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ABSTRACT

Copper is an essential element that acts as a cofactor in many enzymes. Cellular
regulation of uptake, redistribution and export of copper is vital for the proper function of
many physiological processes and reactions. Several disease pathologies have a link to
non physiological concentrations of copper in the body. Proteins have been identified
that mediate the proper uptake, distribution and excretion of copper from cells.

In this dissertation, the process of cellular copper uptake was explored through the
study of the human Copper transporter 1 (hCtrl). hCtrl is a high affinity copper uptake
protein that is essential for embryonic development and proper incorporation of copper
into cells. hCtrl is believed to mediate the transport of Cu (I) across the plasma
membrane in many cells. Identified in 1997, hCtr1 was initially shown to function as a
copper uptake protein by the functional complementation in copper deficient yeast. The
ability of hCtrl to complement yeast copper deficiency underscores the similarity of this
family of proteins. hCtrl is a relatively small protein containing 190 amino acid residues.
It has three putative membrane spanning regions as shown by hydropathy analysis. The
amino terminus is glycosylated and is located in the extracellular space while the
carboxyl terminus is in the cytoplasm of the cell. It has been shown to form a stable
complex consisting of multiple hCtrl monomers.

The protein has relatively few identical residues when compared to Ctrl proteins
from other species, however, results from this dissertation as well as reports from others
provide insights into a conserved mechanism for uptake of copper. We show that hCtrl
mediates saturable copper uptake with a Km of ~6-8 uM in heterologous expression

systems. The protein contains few potential copper binding residues. Two methionine

Xii



repeats exist in the protein and have been shown to be vital for efficient copper uptake.
One is found in the amino terminus (residues 40-45) and the second is found in the
second transmembrane domain (residues 150-154). While the two cysteines present in
the protein do not appear to bind copper, they may play a structural role. We have
identified other residues that affect the ability of this protein to transport copper in an
efficient manner. Residues in the third transmembrane segment as well as residues in the
carboxyl terminus may play an important role in the assembly of hCtrl molecules to form
a functional complex. We have also shown that copper induces a conformational change
in the cytoplasmic loop between transmembranes 1 and 2.

Many of the proteins that are involved in the efficient delivery of copper to target
enzymes are tightly regulated to ensure copper availability and to reduce copper toxicity.
An example of this regulation in humans is the relocalization of copper export proteins
(i.e. Menkes disease protein) to the plasma membrane where they remove excess copper
from the cell. Our results show that hCtrl, unlike yCtrl but similar to yCtr3, is a stable
protein at the plasma membrane and it does not seem to be regulated post-translationally

in response to high extracellular copper concentrations.
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Chapter 1

Introduction



1.1 Importance of Copper Homeostasis

Copper is an essential cofactor for many cellular enzymes. The importance of
copper ions in humans is demonstrated by its requirement for cellular respiration, iron
homeostasis, pigment formation, neurotransmitter biosynthesis, peptide biogenesis,
connective tissue production and antioxidant defense. In several neurological disorders
and neurodegenerative conditions such as Alzheimers disease, amyotrophic lateral
sclerosis, Wilson disease and prion diseases copper either has a definitive role or has
been suggested to be involved. The link between copper and these human diseases has
raised the awareness of the importance of metal homeostasis. How the delivery of copper
contributes to the proper or improper function of copper containing enzymes has become
a significant field of research.

Studies of copper metabolism in humans and the regulation of the molecules
involved in this process have seen remarkable growth in the last ten years. These studies
were initiated by the discovery of human copper transporting ATPases, ATP7A and
ATP7B. The protein products of these genes are mutated in two hereditary disorders of
copper homeostