To simplify purification of AtoxI and to
obtain the purified protein without a large affinity tag, we generated an expression
construct for Atox1 using a pTYB12 vector. In this construct, Atox1 was fused with an
intein and a chitin binding domain (CBD) (Figure 2. 14). This enabled us to purify the
expressed Atox1-CBD-intein fusion by affinity chromatography on chitin beads, and then
excise Atox1 from the fusion through the intein-mediated protein cleavage, leaving CBD
and intein associated with the beads. The procedure adds three amino acid residues to the
amino terminus of Atoxl1.

Figure 2. 1B illustrates a typical experiment on expression and purification of
Atox1. Induction of expression with isopropyl-f-D-thiogalactopyranoside leads to
appearance of the 70 kDa protein (Figure 2. 1B, lane 2), consistent with the expression of

the Atox1-CBD-intein fusion. The treatment of the fusion protein bound to chitin beads
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with DTT releases highly pure Atox1 into the solution (Figure 2. 1B, lane 5). Judging
from the ratio between the uncleaved Atox1 fusion and the CBD-intein fragment, which
remains associated with the resin, the efficiency of the cleavage is ~80% (Figure 2. 1B,
lane 6). The addition of the copper-glutathione complex to purified Atox1 (see
“Materials & Methods”) generates the metallated chaperone with a typical stoichiometry
0f 0.85 + 0.1 copper atoms/Atox]1.

Copper transfer from AtoxI to N-WNDP. To determine whether Atox1 can
transfer copper to WNDP, we utilized purified N-WNDP bound to amylose resin and a
soluble copper-Atox! complex (Cu-Atox1). Cu-Atox] was passed through the resin
containing bound N-WNDP, the resin was washed, and N-WNDP was then eluted from
the resin using the maltose-containing buffer (Figure 2. 24). The amount of protein and
copper in each elution fraction was analyzed. This protocol allowed for quick separation
of Atox] and N-WNDP and easy determination of copper bound to both proteins after the
transfer reaction.

In agreement with our earlier results (105), control N-WNDP eluted from the
amylose resin did not contain measurable amounts of copper. In contrast, when N-
WNDP was first preincubated with Cu-Atox1 and then eluted, copper was detected in the
N-WNDP-containing fractions (Figure 2. 24, fractions 29 and 30), suggesting that copper
was transferred from Atox1 to N-WNDP.

It was previously shown that Atox1 interacted with N-WNDP and that these
interactions could be detected using a protocol similar to the procedure utilized for our
transfer studies (84). Therefore it was possible that in our experiments copper co-eluted

with N-WNDP as a result of association of Atox]1 with N-WNDP and not because of
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copper transfer. To eliminate this possibility, we examined the presence of Atox1 in the
N-WNDP containing elution fractions. No Atox] was detected in the N-WNDP
containing fractions analyzed by gel electrophoresis and stained with Coomassie Blue.
However, Atox] was observed by immunostaining, indicating that small amounts of
protein remained associated with N-WNDP after washes of the resin (Supplemental
Figure 2. 6). The amount of Atox1 that co-elutes with N-WNDP was determined using
quantitative Western blot analysis and purified Atox1 as a standard. These calculations
indicate that Atox]1 is present in the N-WNDP elution fractions at a molar ratio of ~0.1
Atox1/N-WNDP and can account for 5-10% total copper bound to N-WNDP
(Supplemental Table 2. 1). Thus, we conclude that incubation of Atox1 with N-WNDP
leads to a transfer of copper from the chaperone to its target.

To characterize the transfer reaction in more detail, the experiments were repeated
using a wide range of molar ratios of Atox1, with a 0.85 + 0.1 copper to protein
stoichiometry, and N-WNDP. As shown in Figure 2. 2B, incubation of N-WNDP with
increasing amounts of Cu-Atox| leads to a dose-dependent and saturable transfer of
copper to N-WNDP; up to 6 copper atoms per N-WNDP can be transferred when a 30-40
fold molar excess of Cu-Atox1 over N-WNDP is present. N-WNDP is known to contain
six metal-binding sites, therefore it appears that Atox1 can deliver copper to all metal-
binding sites in N-WNDP. A further increase in the amount of added Cu-Atox! does not
lead to additional binding of copper to N-WNDP consistent with the idea that the
chaperone controls delivery of copper to specific sites.

In N-WNDP, copper is coordinated by Cys residues in the highly conserved

GMTCxxC sequence motifs. Binding of copper to N-WNDP in a cell protects these Cys
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residues against labeling with the fluorescent coumarine maleimide CPM (105). Similar
decrease in fluorescent labeling of N-WNDP was observed following copper transfer
from Cu-Atox] to N-WNDP (Supplemental Figure 2. 8), suggesting that copper was
transferred to Cys residues.

The effect of Atox1 on WNDP activity. Recently, we demonstrated that the full-
length WNDP expressed in insect cells was catalytically active and was able to form a
phosphorylated acyl-phosphate intermediate when incubated with ATP (100). This
catalytic reaction is inhibited by the copper chelator bathocuproine disulfonate (BCS);
addition of copper to the inhibited enzyme restores its activity. We utilized this assay to
test whether Cu-Atox1 could reactivate the BCS-treated WNDP by transferring copper to
the transporter. The membrane-bound WNDP was incubated with either apo-Atox1 or
Cu-Atox1, [y-*P]JATP was then added and the ability of WNDP to form an acyl-
phosphate intermediate was analyzed by measuring the amount of radioactivity
associated with the WNDP band on an acidic polyacrylamide gel. As shown in Figure 2.
34, addition of Cu-Atox1 to the BCS-treated WNDP leads to re-activation of the enzyme,
indicating that Cu-Atox1 transfers copper to the WNDP metal-binding sites, which are
essential for stimulation of its catalytic phosphorylation. The lack of WNDP reactivation
by apo-Atox! confirms that copper transfer, and not mere interaction with Atox1, is
necessary for stimulation of the WNDP activity (Figure 2. 34).

In the copper-transfer experiments shown in Figure 2. 2, purified N-WNDP was
the only protein that could accept copper from Atox1. In contrast, in the membrane
preparations used for the reactivation experiments, WNDP represents 2% or less of the

total protein (our data). Thus, it was interesting to compare the ability of Atox1 to
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transfer copper to purified N-WNDP with its ability to activate WNDP in the presence of
a large excess of other proteins. To do that, the amount of WNDP in the membrane
fraction was estimated using quantitative Western blot analysis. Then, Atox] was added
to the BCS-treated WNDP at the same molar ratios that were used previously for the
copper-transfer experiments with purified N-WNDP.

As shown in Figure 2. 3B, the effect of copper-Atox1 on catalytic activity was
dose-dependent and saturable with maximum reactivation reached in the presence of a
20-30 fold molar excess of Atox1 over WNDP. Thus, Atox] was at least as efficient in
activating WNDP in the presence of a large excess of unrelated proteins, as it was in
transferring copper to purified N-WNDP. Also, we compared the efficiency of Cu-Atox1
in stimulation of the WNDP activity with respect to free copper. As shown in Figure 2.
3B, Cu-Atox] activated WNDP with ECs equal to 0.18 = 0.07 uM. Free copper added
in the presence of 100 uM ascorbate stimulated the WNDP phosphorylation with
comparable ECsp = 0.17 + 0.04 uM. (The effective concentration of free copper required
to activate WNDP in these experiments was lower than the previously reported value of
1.5+ 0.6 uM (100). This difference is due to modification in the experimental conditions,
L.e. the experiments described in this manuscript were carried out at pH 7.0 and room
temperature, while previous studies were done at pH 6.0 on ice).

The reverse transfer of copper from N-WNDP to Atox1. It has been proposed that
copper transfer from the chaperone to N-WNDP could be reversible (84). In fact, a
reversible copper exchange was demonstrated using the yeast copper-chaperone Atx1 and
a purified single metal-binding repeat of the copper-transporting ATPase Ccc2 (65).

However, it remains unknown whether apo-Atox1 can remove copper from WNDP and
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how the presence of the multiple copper-binding sites in this protein (a situation typical
for the eucaryotic copper-ATPases) affects this process. To determine whether copper
could be transferred from N-WNDP back to Atox1, N-WNDP loaded with 5-6 copper
atoms in cell culture (105) was bound to amylose resin and then incubated with 30-40
fold molar excess of purified apo-Atox]1.

As shown in Figure 2. 44, addition of apo-Atox1 to the N-WNDP-containing
resin leads to co-elution of the chaperone and copper, indicating that apo-Atox1 was able
to strip copper from N-WNDP. However, some copper remained bound to N-WNDP
suggesting that the reverse transfer was partial. To verify these conclusions, the
experiments were repeated using a wide range of molar ratios of apo-Atox1 and copper-
bound N-WNDP. As shown in Figure 2. 4B, addition of increasing amounts of apo-
Atox1 to N-WNDP resulted in a saturable decrease in the amount of copper bound to N-
WNDP. Interestingly, 3-4 copper atoms can be stripped from N-WNDP using a fairly
small excess of apo-Atox1 over N-WNDP, whereas the remaining copper seems to be
much less exchangeable. In fact, 1.11 +0.11 copper atoms remained associated with N-
WNDP even after incubation with a large excess of apo-Atox1, suggesting that one
metal-binding site had a much lower affinity for Atox1 or was much less exposed.

It was interesting to determine whether removal of copper by apo-Atox1 leaves
the Cys residues in N-WNDP in the reduced state and thus available for subsequent
loading with copper. To examine the accessibility of cysteines, we carried out the
fluorescent labeling of N-WNDP before and after incubation of N-WNDP with
increasing amounts of apo-Atox1. Copper bound to N-WNDP protects cysteine residues

in the metal-binding sites against labeling with the fluorescent coumarine maleimide
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CPM (Figure 2. 4C) (105). After incubation with apo-Atox1 copper is removed from N-
WNDP; the decrease in copper binding is associated with the increase in the fluorescent
labeling of Cys in N-WNDP (Figure 2. 4C). The availability of Cys residues for labeling
with the fluorescent probe indicates that after copper is removed by the chaperone, these
residues remain reduced and available for a new round of copper binding.

Apo-Atox] down-regulates WNDP activity. We have previously proposed that
copper binding to N-WNDP regulates the functional activity of WNDP (100). The
ability of apo-Atox1 to remove copper from N-WNDP suggested that treatment of the
fully active transporter with apo-Atox1 may decrease the copper-occupancy of WNDP
and consequently reduce its catalytic activity. To test this hypothesis, the fully active
membrane-bound WNDP was incubated with increasing concentrations of apo-Atox1,
and subsequently, the chaperone was separated from WNDP by centrifugation. WNDP
was resuspended in assay buffer and its ability to undergo catalytic phosphorylation was
measured using [y-""P]JATP. As shown in Figure 2. 5, pre-incubation with apo-Atox|
leads to a concentration dependent and saturable reduction of the WNDP activity
presumably due to reverse transfer of copper from the N-terminal domain of WNDP to
Atoxl. Interestingly, even after treatment with a large excess of apo-Atox] WNDP
retains significant portion of its activity (~50%), suggesting that the apo-Atox1 removes

some but not all coppers from WNDP leading to down-regulation of the enzyme.

2.5: Discussion
With this work, we began characterization of the biochemical processes important

for distribution of copper from the cytosol to the secretory compartment of human cells.
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We demonstrate that the previously reported interaction between Atox1 and N-WNDP
leads to transfer of copper from the chaperone to the copper-transporting ATPase and that
a maximum of six copper atoms can be transferred from Atox1 to N-WNDP.

Furthermore, we found that addition of increasing amounts of Atox1 to the full-
length WNDP led to a concurrent stimulation of the catalytic activity of WNDP measured
through the formation of the phosphorylated intermediate. Significantly, this effect was
observed using fairly low concentrations of Atox1 (ECso~ 200 nM). The presence of a
large excess of various proteins in the membrane preparation did not interfere with the
transfer reaction, suggesting that Cu-Atox|1 specifically targeted N-WNDP and activated
the transporter.

Altogether, our results provide the first experimental demonstration of the direct
effect of Atox1 on WNDP function and illustrate that Atox1 can indeed act as a
physiological copper donor for this human copper-transporting ATPase. Although it is
still technically difficult to make precise quantitation of how many copper atoms need to
be transferred to the full-length WNDP to induce phosphorylation, it is clear that the
Atox1-mediated copper transfer correlates with activation of WNDP. In a cell, such
activation would most likely lead to copper transport from the cytosol into the secretory
pathway of the cell.

It seems particularly interesting that Atox1 can not only deliver copper to N-
WNDP but can also regulate its metal-occupancy through removal of copper. It is
possible that in a cell, the ratio of copper-bound and apo-chaperones would fluctuate
depending on how much copper is taken up by the cell and how much of it is exported or

utilized. Our results suggest that apo-chaperone is not simply an inert carrier waiting to
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be occupied by copper. Instead, apo-Atox1 can remove copper from N-WNDP and
decrease the activity of the full-length transporter, suggesting that both metallated and
apo forms of Atox1 may contribute to regulation of WNDP.

It has been previously shown that the metal-binding sites in N-WNDP are
functionally non-equivalent (135). Only one of them is necessary to sustain the copper-
transport activity of WNDP (101, 135), while the other metal-binding sites in N-WNDP
are likely to be involved in regulation of the transporter. Our results provide further
evidence of distinct properties of the metal-binding sites in N-WNDP. In experiments
with apo-Atox1, one copper atom remained bound to N-WNDP even when the chaperone
was present in a large excess, suggesting that certain metal-binding site in N-WNDP was
unavailable for interactions with Atox1. This conclusion is in apparent contradiction
with the results of the forward transfer experiments, in which all the binding sites in N-
WNDP were filled by copper using the copper-Atox1 complex.

There are two possible explanations for these results. First, it is possible that in
the forward reaction, one of the metal-binding sites in N-WNDP is filled with copper
indirectly, i.e. copper is transferred to this site not from Atox1 but from another metal-
binding site in N-WNDP. Alternatively, in apo-N-WNDP all metal-binding sites could
be available for interactions with the chaperone, while in the copper-bound N-WNDP
some sites could be less exposed. This interpretation would be consistent with the results
of recent studies from DiDonato et al, who demonstrated that binding of copper to N-
WNDP induced conformational transitions in this protein (109). Experiments are

currently underway to understand the sequence of the events during copper-transfer to N-
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WNDP and to identify the site(s) that can retain copper in the presence of excess apo-
chaperone.

It is also interesting that incubation of WNDP with apo-Atox1 lowers the WNDP
activity to a certain level but does not lead to full inactivation of the transporter. This
finding is in contrast to our earlier results demonstrating that the copper chelator BCS can
eliminate WNDP activity (100). Apo-Atox] interacts quite efficiently with WNDP. A
dose-dependent curve for the chaperone shows its half-maximum effect at concentration
of 1.0 + 0.24 uM (Figure 2. 5), while the half-maximum effect of BCS on the WNDP
activity was observed only in the presence of 50 uM chelator (100). It appears that apo-
Atoxl, unlike BCS, strips copper only from some, presumably “regulatory” metal-
binding sites in WNDP thus down-regulating the enzyme, whereas the site(s) essential for
the WNDP activity remains inaccessible to apo-chaperone probably because of steric
hindrances.

The ability of Atox1 to alter the copper occupancy of N-WNDP and the activity
of WNDP in an asymmetric fashion may have important physiological consequences. In
a cell, changes in copper-occupancy of WNDP were proposed to affect the intracellular
localization (109, 135), posttranslational modification (114), and activity of WNDP (100).
Thus, Atox] may play a key role in these events by controlling the amount of copper
bound to the transporter and hence contribute to the regulation of the intracellular
localization or posttranslational modification of WNDP while keeping the transporter

active at a wide range of copper concentrations.
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Figure 2. 1.

Schematic representation of the Atox1 fusion protein (A) and expression and
purification of Atox1 using the pTYB12-Atox1 construct (B). 4, the Atox] cDNA
was inserted into pTYB12 plasmid to produce a fusion protein, in which the intein and
CBD were fused to the amino terminus of Atox1 (Atox1-CBD-intein). The DTT-
stimulated self-cleavage occurs between Asn and Ala in a linker region as indicated by an
arrow. B, expression of the Atox1-fusion in E.coli was induced with isopropyl-p-D-
thiogalactopyranoside. Non-induced cells (lane 1), induced cells (lane 2), the soluble
fractions (lane 3), and insoluble fractions (lane 4) were prepared. The soluble fraction
was applied to chitin beads, and after extensive washing, Atox1 was eluted from the
beads with DTT (lane 5). The Atox1-CBD-intein and the CBD-intein moiety were then

eluted from the beads with NaOH to estimate the efficiency of cleavage (lane 6).
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Figure 2. 1.
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Figure 2. 2.

Copper transfer from copper-Atox1 to N-WNDP. 4, typical distribution of copper ()
and protein (®) in the elution fractions during a copper transfer experiment. The arrows
indicate the time points at which chaperone (Cu-Atox1) or maltose-containing elution
buffer were added to the N-WNDP containing resin. B, dose-dependent transfer of
copper from the chaperone to N-WNDP. The results of five experiments are shown; the
solid curve is the theoretical hyperbolic curve generated using SigmaPlot software, the

R2-factor is 0.90.
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Figure 2. 2.
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Figure 2. 3.

The effect of Atox1 on catalytic activity of WNDP. 4, WNDP was treated with or
without BCS as described in the experimental procedures. BCS was then removed by
centrifugation, WNDP was resuspended in the assay buffer and the same amounts of apo-
Atox1 or Cu-Atox1 were added to the BCS-pretreated sample. The catalytic activity of
WNDP was monitored by measuring the amount of radioactive acylphosphate
intermediate as described in the text. Autoradiogram of a typical gel is shown. B,
activation of the WNDP catalytic phosphorylation by Cu-Atox1 () and by free copper

(A). The average of the densitometry data for five independent experiments is shown.
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Figure 2. 3.
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Figure 2. 4.

Apo-Atox1 removes copper from N-WNDP. A4, metallated N-WNDP was bound to
amylose resin and extensively washed. Apo-Atox1 was then passed through the resin,
the resin was further washed, and N-WNDP was eluted with the maltose-containing
buffer. The amount of copper (o) and protein (@) in each elution fraction was measured.
Additions of the chaperone and the maltose-containing elution buffer are indicated by the
arrows. B, dose-dependent effect of apo-Atox] on the amount of copper that remains
bound to N-WNDP. The average of five independent experiments is shown; the solid
line is the theoretical hyperbolic curve with a R?-factor of 0.99. C, copper was removed
from N-WNDP as in B using increasing amounts of apo-Atox1. N-WNDP eluted from
the resin was labeled with fluorescent reagent CPM and electrophoresed on a 10%

Laemmli gel.
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Figure 2. 4.
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Figure 2. 5.

Apo-Atox]1 decreases catalytic activity of WNDP. 4, WNDP or the D1027A mutant
were incubated with apo-Atox1 added at indicated molar ratios (fop X-axis). After
centrifugation, apo-Atox1 was removed, and the pelleted WNDP was resuspended in the
assay buffer. The catalytic activity of WNDP was analyzed by measuring the amount of
radioactive acylphosphate intermediate of WNDP on an acidic gel. Autoradiogram of a
typical gel is shown. B, the average of the densitometry data for four independent

experiments.
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Figure 2. S.
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2.7: Supplemental Data

Quantitation of Atox1 in N-WNDP elution fractions. To determine the amount of
Atox1 present in the elution fractions after copper transfer to N-WNDP, western blot
analysis was done on the elution fractions from two separate transfer experiments.
Different amounts of purified recombinant Atox | were run on the gel in parallel and
utilized to generate a calibration curve. The goal of this experiment was to determine
whether or not the amount of Atox1 remaining in the elution fraction would account for
the amount of copper observed in the same fractions. The Figure 2. 6 shows Atox1
present in the elution fractions and Table 2. | summarizes the amount of Atox1 present in
each fraction compared to the total amount of copper present. These results indicate that
Atox1 associated with N-WNDP can only account for about 5-10% of the total amount of
copper present in the fraction. This result suggests that most of the copper was bound to
N-WNDP as a result of direct copper transfer.

Copper binds to AtoxI as Cu(l). To determine the redox state of copper when
bound to Atox1, electron paramagnetic resonance spectroscopy measurements were
carried out.. EPR spectroscopy monitors the presence of unpaired electrons in solution
resulting in a signal for Cu(II) in solution but not for Cu(I). Atox1 was purified and
loaded with copper using the copper-glutathione complex. The sample with a total bound
copper concentration of 90 uM was analyzed by Dr. Martina Ralle and the Cu-Atox|
scan (Figure 2. 74) had very little signal. (The example of signal produced by a standard
sample containing 200 uM Cu(II) in complex with EDTA is showen in Figure 2. 7B).

Using a series of copper-EDTA standards, the Cu-Atox1 sample was then estimated to
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contain less than 10 puM Cu(l). This result showed that incubation of Atox1 with copper-
glutathione complex results in a binding of copper to Atox1 in a reduced Cu(l) form.
Fluorescence labeling of N-WNDP following copper transfer. To determine
whether copper was transferred to the metal binding site CxxC motifs, N-WNDP was
incubated with the cysteine directed fluorescent label coumarin maleimide. This
fluorescent reagent reacts with reduced cysteines and our lab has previously shown that
copper binding to the CxxC motif protects those cysteines from labeling (105). Using
coumarin maleimide as a probe for copper binding, the elution fractions of N-WNDP
were labeled in the absence of Atox1 or after copper transfer from Atox1. Each reaction
contained 2 ug eluted N-WNDP. The N-WNDP was incubated with a 50 fold molar
excess of the fluorescent reagent coumarin maleimide in the dark for 2.5 min. The
labeling reaction was quenched with the addition of excess B-mercaptoethanol and the
samples were separated on a 7.5% Laemmli gel. The fluorescence was monitored under
UV-light and the gel stained with Coomassie Blue. The experiment shows that copper
transfer to N-WNDP results in a reduction in fluorescence suggesting that copper binding

is protecting the cysteines from labeling (Figure 2. 8).
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Table 2. 1. Quantitation of the Atox1 contribution to the total copper bound to N-

WNDP after transfer.

Molar Excess Atox] Present Total Copper | Atox1/Copper
Cu-Atox1/N-WNDP (pmol) (pmol) %
3 | 16.9 12.4
15 4.2 63.6 6.6
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Figure 2. 6.

Quantitation of Atox1 in elution fractions after copper transfer. Using 10 ng and 50
ng purified Atox! as standards, 2 pg of elution fraction from a control experiment in the
absence of Atox1 or with 3:1 and a 15:1 molar ratio Cu-Atox1 over N-WNDP were
separated on a 15% Laemmli gel and transferred to PVDF membrane. The blot was

probed with antibodies against Atox1 and the band intensities quantified by densitometry.
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Figure 2. 6.
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Figure 2. 7.

Copper-glutathione complex loads Atox1 with Cu(I). Electron paramagnetic
resonance spectroscopy was used to determine the fraction of Cu(T) bound to Atox1 by
monitoring Cu(ll) signal in solution. A4, scan showing a copper-Atox1 sample after
loading with the copper-glutathione complex. B, a scan showing 200 uM Cu(IT)-EDTA

control sample.
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Figure 2. 7.
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Figure 2. 8.

Fluoresecent labeling of N-WNDP after copper transfer. Copper free (-Cu), E. coli
copper bound N-WNDP (+Cu) or N-WNDP following copper transfer was labeled with
coumarin maleimide and visualized under UV-light following gel electrophoresis. The

gel was stained with Coomassie Blue.
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Figure 2. 8.
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Chapter 3

The N-terminal Metal-binding Site 2 of the Wilson’s Disease Protein Plays a Key

Role in the Transfer of Copper from Atox1

Walker, J. M., Huster, D., Ralle, M., Morgan, C. T., Blackburn, N. J., and Lutsenko, S.

(2004) J Biol Chem 279, 15376-84.
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3.1: Summary

The Wilson’s disease protein (WNDP) is a copper-transporting ATPase regulating
distribution of copper in the liver. Mutations in WNDP lead to a severe metabolic
disorder, Wilson’s disease. The function of WNDP depends on Atox1, a cytosolic
metallochaperone, which delivers copper to WNDP. We demonstrate that the metal-
binding site 2 (MBS2) in the N-terminal domain of WNDP (N-WNDP) plays an
important role in this process. The transfer of one copper from Atox1 to N-WNDP results
in selective protection of the metal-coordinating cysteines in MBS2 against labeling with
a cysteine-directed probe. Such selectivity is not observed when free copper is added to
N-WNDP. Similarly, site-directed mutagenesis of MBS2 eliminates stimulation of the
catalytic activity of WNDP by the copper Atox1 complex but not by free copper. The
Atox1 preference towards MBS?2 is likely due to specific protein-protein interactions and
is not due to unique surface exposure of the metal-coordinating residues or higher
copper-binding affinity of MBS2 compared to other sites. Competition experiments
using a copper chelator revealed that MBS2 retained copper much better than Atox1 and
this may facilitate the metal transfer process. X-ray absorption spectroscopy of the
isolated recombinant MBS2 demonstrated that this sub-domain coordinates copper with a
linear bis-cysteinate geometry, very similar to that of Atoxl. Therefore, non-
coordinating residues in the vicinity of the metal-binding sites are responsible {or the
difference in the copper binding properties of MBS2 and Atox1. The intramolecular

changes that accompany transfer of a single copper to N-WNDP are discussed.
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3.2: Introduction

Copper is essential for cell growth and development as a cofactor of cytochrome ¢
oxidase, copper,zinc-dependent superoxide dismutase, ceruloplasmin, lysyl oxidase, and
other important metabolic enzymes. However, abnormally elevated copper disrupts cell
metabolism, presumably by stimulating the production of reactive oxygen species. Toxic
effects of copper are evident in patients with Wilson’s disease, a genetic disorder
characterized by accumulation of copper in tissues and severe hepatic and neurological
problems (136). To regulate the intracellular copper concentration, cells have developed
a sophisticated network of copper-trafficking proteins that includes the copper-
transporting ATPases and metallochaperones (113, 127, 128).

The Wilson’s disease protein (WNDP) is a copper-transporting P-type ATPase |
that plays a key role in copper distribution in the liver, kidney, and the brain. WNDP
utilizes the energy of ATP hydrolysis to transport the metal into the secretory pathway for
incorporation into such copper-dependent enzymes as ceruloplasmin and to export excess
copper from the cell (104). WNDP and other eucaryotic copper-ATPases are unique
among the P-type ATPases, because they do not bind copper directly from the cytosol
(where the amounts of free copper are extremely low (42)), but receive the metal ion
from a small cytosolic protein called a metallochaperone through direct protein-protein
interactions (41, 71, 84, 125).

Atox1 (previously known as HAH1) serves as a metallochaperone for WNDP.
Several mutations in WNDP originally found in Wilson’s disease patients were shown to
disrupt the Atox1-WNDP interaction (83) suggesting that Atox1 is required for WNDP

function. In agreement with this prediction, we demonstrated that Atox1 directly
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transfers copper to WNDP and that copper delivery results in stimulation of the WNDP
catalytic activity (125). Conversely, apo-Atox1 can strip copper from WNDP leading to
inhibition of WNDP (125). Therefore, Atox] can regulate the functional activity of
WNDP by modulating the amount of copper bound to the protein.

Although the role of Atox1 in copper delivery to WNDP seems clear, the
molecular details of this intriguing process remain uncertain. WNDP contains a large N-
terminal domain (N-WNDP) with six metal-binding sub-domains (MBS) that have
homologous sequences (Figure 3. 1) and a very similar BofSBaf fold (118, 120). Each
MBS includes a conserved GMxCxxC sequence, which is situated in the exposed loop. It
has been shown that N-WNDP binds up to six Cu” ions and that copper is coordinated by
the two cysteines of the GMxCxxC sequence (105, 109, 137). Atox1 contains a similar
copper-binding motif, MxCxxC (Figure 3. 1), and binds one Cu” per protein (79, 80).
Interestingly, Atox1 has the same overall fold as the individual copper-binding sub-
domains of N-WNDP (124). This similarity in structure and the presence of
complimentary charges at the surface of Atox1 and some of the N-terminal MBS of the
copper-transporting ATPases led to the suggestion that Atox] docks to MBS and
transfers copper via ligand exchange (118, 138). The crystallographic structure of Atoxl1,
in which one copper bridges two Atox1 monomers, provides an attractive model for such
a copper-transfer intermediate (124).

Despite considerable progress in the structural characterization of Atox| and
individual MBSs, it is still unknown how copper migrates within N-WNDP after transfer
from Atox1. In fact, even the first step of this process is poorly understood. For example,

we do not know whether Atox1 docks randomly to any MBS and transfers copper with
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equal efficiency, or there is a specific and unique entry pathway in the N-WNDP for
copper. It is also unclear what happens after copper is transferred to N-WNDP. Previous
studies demonstrated that while six MBS of N-WNDP are structurally similar their
functions are distinct. MBS5 and MBS6 are important for copper delivery to the
intramembrane copper-binding site(s) (135) and appear to control the affinity of these
sites for the metal (117). In contrast, MBSs1-4 do not affect the affinity of the
intramembrane sites, but may regulate the access of copper to these sites and modulate
the enzyme turnover (117).

Interestingly, the fragment of N-WNDP including MBS1-4, but not the MBS5
and MBS6-containing fragment, was shown to interact with the copper-bound Atox1 (84).
Thus, taken together, the experimental data suggest that copper translocation through N-
WNDP towards the intramembrane portion is likely to involve several MBS and
represent a multi-step process. To better understand the molecular mechanism of this
process, here we characterized the consequences of the Atox1-mediated transfer of a
single copper ion to WNDP. We demonstrate that Atox| selectively delivers copper to
MBS2 and that this step is essential for further migration of copper to the intramembrane

copper-binding sites of WNDP.

3.3: Materials and Methods

Recombinant proteins. Expression and purification of Atox1 were carried out
using a published protocol (125). Briefly, the recombinant Atox] was expressed in E.coli
as an intein fusion and purified from a soluble fraction of cell lysate using affinity

chromatography on chitin beads (New England Biolabs). Following washes with 25 mM
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Na;HPOy, 150 mM NaCl, pH 7.5 (Buffer A), Atox1 was cleaved from the fusion protein
and eluted from the resin by incubation with 50 mM DTT in 25 mM Nay;HPO4, 150 mM
NaCl, pH 8.15. The protein was then dialyzed into buffer A and used for copper binding
and transfer experiments. The copper-bound form of Atox1 (Cu'-Atox1) was generated
by incubation of apo-Atox1 with equimolar amount of a copper-glutathione complex as
described (125) and dialyzed into buffer A. The protein concentration of Cu*-Atox1 was
determined by Bradford assay (130) and the amount of bound copper was measured using
a bicinchoninic acid (BCA) assay (132) or atomic absorption spectroscopy (Shimadzu
AA-6650G). The typical stoichiometry of the Cu*-Atox1 complex was 0.8-0.95 copper
per protein; the reducing state of copper was verified by EPR spectroscopy (Figure 2. 8).

The expression and purification of the N-WNDP-maltose binding protein fusion
(abbreviated here as N-WNDP for simplicity) was described previously (105). Briefly, to
maintain solubility, the recombinant N-WNDP fusion was co-expressed with thioredoxin
in E.coli and purified using affinity chromatography on amylose resin (New England
Biolabs). N-WNDP was washed with buffer A and eluted from the resin with buffer A
containing 10 mM maltose.

To produce the recombinant metal-binding sub-domain 2 (MBS2, residues 141-
212 of WNDP), the corresponding segment of the ATP7B ¢cDNA was amplified using the
following primers, forward: 5° CATATGCAGGAGGCTGTGGTC 3 and reverse: 5°
GTCGACTTAGCTCTTGATGGCAGC 3°. The primers were designed such that 5”
Ndel and 3 Sall restriction sites were incorporated into the MBS2 PCR product. The
PCR fragment was cloned into the pTYB12 IMPACT expression vector (New England

Biolabs) to produce the pTYB12-MBS2 expression plasmid and the sequence fidelity
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was verified by automated DNA sequencing. E. coli ER2566 cells were transformed
with the pTYB12-MBS2-intein plasmid, and the expression of the MBS2 fusion was
induced by isopropyl-f3-D-thiogalactopyranoside added to a final concentration of 500
uM at 25°C for 20 hrs. The MBS2 was purified from the soluble fraction using the
protocol described above for Atox1 and was dialyzed into 25 mM Na,HPO, pH 7.5, 150
mM NaCl. The copper-bound form of MBS2 was generated by incubation of apo-MBS2
with equimolar amount of a copper-glutathione complex and dialyzed into 20 mM
Na,HPO,, 150 mM NaCl, pH 7.5 for copper competition experiments.

Copper transfer experiments. Prior to copper transfer experiments, the purified
N-WNDP bound to amylose resin was reduced by incubating with 100 uM tris(2-
carboxyethyl)phosphine hydrochloride (TCEP, Si gma) for 10 minutes. After a wash with
3 resin volumes of buffer A, apo-Atox1 or Cu*-Atox1 were added and incubated with N-
WNDP for 10 minutes. To remove the chaperone, the resin was washed extensively with
10 volumes of buffer A, and N-WNDP was eluted with buffer A containing 10 mM
maltose. The protein concentration and the copper stoichiometry were measured in the
eluted samples of N-WNDP as described above. For copper binding in the absence of
Atox1, N-WNDP was incubated with increasing concentrations of CuCl, (Sigma)
dissolved in 25 mM Na,HPO, pH 7.5, 150 mM NaCl containing freshly prepared 200
1M ascorbate (Fisher). Under these conditions all copper is present in the reduced form
(our data). The time of incubation and subsequent washes and elution steps were the
same as for experiments with Cu*-Atox]1.

Chemical labeling and proteolysis of N-WNDP. 273 pmol (30 ug) of apo-N-

WNDP, N-WNDP pre-incubated with apo-Atox1, or N-WNDP with one copper
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transferred from Atox1 were incubated with a 50-fold molar excess of the cysteine-
directed reagent 7-diethy1amino-3-(4’-maleimidylphenyl)-4-methylooumarin (CPM,
Molecular Probes) for 2.5 minutes in the dark at room temperature. The reaction was
quenched with a 10 fold molar excess of B-mercaptoethanol over CPM. The
fluorescently labeled N-WNDPs were then proteolyzed with the TPCK -treated bovine
pancreas trypsin (Sigma) added to protein at a 1:2000 (w/w) ratio for 3 hours at room
temperature (supplemental Figure 3. 9); the reaction was stopped with the addition of 2
mM 4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF, ICN Biomedicals). (Under
these conditions the maltose binding protein part of the N-WNDP fusion protein is not
proteolyzed but the N-WNDP portion of the fusion is fragmented). The proteolyzed N-
WNDP fragments were separated on a 15% Tris-Tricine gel (133) and the separation of
the CPM-labeled peptides was monitored under UV light using a Gel-Doc system (Bio-
Rad). The protein fragments were then either stained with Coomassie R250 or
transferred to PVDF membrane (Millipore) at 185 mA for 40 minutes in 10% methanol,
10 mM CAPS, pH 11.0 and stained with Coomassie R250. The fluorescent and
coomassie-stained patterns of the peptides from the apo- and copper-bound N-WNDP
were compared. For N-terminal sequence analysis, the membrane was rinsed with water
and dried; the bands were cut out and submitted to the sequencing facility.

Surface labeling of N-WNDP was performed by incubating 273 pmol of apo-N-
WNDP with 0, 1, and 2 mole equivalents of CPM in buffer A. The reaction was
quenched with 3-mercaptoethanol. The labeled samples were then digested with trypsin

and analyzed by Tris-Tricine gel electrophoresis as described above.
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Comparison of the copper-binding characteristics of MBS2 and Atox1 using
compelition with the copper chelator BCA. Copper-bound Cu™-Atox1 and Cu’-MBS2
were diluted with 20 mM NaH,PO,, 150 mM NaCl, pH 7.5 buffer containing freshly
prepared 40 uM ascorbate to obtain 7.5 UM concentration of the copper-containing
complex. The proteins were then incubated with increasing concentrations of BCA for 10
minutes. The formation of the BCA-Cu(I) complex was monitored
spectrophotometrically at 562 nm with a Beckman DU 6408 spectrophotometer. A
solution containing 7.5 pM CuCl,, 40 UM ascorbate, 20 mM NaH,PO,, 150 mM NaCl,
pH 7.5 was used as a control.

XAS Data Collection and Analysis. For the XAS experiments, the reconstitution
of MBS2 with copper was performed in an inert atmosphere using an anaerobic chamber
to prevent the oxidation of cysteine residues. Prior to metal reconstitution, a 10-fold
molar excess of DTT was added to MBS2 on ice and the mixture was incubated for 10
min. The protein was then dialyzed overnight under argon into a buffer containing 50
mM HEPES and 10% acetonitrile at pH 7.5. Copper was added as a tetra-acetonitrile
complex, [(CH3CN)sCu(1)|PFs, dissolved in the same buffer to an equimolar ratio to the
protein. The Cu’-MBS?2 was then dialyzed in successive steps of 12 hours each against
50 mM HEPES, 10% acetonitrile, pH 7.5; 50 mM HEPES, 5% acetonitrile, pH 7.5; 50
mM HEPES, pH 7.5. The copper content was monitored by atomic flame absorption
spectroscopy (Varian AA-5). The protein was then concentrated using a modified
ultrafree centrifugation system (Millipore, MWCO 3,500 Da). Final concentrations were
140 pM in copper and 220 uM in MBS2 with copper stoichiometry of 0.7. The sample

was sealed and stored at -80°C.
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XAS data were collected at the Stanford Synchrotron Radiation Laboratory
(SSRL) (beamline 9-3, 3.0GeV, 50-100mA). A bend Rh- coated mirror positioned
upstream of the fully tuned Si220 monochromator was used to cut off all energy above 12
keV. Cu’-MBS2 was analyzed in fluorescence mode using a Canberra 30 element array
detector and was cooled down to 10K using a liquid He flow cryostat (Oxford
Instruments). The energy was calibrated by simultaneously measuring a Cu metal foil
and assigning the first inflection ( 139) point of the copper edge to 8980.3 eV. For Cu'-
MBS2, 10 scans were collected to k = 12.8 AL,

Data reduction and analysis were performed using the EXAFSPAK computer
suite (140). Theoretical phase and amplitude functions were calculated using FEFF 8.2
(139). The inspected raw data were averaged, background subtracted, and normalized.
The EXAFS data were simulated by curve fitting in the OPT module of EXAFSPAK
using a non-linear Marquadt algorithm, where the difference between the experimental
and the calculated model is minimized. The following parameters were refined: AE, (a
small energy correction at k = 0, ranging, from -5 to -20 eV), Ri (the distance between the
central absorber and atom i), and ¢ (the Debye-Waller factor, defining the mean square
deviation of Ri). A goodness-of-fit (F.,) parameter was displayed at the end of each cycle

was used to evaluate the merit of the fit. Fy is defined as:

Fo- Z k° (Data — Model)?
" k°®(Data)?

Preparation and Expression of mMBS2-WNDP in Insect Cells. The generation of

the plasmid encoding the full-length 4.4-kilobase WNDP cDNA (pFastBacDual-wild-
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type (wt-WNDP) and expression in Spodoptera Jrugiperda cells (Sf9) was previously
described (100). The WNDP variant of MBS2, where both cysteines within the metal-
binding motif GMTCQSC were substituted by alanines (mMBS2-WNDP), was generated
using overlap PCR with the pFastBacDual-WNDP plasmid as a template. In the first
amplification step, two fragments using forward primer (A) 5°-
GCCTGGGAACCAGCAATGAAG-3’, and reverse (mutagenesis) primer 5°-
CTGACAGCGGACTGGGCGGTCATGCCCTCCACCC-3°, and forward (mutagenesis)
primer 5’-GCATGACCGCCCAGTCCGCTGTCAGCTCCATTGAAGG-3 along with
reverse primer (B) 5’-GTCGACTTAGGCTCCATCAGGAAGAGA-3’, were generated.
The obtained fragments were then joined in the second PCR amplification step using
primers A and B. The resulting product was sub-cloned into pCR-Blunt II TOPO vector
(Invitrogen) and upon digestion with the restriction endonucleases Apaland Afl 11, the
fragment was inserted into the pFastBacDual-WNDP vector. The presence of the
anticipated mutations was verified by automated DNA sequencing. The resulting
construct was then incorporated into the bacmid using the Bac-to-Bac kit (Invitrogen) and
previously described protocols (28). After a three day infection with baculovirus, the Sf9
insect cells were harvested and the total membrane fractions were prepared as previously
described (100, 141). The protein concentration in the total membrane fraction was
determined by Lowry (142).

Catalytic phosphorylation of WNDP and mMBS2-WNDP Sfrom [ PJATP upon
incubation with copper or Cu"-Atox1. Catalytic phoshporylation of WNDP and
mMBS2-WNDP was analyzed using previously described protocol (100). Briefly, 50 pg

of total membrane protein was resuspended in 200 ul of 100 uM TCEP, 20 mM bis-Tris
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propane, pH 7.0, 200 mM KCI, 5 mM MgCl, and then incubated on ice with 250 uM of
copper chelator bathocuproine disulfonate (BCS, ICN Biomedicals) for 30 min to inhibit
catalytic phosphorylation. The chelator was then removed by centrifugation and the
pellets were washed with 20 mM bis-Tris propane, pH 7.0, 200 mM KCI, 5 mM MgCl,
(phosphorylation buffer). The membranes were resuspended in phosphorylation buffer
containing 100 uM ascorbate, 100 pM TCEP followed by addition of increasing
concentrations of CuCl, or Cu™-Atox1. After a 10 min incubation at room temperature,
#[’PJATP (specific activity 25 mCi/umol) was added to a final concentration of 1 uM
and the reaction was incubated on ice for 4 min. The reaction was stopped by the
addition of 50 ul of ice-cold I mM NaH,PO, in 50% trichloroacetic acid and then
centrifuged for 10 min at 20,000 x g. The protein pellet was washed, resuspended in 40
plof 5 mM Tris-POy, pH 5.8, 6.7 M urea, 0.4 M dithiothreitol, 5% SDS and loaded on an
acidic 7.5% polyacryalmide gel (134). After electrophoresis, the gels were fixed in 10%
acetic acid for 10 min and dried on blotting paper. The dried gels were exposed either to
the Molecular Imaging screen CS (Bio-Rad) or at -80 °C to Kodak BioMax MS film.
The intensity of the bands was quantified using a Bio-Rad Molecular Imager GS-525.
The dried gels were rehydrated, stained with Coomassie Blue R250, and the amount of
protein in the WNDP-related bands was determined by densitometry. The incorporation

of *P into WNDP was normalized to the WNDP protein levels.

3.4: Results

The AtoxI-mediated transfer of copper to N-WNDP selectively protects cysteines

in MBS?2 against labeling with CPM. Previously, we demonstrated that Atox1
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transferred copper to N-WNDP, stimulating the catalytic activity of WNDP (125). To
better understand the molecular details of this process, we sought to determine whether
Cu"-Atox1 delivered copper to a specific site on N-WNDP. Our approach is outlined in
Figure 3. 24. Apo-N-WNDP was incubated either with Cu’-Atox]1 to transfer one copper
(125) or with apo-Atox1 as a control. F ollowing copper transfer and subsequent removal
of Atox1, the cysteine residues in N-WNDP were labeled with the fluorescent reagent
CPM. Copper binding to N-WNDP protects the metal-coordinating cysteines in N-
WNDP from labeling with CPM (105), therefore the difference in the intensity of
fluorescent labeling can be utilized for identification of the copper-bound MBS.

To facilitate identification of the copper-bound MBS we also developed a
protocol for limited proteolytic digestion of N-WNDP. MBSs in N-WNDP are thought to
be compactly folded sub-domains (12,13) connected by fairly long linkers (with the
exception of MBS5 and MBS6, which are linked by a very short sequence). Therefore, it
was expected that under mild conditions, the proteolytic digestion would occur within the
linkers leaving the MBSs intact. Indeed, treatment of labeled N-WNDP with low
amounts of trypsin (1:2000 w/w) produced a series of the 8-16 kDa fragments that were
stable to proteolysis for a period of about 3 hours (the predicted mass for individual MBS
without the linker sequence is approximately 8 kDa). The tryptic fragments were
separated by gel electrophoresis and the fluorescence intensities of the peptide bands
from the apo- and copper-bound N-WNDP were compared (Figure 3. 2).

If Atox1 transfers copper to a more than one site in N-WNDP, one would expect
to see a partial decrease in fluorescence of several fragments. However, if Atox1 delivers

copper to a preferential site, only one band should be protected against the labeling
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(Figure 3. 24). As shown in Figure 3. 2B, there was a major reduction in the fluorescence
of a single 8 kDa band in a sample derived from the copper-bound N-WNDP compared
to a control apo-N-WNDP or to apo-N-WNDP pre-incubated with apo-Atox1. The
fluorescence of other bands was affected only slightly or not affected at all. Importantly,
there was no change in the intensity of Coomassie staining of the 8 kDa band indicating
that the decrease in fluorescence was due to protection against the labeling with CPM and
not due to loss of protein.

The peptides were transferred to the PVDF membrane and the § kDa fragment
was identified using N-terminal amino-acid sequencing. In three independent
experiments, the same N-terminal sequence NH,-SLPAQEA was obtained. This
sequence is identical to the Ser'**-Ala'*? segment of N-WNDP, which is located in the
loop between MBS1 and MBS2. The apparent molecular mass of 8 kDa indicates that
this fragment contains only one metal-binding motif GMTCxxC, MBS2, since the next
GMxCxxC site is 133 residues away and, if included, would generate a 15 kDa fragment.
Consistant with these conclusions, we identified a cleavage site Arg”?-Ala®*® between
MBS2 and MBS3 (our data). Thus, copper transfer to N-WNDP causes a selective loss
of fluorescence in MBS2, suggesting that MBS2 could be a site that preferentially accepts
copper from Atox1.

Cysteines in MBS2 are not unigue with respect to their surface exposure or
affinity for copper. The selectivity towards MBS?2 during copper transfer reaction
suggested that the properties of this MBS were unique. For example, the cysteine
residues of MBS2 could be the most exposed and hence the most likely residues to

receive copper from Cu-Atox1, or MBS2 could have the highest affinity for copper
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among the metal-binding sites in N-WNDP. In this latter case, copper can be delivered
by Atox1 to other sites and then migrate to MBS2.

To evaluate the surface exposure of various metal binding sites, we examined the
reactivity of the cysteine residues in N-WNDP using brief labeling with limited amounts
of CPM, a fairly bulky reagent. As shown in Figure 3. 3, even when CPM is sub-
stoicheometric with respect to cysteines, multiple bands were fluorescently labeled.
Therefore, judging by their chemical reactivity, several MBS in N-WNDP appeared to be
similarly exposed (Figure 3. 3). This conclusion was further confirmed using a cysteine-
directed reagent with different chemistry, MTSEA-biotin (our data, not shown).

To test whether MBS2 is the site with the highest affinity for copper, transfer
experiments were repeated using free copper added in the presence of the reducing
reagents, such as ascorbate or glutathione. In this case, binding of one copper to N-
WNDP results in the decreased fluorescence of several fragments, including MBS2
(Figure 3. 4). This result suggests that not only are several sites available for copper
binding, but also the apparent affinities of these MBSs for the metal are not significantly
different. Since neither the exposure nor affinity of MBS?2 for copper appear to be unique,
it seems likely that specific protein-protein interactions with Atox | are essential for
delivery of copper to the preferential site.

Binding of a single copper induces conformational change in N-WNDP.
Interestingly, the transfer of one copper leads to a small but reproducible change in the
proteolytic pattern of N-WNDP. As seen in Figures 3. 2C and 3. 4, although a single 16-
kDa band is observed in the apo-N-WNDP sample, the digestion of the copper-bound N-

WNDP results in a 16 kDa doublet (Figure 3. 2C) and is often accompanied by an
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increase in the intensity of the 14 kDa band (Figure 3. 4). The N-terminal amino-acid
sequencing revealed that the 14 kDa fragment began with the sequence NH>-NQVQGTC.
This sequence corresponds to a segment Asn’ 52-Cys35 ¥ located in the loop prior to MBS4.
The next cleavage site is Ala*®, located prior to MBS5. The predicted molecular weight
of the Asn*%-Arg*® fragment is 14 kDa. Therefore, the 14 kDa fragment includes the
entire MBS4 and the linker sequences between MBS4 and MBSS3, but does not include
MBSS3. The two bands of the 16 kDa doublet have the same N-terminal sequence NH,-
AVAPQKC corresponding to the segment Ala***-Cys*”. Thus, the 16 kDa doublet
encompasses the MBS5 and MBS6 region, and the difference in mobility of the two
bands within the doublet is a result of different cleavage at their C-termini. Overall, it
appears that the binding of one copper to N-WNDP leads to a change in the conformation
of N-WNDP, exposing new sites for cleavage with trypsin.

The difference in copper-binding characteristics of MBS? and Atox1. Why is
copper transferred from Atox1 to MBS2? To address this question we compared the
ability of Atox] and MBS2 to retain copper in the presence of the specific copper
chelator BCA. Atox1 and MBS2 were expressed using the same expression system,
purified, and loaded with copper under identical conditions (see “Materials and Methods”
for details). The copper-bound Atox1 or MBS2 were then incubated under reducing
conditions with increasing concentrations of BCA and redistribution of copper between
each protein and BCA was monitored spectrophotometrically (copper-BCA complex has
maximum absorbance at 562 nm).

There was a marked difference between Atox1 and MBS2 in these experiments

(Figure 3. 5). A 45-fold molar excess of BCA over copper-bound Atox1 caused complete
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redistribution of copper from Atox| to the chelator. In contrast, only 10% of copper was
removed from MBS2 under the same conditions, suggesting that either the affinity of
MBS2 for copper was significantly higher than that of Atox1 or the dissociation rate of
copper from MBS2 was much slower. This difference in copper retention could either be
due to a difference in copper coordination by these two proteins (two-coordinate versus
three-coordinate, for example) or due to a difference in the local environment of metal-
binding sites To examine these possibilities we used X-ray absorption spectroscopy
(XAS).

MBS2 coordinates copper with a linear bis-cysteinate geometry, very similar to
that of Atox1. We have shown recently that Atox1 binds copper with a linear bis-
cysteinate coordination geometry (80). The extended X-ray absorption spectroscopy fine
structure studies of MBS2 yielded a similar result. EXAFS of MBS2 was dominated by
strong Cu-S backscattering out to k=12.8A™! (Figure 3. 64, inset a) in agreement with the
key role of the cysteine residues of the GMTCxxC motif in Cu’ coordination. The
Fourier Transform (FT) revealed a strong feature at R ~ 2 A and several less intense
features centered around R + A=3.5 A and 4.3 A, respectively (Figure 3. 64). The2 A
feature was fitted with 2 x Cu-S at 2.16A (1). When the outer shells were included in the
refinement the Fy, value improved slightly (Table 3. ). The best fit was obtained with 2
xCu-Sat2.16 A, 2 x Cu-C at 3.38 A and multiple scattering (MS) paths for Cu-S1-Cu-
$2-Cu at 4.32 A (Table 3. 1). As suggested by Penner-Hahn and coworkers, the Cu-S-
Cu-S-Cu multiple scattering is very sensitive to the S-Cu-S angle and can only be
observed if the angle is > 175° (143). Thus, observing this scattering path is an

indication of an almost linear S-Cu"-S coordination. The linear Cu'-coordination in
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MBS?2 was confirmed by comparing the pre-edge features at 8983 eV for MBS?2 to that of
a synthetic linear S-Cu’-S complex; which were found very similar in their shape and
intensity (Figure 3. 64, inset b).

Overall, the data and the refinement results for Atox1 and MBS? are very similar
(Table 1, Figure 3. 6B). The differences in intensity of the Fourier Transform and
EXAFS can be traced to a small variation in the Debye-Waller factor for the first shell
and can be explained by differences in the static disorder of the Cu-S bond, i.e the Cu-S
bond in Atox] is more ordered than in MBS2. We conclude that the difference in the
apparent affinity for copper is likely due to the local environment in MBS?2 compared to
Atox] rather than distinct metal coordination.

Mutation of MBS2 disrupts Atox1-mediated stimulation of catalytic activity of
WNDP. The experiments with differential labeling of N-WNDP (Figure 3. 2) suggested
that MBS2 was the site receiving copper from Atox1. However, these experiments did
not exclude the possibility that copper binding protects MBS2 against fluorescent
labeling indirectly. In addition, previous experiments using yeast-complementation
assay demonstrated that mutation of the cysteines in MBS2 to serines did not disrupt the
ability WNDP to transport copper across the membrane (135). Therefore, to
independently test whether MBS?2 is required for copper transfer from Atox1 to the full-
length WNDP, both copper-coordinating cysteines in MBS2 of the fhll-length WNDP
were mutated to alanines, a mutation that is expected to inactivate metal-binding more
efficiently than cysteine to serine substitution. The generated mMBS2-WNDP was
expressed in §f9 cells and the catalytic activity of the mutant in the presence of copper or

copper-Atox1 was characterized using the protocol developed for the wild-type WNDP
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(100). In this procedure, the ability of WNDP to form a catalytic phosphorylated
intermediate is first inhibited by removing copper with the copper chelator BCS. The
reactivation is then monitored upon the addition of free copper or a copper-Atox1
complex. Since the formation of a catalytic intermediate critically depends on binding of
copper to the intramembrane binding site(s) of WNDP, the disruption of copper delivery
from the cytosol to the membrane site(s) would result in the inactivation of catalytic
phosphorylation.

The membrane fraction containing the full-length WNDP and mMBS2-WNDP
mutant were isolated from SY cells and treated with BCS to inhibit their activity. The
subsequent addition of free copper in the presence of ascorbate reactivated the wild-type
WNDP and the mMBS2-WNDP mutant in a very similar manner and to the same level
(Figure 3. 74). This result indicated that (a) copper was able to reach the intramembrane
copper-binding site despite the mutation at MBS2 and (b) under these conditions the
mutant had activity similar to wild-type WNDP. In contrast, when Cu’-Atox1 was used
as a metal donor, there was a drastic difference between reactivation of wild-type WNDP
and mMBS2-WNDP (Figure 3. 7B). Even the large excess of Cu'-Atox1 could not
stimulate the catalytic activity of mMBS2-WNDP suggesting that MBS2 was essential
for the initial steps of copper delivery from Atox| to the catalytically essential

intramembrane sites.
3.5: Discussion

The current work was undertaken to understand the molecular mechanisms

underlying copper transport by WNDP., Specifically, the described experiments focus on
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transfer of copper from Atox! to the N-terminal domain of WNDP (N-WNDP), the first
step of a poorly understood Journey of copper from the cytosol to the intramembrane
copper-binding site(s) of WNDP. Our results suggest that the chaperone delivers copper
specifically to MBS2 of N-WNDP. The involvement of MBS2 in the Atox1 -mediated
copper transfer is consistent with the earljer yeast two-hybrid data showing interactions
of Atox] with the MBS1-4 fragment and the lack of interactions with the MBS 5-6
containing fragment (84).

The importance of MBS2 for copper transfer led us to examine the properties of
this site in more detail. The labeling with CPM suggests that with respect to solvent
exposure, MBS?2 is not unique and that other MBS can potentially accept copper from
Atox1. Indeed, when present in excess, Atox] metallates all six MBSs in N-WNDP
(125). This earlier observation seems at odds with our current results showing that
mutation of a single MBS? in the full-length WNDP abolishes the Atox1-mediated
delivery of copper (F igure 3. 7). There are two possible explanations of this apparent
contradiction. First, it could be that Atox] can only dock to MBS?2 via specific protein-
protein interactions, and copper then migrates from MBS2 to other MBSs. In this case,
all N-terminal metal-binding sites can be loaded via MBS? and the mutation of MBS?2
would disrupt this process. This explanation seems unlikely since we observed no
redistribution of copper from MBS? to other copper-binding sites in N-WNDP. In fact,
unless interactions of MBS2 with other domains in the full-length WNDP facilitate
copper dissociation from MBS2, this site appears 1o retain copper remarkably well

(Figure 3. 5).
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The following alternative explanation better accommodates the experimental data.
It seems likely that the folding of N-WNDP and its interaction with other domains of
WNDP, such as the ATP-binding domain (144), limit accessibility of the N-terminal
MBSs to Atox1 (which is bulkier than the chemical probe) and make the delivery of
copper to these MBSs strongly dependent on initial binding of copper to MBS2. In this
scenario, copper transfer to MBS2 may trigger a change in the conformation of N-WNDP,
allowing Atox1 sufficient access to other MBSs. This hypothesis is consistent with our
observation that the binding of a single copper to N-WNDP is accompanied by
appearance of new tryptic sites during proteolysis (Figures 3. 2C, 3. 4). Also circular
dichroism experiments of N-WNDP showed subtle changes in the overall fold upon
copper binding (109).

Our experiments further suggest that the affinity of several metal binding sites in
N-WNDP for copper are comparable and higher that that of Atox1. In the competition
experiments, MBS?2 displayed a much better retention of copper than Atox1 suggesting
that under equilibrium copper is likely to redistribute to this site. It is clear that the
difference in properties of MBS2 and Atox]1 is not due to copper coordination. The
EXAFS experiments demonstrate that MBS? binds Cu” with linear coordination and the
distance between the sulfurs in the cysteine residues to the copper was 2.16 A. This
distance is the same as the distance between Cu' and the cysteines of Atox1 (80).
Therefore, the local protein environment plays an important role in stability of the
copper-bound form of Atox1 and MBS?.

The high-resolution structure of MBS?2 of WNDP is not yet available, but this

sub-domain is homologous to MBS2 and MBS4 of the Menkes disease protein (58%
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identity to MBS?2), the structures of which were determined by NMR (718, 120). The
NMR experiments revealed some structural features that could account for the difference
in the retention of copper by MBS2 and Atox1. In MBS? of either Menkes discase
protein or WNDP, there is a conserved phenylalanine that lies within the loop adjacent to
the cysteines at the MBS (Figures 3. 1 and 3. 84). It was proposed that the hydrophobic
residue in close proximity to the binding site would stabilize bound copper (120), a
hypothesis that is consistent with our results. Dameron and co-workers showed that such
stabilization can be accomplished not only by phenylalanine but also by other
hydrophobic residues, for example isoleucine (120). The equivalent position in Atoxl1 is
occupied by a charge residue, lysine 60 (Figures 3. 1 and 3. 84). The electrostatic
repulsion between the lysine residues and the positively charged copper may lead to the
decrease in the apparent copper-binding affinity for Atox|1 compared to MBS2.

Our experiments suggest that the selective transfer of copper from Atox1 to
MBS?2 is a result of specific protein-protein interactions. Such specific interactions can
be facilitated by the presence of a negatively charged patch at the surface of MBS2,
which is complimentary to the positively charged surface of Atox1 (F igure 3. 8B). While
this complementation may play a role in attracting and positioning Atox1 with respect to
MBS2, the interactions between MBS2 and Atox1 are most likely not tight, since in our
experiments we were unable to detect stoichiometric amounts of bound Atox1 after
incubation with N-WNDP (Figure 2. 6). It is also clear that the charge distribution at the
surface of MBS2 is not unique for this sub-domain (Figure 3. 8B), and consequently the
key role of MBS?2 in the Atox1-mediated copper transfer is likely due to specific location

of this site in N-WNDP.
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If all the metal-binding sites in N-WNDP have a comparable affinity for copper,
why doesn’t copper migrate from MBS2 to other metal-binding sites? While available
data do not allow us to unambiguously answer this question, it seems that extremely poor
dissociation of copper from MBS2 is a likely reason for this result. The strong retention
of copper by MBS2 also reinforces our conclusion that binding of copper to MBS2 is
likely to work as a switch allowing subsequent loading of other sites, rather than a
specific entrance for copper. The experiments testing this model are currently underway
in our laboratory.

In summary, we demonstrated the specific role of the N-terminal metal-binding
site 2 of WNDP in the first step of the Atox1-mediated delivery of copper to N-WNDP.
This first step appears to involve specific protein-protein interactions between the donor
and acceptor and is likely to be facilitated by the difference in the copper-binding affinity
of the Atox1/MBS2 pair. We speculate that binding of copper to MBS2 works as a

switch, which opens the access of the chaperone to other metal-binding sites in WNDP.
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Table 3. 1. Data and refinement calculations from EXAFS of MBS2 and Atoxl1.

1st Shell Outer Shell F.,
Scatterer | Distance | Debye-Waller | Scatterer Distance Debye-Waller | Cu-S-X
(A) Factor (&%) (&) Factor (A%) angle (°)
MBS-2
2xCu-8 1216 (1) |0.006 0.42
2xCu-S |2.16 (1) |0.006 2xCu-C 3.38(1) 0.013 114
Cu-S§ 4.32 (1) 0.010 180 0.40
Ms?
Atox]®
2xCu-8|2.16(1) |0.004 0.29
2xCu-S |2.16 (1) |0.004 2x Cu-C not detected | not detected | not detected
Cu-8 4.32(1) 0.002 180 0.25
Ms®

* Multiple scattering (MS) distances were fixed; only Debye-Waller factors were refined.

® Data from previously published sample (80).



Figure 3. 1.

Sequence alignment of the six MBS of N-WNDP and Atox]1. The residues conserved
in metal-binding sites are shown as a consensus on top of the alignment. The residues
conserved in Atox1 and MBSs are indicated by a larger bold font. The residues marked
with the star (*) are located in close proximity to the metal-coordinating cysteines in the

folded structure (sce also Figure 3. 8).

102



Figure 3.
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Figure 3. 2.

Identification of MBS that accepts copper from Cu’-Atoxl. 4, schematic
representation of two possible outcomes of the experiment on copper transfer and
subsequent fluorescent labeling. The two left panels show the change in the pattern of the
CPM-labeled peptides if transfer is directed to the specific site (Ordered) or to any MBS
(Random). The right panel shows the protein pattern (Coomassie), which remains
unaltered in both cases. B, the actual result of the experiment. The fluorescence pattern
is shown on the left panel; the Coomassie R250 staining is on the right. The arrow
indicates the differentially labeled 8-kDa band corresponding to MBS2 (see “Results™ for
details). C, a separate gel showing a typical change in the tryptic cleavage of the 16 kDa

band and no change in total fluorescence following transfer of one copper.
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Figure 3. 2.

Ordered
-Cu +Cu

Fluorescence

Copper Transfer
CPM Labeling

Trypsin Digestion

Random
-Cu 4+Cu

Fluorescence

-Cu +Cu

i
| 11111

Coomassic

105

34 kDa

23 kDa

B

16 kDa

7 kDa

C -+

-

+ + Atoxl
- + Cu
34 kDa

23 kDa

- - e

16 kDa

<-MBS2

7kDa

+ Cu

16 kDa



Figure 3. 3.

Surface labeling of N-WNDP with CPM. N-WNDP was incubated in the absence or
presence of 1 and 2 mol equivalent of CPM. The protein was proteolyzed, and the
labeling of various fragments analyzed (Fluorescence). The same gel was then stained

with Coomassie R250.
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Figure 3. 3.
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Figure 3. 4.

Comparison of selectivity of protection against CPM labeling after transfer of one
copper to N-WNDP using various copper donors. Copper was added to N-WNDP in
the presence of ascorbate or as a complex with glutathione or Atox1 to obtain binding of
approximately one copper per N-WNDP in each case. The N-WNDP was then CPM-
labeled and proteolyzed, and the fluorescent patterns were compared. Each lane contains

the same amount of protein.
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Figure 3. 4.

Ascorbate Glutathione Atox1
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Figure 3. 5.

Copper retention by MBS2 and Atox1 in the presence of the high affinity copper
chelator BCA. The purified copper complexes with MBS2 (e) and Atox1 (A) were
incubated with increasing concentrations of the copper chelator BCA. The amount of
copper redistributed from the protein to BCA was determined by comparing the
absorbance to the standard. The initial amount of copper-bound protein was taken as

100%, and the amount of copper redistributed to BCA was substracted.
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Figure 3. 5.
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Figure 3. 6.

EXAFS analysis of the copper-MBS2 complex (/eff) and comparison of copper-
MBS2 with copper-Atox1 (right). Left, Fourier transform data (black) and fits (red) are
shown for MBS2. Inset a shows the data (black) and fit (red) of the EXAFS data. Inset b
shows an overlay of the pre-edge region for MBS2 (black) and the Cu(l) bis-2,3,5,6-
tetramethylbenzenethiolate complex (red). Right, comparison of XAS data for MBS2
(black) and Atox! (red) (inset, comparison of the EXAFS data). The first shell in the
Fourier transform and the EXAFS data for Atox1 are slightly more intense than for
MBS2, originating from a lower Debye-Waller factor for the Cu-S bond for Atox]1.
Because the Debye-Waller factor is a measure for static disorder of a given bond we can

assume that the Cu-S bond in Atox1 is more rigid than the Cu-S bond in MBS2.
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Figure 3. 6.
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Figure 3. 7.

Stimulation of catalytic phosphorylation of WNDP and the mMBS2-WNDP mutant
by free copper (4) and by Cu'-Atox1 (B). An autoradiogram of a typical gel (top) and
the normalized densitometry data (bottom) demonstrate formation of the catalytic
phosphorylated intermediate for WNDP (@) and mMBS2-WNDP (©) in the presence of
increasing concentrations of copper (4) or Cu’-Atox1 complex (B). The amount of the
phosphorylated intermediate is graphed as a percentage of the catalytic activity prior to

treatment with copper chelator BCS. W7, wild type.
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Figure 3. 8.

Comparison of the local environment of the metal-coordinating cysteines in MBS2
and Atox1 (4) and surface charge distribution on all MBS and Atox1 (B). 4, the
copper-coordinating cysteines in the GMxCxxC motif are shown in yellow, the residues
in close proximity to this motif (Phe in MBS2 and Lys in Atox1) are shown in green. B,
the negative charges on the surface of MBSs and Atox1 are indicated by red color, the
positive charges are in blue. The figure was generated with the program MOLMOL

(145).
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Figure 3. 8.
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3.7: Supplemental Data

Optimization of the proteolysis time with trypsin. To optimize conditions for
limited proteolysis of N-WNDP with tripsin, a time course experiment was performed..
The goal was to determine the time needed for partial proteolysis of N-WNDP where the
metal binding sites would be intact but the loop regions between the metal binding sites
would be cleaved. In this case, the predicted lengths of the metal binding sites after
cleavage with trypsin would be between 8-kDa and 15-kDa. This wide molecular weight
range would allow for better separation on a 15% Tris-tricine gel and ease of
identification of the metal binding sites by sequencing. The figure shows the proteolysis
of 30 pg of N-WNDP incubated with at 1:2000 w/w ratio of protein to trypsin for several
time points (Figure 3. 9). The reactions were stopped with the addition of 2 mM 4-(2-
aminoethyl) benzenesulfonyl fluoride and the fragments were separated on a 15% Tris
Tricine gel. At the 3 h time point the partially proteolyzed fragments of N-WNDP are
stable and within the range of the predicted molecular weight masses of the metal binding
sites. Subsequent sequencing of several bands confirmed that the cleavage sites were in

the loop regions between the metal binding sites.
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Figure 3. 9.
Time course for partial proteolysis of N-WNDP with trypsin. N-WNDP was
incubated with in the absence or presence of trypsin for 0.5, 1, 1.5, 2 or 3 hours. The

digests were separated on a Tris-tricine gel and stained with Coomassie R2350.
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Figure 3. 9.
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Chapter 4

Summary and Conclusions
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Copper is an essential nutrient required for cellular function. It is an important
component of several key metabolic enzymes located in various compartments; however,
copper can also be toxic to the cell when left unbound. A novel class of proteins, called
metallochaperones have two distinct roles. They protect the cell from the toxic effects of
copper but also distribute copper to copper-dependent proteins. Many aspects of this
copper transfer mechanism have been studied. Research presented in this dissertation
concentrates on the molecular mechanisms of copper transfer from the metallochaperone
Atox] to the Wilson disease protein.

Atox-mediated copper transfer and regulation of WNDP activity. Using
biochemical and biophysical techniques, we demonstrated that Atox1 directly transfers
copper to N-WNDP (Figures 2. 2, A. 1). Atox1-mediated copper transfer results in a
stimulation of WNDP catalytic activity (Figure 2. 3) suggesting that Atox1 acts as a
physiological partner for WNDP. In these in vitro experiments copper transfer and
stimulation of WNDP catalytic activity occurred with an excess of Atox1. This
observation has implications for understanding of Atox1-mediated transfer under the
actual cellular conditions. If Atox1 is present in a large excess over WNDP in the cell,
then Atox1 might act alone as the physiological partner. In contrast, if the ratio of Atoxl
and WNDP is equal or there is, in fact, more WNDP compared to Atox1, this result
suggests that there might be another helper protein involved in the Atox1-WNDP
interaction. The ratio of Atox1 to WNDP in the cell, however, has yet to be determined
but preliminary quantitative RT-PCR experiments and western blot analysis (data not

shown) suggest a 3-4 fold excess of Atox1 over WNDP in the cell.
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The results in this dissertation also demonstrated a role for Atox1 in the regulation
of the Wilson disease protein activity. Huffman and O’Halloran had previously shown
that incubation of yeast apo-Atx1 could remove copper from the isolated MBS1 of Cee2p
(65) suggesting that reversible transfer between the metallochaperone and an isolated
MBS was possible. The question that we addressed was whether apo-Atox1 could
remove copper from full-length N-WNDP with six metal binding sites and whether or not
this reverse transfer affected WNDP activity.

The incubation of apo-Atox1 with E. coli copper-bound N-WNDP resulted in the
stripping of copper from five of the six metal-binding sites on N-WNDP (Figure 2. 4).
This process coincided with a reduction in WNDP catalytic activity (Figure 2. 5).
Interestingly, apo-Atox1 could not decrease WNDP activity to the same level as
incubation with the copper chelator BCS. This suggests that the last site on N-WNDP is
not only unavailable to Atox1, but is also responsible for the minimal WNDP activity.
The identification of this last site still remains to be determined.

The physiological role of apo-Atox1 in the cell deserves further characterization.
Changes in the cellular copper concentration have been documented to result in specific
changes to WNDP. These changes include trafficking to a vesicular compartment,
protein modifications, and increased activity. An important question that remains to be
addressed is whether fluctuations in the cellular copper concentration affect the ratio of
apo-Atox1 compared to Cu-Atox]1. This question has implications for the understanding
of the cellular consequences to copper elevation.

Molecular mechanism of Atox1-mediated copper transfer to WNDP. We next

addressed the molecular mechanism of copper transfer to the Wilson disease protein, in
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particular, the first step of transfer. Data from the copper transfer experiments showed
that Atox1 could load all six metal-binding sites of N-WNDP (Figure 2. 3). F urthermore,
Atox1 preferentially loaded MBS2 with copper (Figure 3. 2). This first step is essential
for Atox1-mediated copper delivery to the intramembrane site(s) as mutation of the
copper binding cysteines in MBS2 abolishes Atox1-stimulated WNDP activity (Figure 3.
7).

The unique orientation of MBS2 within the entire N-WNDP best explains the
reason for MBS2 acting as the preferential site for copper delivery from Atox].

Chemical labeling of N-WNDP with a cysteine-directed fluorescent reagent demonstrated
that several MBS are exposed to the solvent (Figure 3. 3). Additionally, incubation of
free copper in solution or bound to glutathione resulted in copper binding to multiple
metal-binding sites including MBS2 (Figure 3. 4). This result suggested that the copper-
binding affinity of the various MBS are comparable and in agreement with the isothermal
calorimetry data for the metal-binding sites of N-WNDP (81). The fact that under these
circumstances copper is still preferentially bound to MBS? indicates that the accessibility
or interaction of Atox1 with MBS2 is preferred over the other MBS,

If Atox1 delivers copper first to MBS2 then how do the other metal-binding sites
become occupied with copper? Competition experiments between the copper chelator
bicinchonic acid and MBS2 demonstrated that once copper binds to MBS?2, it is not
casily removed from the coordinating cysteines in the CxxC motif (Figure 3. 5). The
observed conformational changes resulting from copper binding to MBS2 suggest that
copper binding to this preferential site triggers changes in N-WNDP, which then allow

access of Atox1 to other sites. The homology modeling experiments in Appendix T
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suggest that Cu-Atox1 can interact favorably with multiple metal-binding sites including
MBS2, MBS4, and MBS35 (Figure A. 6, A. 7).

The results presented in this dissertation allow us to propose a model for copper
delivery from the cytosol to the intramembrane sites of human copper-transporting
ATPases. The first step in this process involves Atox1-mediated copper transfer to
MBS2. Copper binding to MBS2 induces several molecular events. First, the copper
coordinating cysteines in MBS2 reorient as seen in Figure 1. 5, occluding copper. The
change in the position of the copper-binding site in MBS2 triggers conformational
changes in neighboring metal-binding sites that can be visualized by a change in the
proteolytic pattern of the N-terminal domain (Figure 3. 2). The most significant changes
are observed in proximity to MBS3,6 suggesting that these two sites become reoriented
and ready to accept copper from Atox1. The binding of copper to MBSS5,6 can then be
transferred from MBSS3,6 to the intramembrane portion of WNDP.

How this conformational switch is induced in response to copper binding to
MBS2 is a fascinating question, which will be addressed in detail when structural
information on N-WNDP becomes available. However, our results provide the first clues.
The data described in Appendix I suggests that the cysteines in MBS3 are in close
proximity to the cysteines of MBS2 and might function to keep the MBS2 cysteines
reduced and available for copper binding (Figures A. 2, A. 3). Mutation of the cysteines
to alanines of either MBS2 or MBS3 results in a phenotype whereby only two or three
metal-binding sites of N-WNDP are loaded with copper (Table A. 1). This observation
suggests that MBS2 and MBS3 work together to enable complete copper binding to N-

WNDP. Mutation of the MBS2,3 pair resulted in the expected copper binding to the
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remaining four MBS suggesting that MBS2 and MBS3 work together to regulate copper
loading of the N-WNDP.

In conclusion, during the work on this dissertation several new observations
related to the copper transfer mechanism have been made and new protocols were
developed. The expression system for generating non-tagged Atox1 was set-up and a
protocol for loading the human metallochaperone Atox1 with Cu(l) using the
physiologically relevant molecule glutathione was developed. An in vitro copper transfer
assay was also developed which demonstrated that Cu(T)-bound Atox1, alone, directly
transfers copper to N-WNDP. Using this copper transfer assay, it was also shown that
apo-Atox1 can regulate the copper occupancy on N-WNDP and modulate WNDP activity.
The dissertation also documents the development of a fluorescence labeling and partial
proteolysis procedure, which allows detection of copper binding to metal-binding sites in
N-WNDP and conformational changes. Using this protocol, we describe the molecular
mechanisms of Atox1-mediated copper transfer that involves delivery of copper to the
preferential site, MBS2, of the Wilson disease protein, and demonstrate that this step is
essential for further copper translocation to the intramembrane portion of the transporter.
Furthermore, our recent research suggests the importance of MBS3 in facilitating Atox]1-
mediated copper transfer to the other five MBS on N-WNDP. Together, these findings

represent an important step in the understanding of copper metabolism in the cell.
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Appendix I

The Role of Metal-binding Site 3 in Copper Delivery to the Wilson Disease Protein
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Al. 1: Introduction

Our studies have shown that Atox1 transfers copper to MBS2, the preferential site,
and subsequently to all five other metal-binding sites. The experiments in Chapter 3 also
began to characterize the molecular mechanisms involved in Atox1-mediated copper
transfer to MBS2 by characterizing the copper coordination and retention in MBS2 and
Atox1. We also found that copper binding to MBS2 induced specific conformational
changes in other parts of N-WNDP suggesting a mechanism for further Atox!-mediated
copper transfer to the other MBS. The information on the 3-dimensional orientation of
the six MBS in N-WNDP would be extremely helpful for understanding of how copper
migrates through N-WNDP. Such information is currently unavailable, however the
experiments described in this Appendix revealed functional interactions between the
MBS within N-WNDP, which could be critical for the overall copper-binding process.

The first hint that metal-binding sites within WNDP interact came from our

initial copper transfer experiments using a recombinant HisTagged version of Atox1,
Atox1-HT. (These experiments were performed prior to the experiments involving the
intein Atox1 protein described in Chapters 2 and 3). These studies showed that
incubation of copper-Atox1-HT resulted in the transfer of 1-1.5 copper atoms to N-
WNDP and that copper was transferred preferentially to MBS2. However, in marked
contrast to the experiments with the intein construct, in which transfer of 6 coppers to N-
WNDP was repeatedly observed (Chapter 2), incubation of N-WNDP with increasing
concentrations of’ Atox1-HT did not to lead to a copper-binding stoichiometry beyond 1.5
suggesting that the further transfer was somehow blocked. Furthermore, the N-WNDP

proteolysis after transfer of one copper from Atox1-HT revealed the decreased
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availability of the MBS3 cysteines for labeling with the fluorescent reagent CPM, in
addition to protection of MBS2. This result suggested that the there was something about
the copper Atox1-HT complex that affected the MBS3 cysteines and abrogated further
copper transfer. Utilization of a different Atox1 construct and, more importantly, a
different method of copper binding to Atox1 (see below for details) helped us to improve
the efficiency of copper transfer and better understand the possible reasons for partial
transfer by Atox1-HT. These initial results led to the additional experiments described in
Appendix I, which altogether allow us to propose a model with MBS3 and MBS2 acting

in concert as the switch, which facilitates copper delivery to the other MBS in N-WNDP.

AL 2: Materials and Methods

Cloning, Expression and Purification of recombinant proteins. To generate the
expression construct for His-tagged Atox1, Atox1 cDNA was amplified using
polymerase chain reaction and oligonucleotides designed to introduce an Ndel restriction
site 5” and an EcoRI restriction site 3° of the Atox1 coding region. The Atox1 insert was
cloned into the pET24b (+) vector (Novagen) using these two cloning sites and the
plasmid was transformed into the E. coli strain BL21 (DE3). Expression of Atox1-HT
was induced with 0.5 mM isopropyl-1-thio-B-D-galactopyranoside (Roche) for 2.5 hours
at room temperature. The cells were then harvested by centrifugation and resuspended in
25 mM Tris-HCI, 150 mM NaCl, and pH 7.5. The cells were lysed twice at 16,000 psi
with a French Press and the lysate cleared by centrifugation at 30,000 x g for 30 minutes.
The soluble fraction was incubated with 10 mM DTT for 10 minutes at room temperature

and then dialyzed against lysis buffer at 4 °C for six hours. The dialyzed lysate was
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passed over Ni-NTA resin (Qiagen) to bind Atox1-HT to the resin and sequester the His-
Tag prior to copper binding.

The resin was washed with six column volumes of 25 mM Tris-HCI, 150 mM
NaCl, 45 mM imidazole, pH 7.5 and Atox1-HT was either loaded with copper (see below)
or just eluted with 25 mM Tris-HCI, 150 mM NaCl, 150 mM imidazole pH 7.5. When
25 mM NaPO4 was used instead of 25 mM Tris-HCI in each buffer, similar purity and
copper-binding stoichiometry of Atox1-HT were obtained. The protein-containing
elution fractions were pooled and dialyzed against lysis buffer at 4° C overnight to
remove the imidazole. Protein concentration was measured using the Bradford assay
(130) and the protein purity was determined using 15 % SDS-PAGE (131).

To produce the recombinant metal-binding site 2 and metal-binding site 3, the
corresponding segment of the ATP7B ¢cDNA was amplified using the following primers,
MBS2 (forward) 5-CATATGCATGTGGTCACCCTC-3" and MBS2 (reverse) 5'-
GTCGACTTAGGCTCCATCAGGAAGAGA-3’ (reverse); MBS3 (forward) 5'-
CATATGCATGTGGTCACCCTC-3" and MBS3 (reverse) 5'-
GTCGACTTAGGCTCCATCAGGAAGAGA-3". The primers were designed such that
5" Ndel and 3" Sall restriction sites were incorporated into the MBS2 and MBS3 PCR
products. The PCR fragments were cloned into the pTYB12 IMPACT expression vector
(New England Biolabs) to produce the pTYB12-MBS2 and the pTYB12-MBS3
expression plasmids and the sequence fidelity was verified by automated DNA
sequencing. E. coli ER2566 cells were transformed with the pTYB12-MBS2 and
pTYB12-MBS3 plasmids. The expression of the MBS2 and MBS3 fusion proteins was

induced by isopropyl-B-D-thiogalactopyranoside added to a final concentration of 500

130



uM at 25°C for 20 hrs. The MBS2 and MBS3 proteins were purified from the soluble
fraction using the protocol for Atox1 (Chapter 2 Materials and Methods) and then
dialyzed into 25 mM Na,HPO,4 pH 7.5, 150 mM NaCl. The copper-bound form of MBS2
and MBS3 was generated by incubation of apo-MBS2 and apo-MBS3 with an equimolar
amount of copper-glutathione complex and dialyzed into 20 mM Na;HPO4 pH 7.5, 150
mM NaCl for further experiments.

To generate the N-WNDP constructs with mutations in metal-binding sites, site-
directed mutagenesis was performed using the N-WNDP coding sequence in the pMAL-
¢2 vector as a template. The mMBS2 N-WNDP mutant, where the CxxC motif of MBS2
was mutated to AxxA, was generated using the mutagenesis primers 5'-
GCATGACCGCCCAGTCCGCTGTCAGCTCCATTGAAGG-3" (forward) and 5'-
CTGACAGCGGACTGGGCGGTCATGCCCTCCACCC-3" (reverse) with the
QuikChange II XL site-directed mutagenesis kit (Stratagene). To generate the mMBS3
N-WNDP mutant with the CxxC motif mutated to AxxA, mutagenic primers 5"-
GGAATGCATGCTAAGTCTGCCGTCTTGAATATT-3" (forward) and 5'-
CAAGACGGCAGACTTAGCATGCATTCCATCTATTC-3" (reverse) were utilized.
The mMBS23 N-WNDP mutant was produced using mMBS2 N-WNDP as a template
and the MBS3 mutagenic primers. The presence of mutations was verified by automated
DNA sequencing. The N-WNDP mutant plasmids were transformed into E. coli BL21
(DE3) cells and the corresponding proteins were expressed and purified using protocols
described in Chapter 2 (Materials and Methods). The amount of copper bound to purified

proteins was determined by atomic absorption in Chapter 3 (Materials and Methods).
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Loading of Atox1-HT with copper. Copper was added to Atox1 while Atox1-HT
was bound to the Ni-NTA resin and the His-tag sequestered, using a five fold molar
excess of CuCl, over Atox1-HT. The resin was washed with three column volumes of
lysis buffer followed by elution and subsequent dialysis. After dialysis, the protein
concentration was measured and the amount of copper bound to Atox1-HT was
determined using a bicinchoninic acid (BCA) assay, where absorbance of a Cu(I)-BCA
complex was monitored at 562 nm (132). Under these condition, the stoichiometry of
copper-binding to Atox1 was 0.4-0.6. The copper transfer experiments between Atox |-
HT and N-WNDP were done using the same protocol as described in Chapter 2
(Materials and Methods).

Chemical labeling and proteolysis of N-WNDP. The CPM labeling and trypsin
proteolysis shown in Figures A. 2, 3, 5 were performed as described in Chapter 3
(Materials and Methods). Briefly, 30 pug of N-WNDP was labeled with a 50 mol excess
of CPM, the labeling reaction was quenched with an excess of B-mercaptoethanol. The
N-WNDP was partially proteolyzed with trypsin for 3 hours at room temperature, the
reaction stopped with the protease inhibitor AEBSF; the fragments were separated on a
Tris-tricine gel, and transferred to PVDF membrane for identification by Edman
sequencing.

The proteolysis experiment described in Figure A.4 had a different order of CPM
labeling and trypsin addition. Here, 30 pug of N-WNDP was first proteolyzed with trypsin
for 3 hours at room temperature and the reaction stopped with the addition of AEBSF.
The fragments were then labeled with CPM, separated on a Tris-tricine gel, and

transferred to PVDF membrane for Edman sequencing.

132



Homology modeling of Atox1 with the MBS of N-WNDP. The “.pdb” file for each
of the six MBS of N-WNDP was generated by threading the MBS sequence through the
N-MNKP?2 structure using the web-based PredictProtein server

(http://cubic.bioc.columbia.edu/ predictprotein/). The generated “pdb” file of each MBS

was used for further modeling studies.

The homology modeling of Atox1 in complex with the individual metal-binding
sites of N-WNDP was generated based on the dimeric crystal structure of copper-bound
Atox1 (PDB code 1FEE). Using the program Swiss PDB Viewer

(http://www.expasy.org/spdbv/), the N-WNDP metal-binding site “.pdb” files were

modeled over the Atox1 structure using the Magic Fit command and the model was
improved using the Iterative Magic Fit command. The “.pdb” file for each Atox1-MBS
complex was modified to remove the Atox] monomer which the MBS were to replace in
the model complex. This new copper-bound Atox1-MBS complex was refined using the

Crystallography and NMR System (http://cns.csb.vale.edu/v1.1/). The “.pdb” file was

input into the model minimize.inp program which generates a new model based on the
geometry of the input structure in the absence of crystallographic information. The
program eliminates residue clashes within the model and the conjugate gradient
minimization functions to achieve the lowest energy based on the original parameters.
The input parameters used included a triclinic crystal cell with no symmetry interactions,
200 minimization steps, and a 13 A nonbonded cutoff. The electrostatic surface potential
for each energy minimized Atox1-MBS complex was visualized with the program

MOLMOL (145).
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Al 3: Results

Inefficient copper transfer from Atox1-HT to N-WNDP. A series of copper
transfer experiments were carried out prior to the experiments described in Chapter 2
using a wide range of ratios between Atox1-HT and N-WNDP. When a large excess of
copper bound Atox1-HT over N-WNDP was used, only 1.5-1.6 copper atoms were
transferred from Atox1-HT to N-WNDP. The inefficient transfer from Atox1-HT was
perplexing as N-WNDP contained six MBS and had previously been shown to bind six
copper atoms both in E. coli and in vitro (105, 109). This result suggested two distinct
possibilities. One possibility was that copper transfer from Atox1 to N-WNDP required
an additional protein to facilitate copper binding to all six sites. This is unlikely as the
results in Chapter 2 demonstrate, Atox1, alone, can transfer copper to all six sites.

The other possible reason for inefficient transfer involved the oxidation of one or
more metal-binding sites in N-WNDP during incubation with the copper-Atox1-HT
complex. As was originally suggested (79) and subsequently directly shown in our
experiments (80, 125), Atox1 binds Cu(l). In the early experiments with Atox1-HT,
however, copper was added to resin-bound Atox1-HT as Cu(ll). This apparently resulted
in the two-step process of copper binding to Atox!. First, one Atox1-HT protein reduces
Cu(II) to Cu(l) resulting in an oxidized protein and allowing a second Atox1-HT
molecule to bind the reduced Cu(l).

This mechanism explains the 0.4-0.6 copper binding stoichiometry routinely
observed with Atox1-HT and is consistent with our EPR data showing the majority of
bound copper in a Cu(T) state. It is also consistent with the results of CPM labeling,

where binding of ~0.5 copper per Atox1 resulted in a two fold higher protection of Cys
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residues than was expected based on this stoichiometry. Thus, we concluded that
following the loading of Atox1 with Cu(lIl), the Atox1-HT sample is likely to contain
copper-bound protein along with the oxidized protein. Under these circumstances Atox1-
HT only transferred at most 1.5-1.6 copper suggesting that other sites were unavailable
for transfer.

Copper transfer to the preferential site involves MBS3. Utilization of Atox1-HT
for copper transfer produced important results. The copper-bound Atox1-HT
preferentially transferred copper to MBS2 (Figure A. 1), similarly to later experiments
using non-tagged Atox! suggesting that the HisTag did not affect the selectivity of
copper transfer. We hypothesized that the steps after initial copper transfer to MBS2
were altered by incubation with the copper-Atox1-HT complex and that inactivation of
further transfer was likely due to oxidation of other metal-binding sites. In agreement
with this hypothesis we found MBS3 among the fragments protected against CPM
labeling as the result of transfer of one copper. We also realized that the mechanistic
significance of the experiments with the His-Tagged Atox] is somewhat limited, since
copper was added to the protein as Cu(II) and oxidative effects may not be
physiologically relevant.

We therefore turned our attention to the intein system that allowed Atox1 to bind
Cu(l) and load the six MBS on N-WNDP with copper. In addition to the experiments
described in Chapters 2 and 3 we decided to look more closely at the role of MBS3 in
copper transfer. CPM labeling experiments revealed that MBS3 was protected from
labeling in the apo N-WNDP samples likely due to unusual cysteine reactivity or sterical

hindrances. Furthermore, no labeling of MBS3 was also observed after copper transfer
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(Figure A. 24). The inability to label the cysteines in MBS3 with CPM either before or
after transfer caused us to modify the protocol for labeling and proteolysis. In the
original protocol, N-WNDP was first labeled with CPM and then proteolyzed. The
drawback with this protocol was that the protein folding may have prevented access of
label to MBS3.

To address this problem, the order of labeling and proteolysis was changed. N-
WNDP was first proteolyzed and then labeled with CPM. As Figure A. 3B shows, the
new protocol resulted in the change of the overall fragmentation pattern of N-WNDP
suggesting that CPM labeling affected proteolysis. More importantly, though, CPM
labeling after proteolysis resulted in distinct effects on the labeling of both MBS2 and
MBS3.

The cysteines in MBS2 became unavailable to labeling even in MBS?2 from apo
N-WNDP suggesting that these cysteines become rapidly oxidized during proteolysis
(Figure A. 3B). (This result was supported by the observation that the cysteines in
recombinant MBS2 became quickly oxidized during storage (our data)). The marked
difference in the labeling of MBS2 cysteinses in folded and unfolded N-WNDP suggest
that the local environment around the MBS2 cysteines in the intact N-WNDP keeps these
cysteines reduced and available for copper loading from Atox1.

The other obvious and opposite change in labeling occurred with MBS3. The
partial proteolysis of apo N-WNDP resulted in the relaxation and exposure of the MBS3
cysteines to CPM labeling suggesting that in the apo protein these cysteines were reduced
and available for copper binding. Interestingly, the Atox1-mediated transfer of one

copper to N-WNDP resulted in the selective loss of fluorescence of MBS3. This

136



observation suggested that either MBS3 was involved in copper coordination, or became
oxidized, or a redistribution of copper from MBS2 to MBS3 occurred during proteolysis.

To test this latter possibility, isolated recombinant MBS2 and MBS3 were
expressed, purified, and loaded with copper as described in the Materials and Methods.
Copper binding affinities of these two proteins were compared in competition
experiments using the copper chelator bicinchoninic acid (BCA). As shown in Figure A.
3, there was a complete redistribution of copper from MBS3 to BCA when a 45-fold
molar excess of chelator was used. In contrast, MBS2 only lost 10% of its copper in
these conditions. This result suggested that MBS2 was unlikely to lose copper during
proteolysis and have the copper redistribute to MBS3.

A second possible explanation was that MBS3 helped coordinate the copper
bound to MBS2 or became oxidized when copper binds to MBS2. Which of these
explanations was correct was tested by acid precipitating the proteolyzed copper-bound
fragments, resuspending the fragments, and labeling with CPM. If copper binds between
MBS2 and MBS3, then acid precipitation should release the copper from both proteins
and make them available for labeling. [f MBS3 was oxidized, then acid precipitation
would not allow for the later accessibility of the MBS3 Cys for CPM label. Although the
data are preliminary, these experiments demonstrated that the MBS3 cysteines were
CPM-labeled after precipitation while the MBS2 cysteines were still unlabeled (data not
shown) raising a question about the initial copper binding state of MBS2. At this point it
became clear that both MBS2 and MBS3 are affected by transfer of one copper and that

independent methods would help to clarify their specific role in copper binding.
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Mutation of metal-binding site 3 disrupts copper loading of N-WNDP. To test the
hypothesis that the role of MBS3 is to act in concert with MBS2 as a regulator of further
copper binding to N-WNDP, site-directed mutagenesis of MBS2, MBS3, and a MBS23
pair of N-WNDP was carried out. In these proteins, the CxxC metal-binding site
sequence motifs were mutated to AxxA motifs.

The mutant N-WNDP proteins were expressed in E. coli grown in the presence of
copper to allow for copper binding (105) and purified with yields and purity similar to
WT N-WNDP. The copper binding properties were then characterized. The average
copper stoichiometry from two independent experiments is shown in Table A. 1 and the
results were surprising and quite interesting. Mutation of a single site, MBS2, resulted in
N-WNDP with only two sites occupied by copper instead of the predicted five sites.
Mutation of MBS3 also resulted in a lower amount of expected bound copper to N-
WNDP as only about 3 sites were filled. Thus mutations of their MBS2 or MBS3
significantly impair copper transfer to other sites in N-WNDP. However, mutation of
both MBS2 and MBS3 in the MBS2,3 construct alleviated this negative effect and
resulted in the expected copper binding stoichiometry of four suggesting that MBS2 and
MBS3 work together to regulate copper loading of the N-WNDP,

Partial proteolysis of the mutant N-WNDP proteins with trypsin revealed a
change in the protein folding upon mutation of the cysteines in MBS3, an effect that was
also observed in the MBS2,3 mutant (Figure A. 44,B). This change in fragment size was
most pronounced when the proteins were labeled with CPM prior to proteolysis although
careful examination of the proteolytic pattern in the absence of CPM revealed the same

effects (Figure A. 4C). A possible explanation for this change in folding is that the one
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or both of the cysteines of CxxC motif of MBS3 were involved in a hydrogen bond.
Disruption of the hydrogen bond destabilizes the entire N-WNDP resulting in a change in
proteolysis. To test of this hypothesis it would be necessary to mutate both cysteines to
serines or each cysteine individually and monitor the effects on proteolysis.

Atox1-MBS complexes show some favorable electrostatic interactions. The
electrostatic surface potential of the individual metal-binding sites and Atox1 suggested
that several MBS had favorable interacting surfaces (Figure. 3. 8). To better understand
the structural basis of copper transfer from Atox1 to N-WNDP, a model of Atox1
interacting with cach of the individual MBS was made using the copper-bound Atox1
crystal dimer structure (PDB code 1FEE) as a template (124). The complex structure was
refined through energy minimization calculations resulting in a new structure with no
amino acid clashes. The Table A. 2 shows the total energy of the two interacting proteins
in each complex with the 1FEE crystal structure having the lowest total energy. The
other Atox1-MBS complexes have similar energies with MBS1 having the highest and
least favorable interaction.

In order to determine whether the electrostatic interactions in the homology
models were complementary, the Atox1-MBS complexes were analyzed using the
program MOLMOL (145). This program displays negative electrostatic surfaces in red
and positive electrostatic surfaces in blue. A favorable interaction has negative and
positive electrostatic surface areas between the interacting proteins on the same face of
the complex but not necessarily adjacent to each other.

As seen in Figures A. 5,6, MBS4 shows very strong complementary electrostatic

interactions, which is consistent with the recent yeast 2-hybrid data showing interaction
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of Atox1 with isolated MBS2 and MBS4 (146). From the bottom view (Figure. A. 6)
MBSS5, MBS6, and MBS2 appear to have complementary surfaces suggesting favorable
interactions and potential interaction with Atox1 when the metal-binding sites are
properly oriented. In contrast, MBS1 has a repulsive, positively-charged surface with an
asparagine residue pointed directly at the KTGK sequence motif of Atox1, which helps
explain the high total energy of interaction. Finally, the Atox1-MBS3 complex does not
produce a good fit at the interacting faces possibly due to the diproline motif in loop 5

(Figure 1. 5), suggesting that MBS3 might have a different role within the N-WNDP.

Al. 4: Summary

The results from this Appendix suggest that MBS2 and MBS3 work together to
regulate the copper occupancy of the N-WNDP possibly through a cysteine-mediated
redox function. The modeling experiments suggest that Atox1 can form favorable
complexes with several MBS including MBS5 and MBS6, the two metal-binding sites

involved in copper delivery to the intramembrane region of WNDP.
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Table A .1. Mutant N-WNDP copper stoichiometry measurements.

E. coli copper-loaded protein Copper Stoichiometry
WT N-WNDP 93
mMBS2 N-WNDP 2.0
mMBS3 N-WNDP 27
mMBS2,3 N-WNDP 4.6
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Table A. 2. Calculated energies of interaction between the Atox1 dimer and the
Atox1-MBS complexes. The refined energy minimization calculations of the copper-
bound complex was computed for each Atox1-MBS pair and also for the control Atox1
dimer structure (PDB code 1FEE). The total number of interactions between all the
amino acids in each complex, including the interacting surface, is shown in the table.

The refined structure contains no amino acid clashes in the complex.
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Table A. 2.

Atox1 Control | MSBI {MSBz | MSB3 [ MSB4 | MSB5 | MSB6 |
complex (1FEE)

Interactions | 111170 | 112622 | 113179 | 104510 | 107418 | 114040 | 113368
(#)

Overall E 16844 | 20504 | 19524 | 18126 | 19357 | 17945 | 19694
(kcal)
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Figure A. 1.

Proteolysis of labeled N-WNDP after copper transfer from Atox1-HT. The CPM
fluorescence pattern of N-WNDP after transfer from copper-bound Atox1-HT, labeling
with CPM, and trypsin proteolysis. The N-WNDP samples were separated on a Tris-
tricine gel and visualized under UV-light. The left lane shows incubation of N-WNDP
with copper-bound Atox1-HT while the right lane contains apo Atox1-HT. The dashed

arrow shows the location of the MBS2 fragment.
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Figure A. 1.
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Figure A. 2.

Fluorescent labeling and proteolysis of N-WNDP after copper transfer from Atox1.
Copper transfer to N-WNDP was done as described in Chapter 3 with transfer of one
copper atom. 4, N-WNDP was labeled with the fluorescent reagent CPM and
proteolyzed with trypsin. The fragments were separated on a Tris-tricine gel with the
fluorescence (Left) and Coomassie R250 staining (Right). The arrows indicate the
location of MBS2 and MBS3 fragments. B, N-WNDP was proteolyzed with trypsin and
subsequently labeled with the fluorescent reagent CPM. The fragments were separated
on a Tris-tricine gel with the fluorescence (Leff) and Coomassie R250 staining (Right).
The arrows indicate the location of MBS2,MBS3 fragments, and Coomassie stained

Atoxl.
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Figure A. 2.

A) B)
-+ + Atoxl
= & F -+ + Atoxl i AT
- - 4+ Ca 45 kDa
3 kDa 34kDa
23 kDa

23kDa

16 kDa
<«MBs3 MBS3—

7 kDa

147



Figure A. 3.

Copper retention by MBS2 and MBS3 in the presence of the high affinity copper
chelator BCA. The purified copper complexes with MBS2 (@) and MBS3 (o) were
incubated with increasing concentrations of the copper chelator BCA. The amount of
copper redistributed from the protein to BCA was determined by comparing the
absorbance to the standard. The initial amount of copper-bound protein was taken as

100%, and the amount of copper redistributed to BCA was subtracted.
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Figure A. 3.
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Figure A. 4.

Proteolysis of mutant N-WNDP. 4, wild-type and mutant N-WNDP was labeled with a
50 mol equivalent CPM, proteolyzed with trypsin and the fragments separated on a Tris-
Tricine gel. The leff panel shows the fluorescence pattern and the right panel shows the
protein pattern after staining with Coomassie R250. B, wild-type and mutant N-WNDP
were proteolyzed with trypsin and the fragments separated on a Tris-Tricine gel. The

fragments were visualized after staining with Coomassie R250.
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Figure A. 4.
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Figure A. S.

Side view of the electrostatic surface potential for Atox1-MBS complexes. A4, ribbon
diagram shows the orientation of the two proteins in complex in panel B. The proteins
were homology modeled onto the Cu-Atox1 crystal structure (1FEE) using the program
Swiss-PdbViewer. The copper atom is shown in cyan. B, the surface charge distribution
for each Atox1-MBS complex is shown with negative charges shown in red and positive

charges shown in blue. The figure was generated with the program MOLMOL (145).
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Figure A. 5.
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Figure A. 6.

Bottom view of the electrostatic surface potential for Atox1-MBS complexes. 4,
ribbon diagram shows the orientation of the Atox1 with a metal-binding site in complex
in panel B. The proteins were homology modeled onto the Cu-Atox1 crystal structure
(1FEE) using the program Swiss-PdbViewer. The copper atom is shown in cyan. B, the
surface charge distribution for each Atox1-MBS complex is shown with negative charges
shown in red and positive charges shown in blue. The figure was generated with the

program MOLMOL (145).
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Figure A. 6.
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Appendix IT

Atox1 Exists Predominantly as a Monemer in the Cell
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Atox] exists as a monomer in the soluble fraction of Hek293 cell. 1n Appendix II
we addressed the question of whether Atox1 is a monomer or a dimer in the cell. The
Atox] crystal structure was solved as a homodimer where each monomer of Atox| was
coordinating the shared copper atom (124). Recently, experimental evidence using
Biacore analysis has shown that recombinant Atox1 can form homodimers in solution
upon the addition of Cu(Il) (147). To address this question, the soluble fraction from
Hek293 cells was isolated. Using gel filtration chromatography, the soluble fraction was
passed over a calibrated Amersham Pharmacia Superose 12 10/300 GL column and the
fractions collected. Western blot analysis for Atox1 was performed on all the fractions.
The results in Figure A. 7 show the presence of monomeric Atox1 primarily in the 7 kDa
protein fraction. A smaller portion of Atox1 appears to complex with a high molecular
weight protein, possibly the recently identified interacting protein FKBP52 (148). These

results suggest that Atox| exists primarily as a monomer in Hek293 cells.
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Figure A. 7.

Gel filtration chromatography for Atox1 in Hek293 cell lysates. A4, the chromatogram
shows the protein eluting from the gel filtration column with four calibrating standard
proteins labeled. B, western blot analysis of several column fractions indicates the

presence of Atox1 as a monomer and in a high molecular weight complex.
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Figure A. 7.
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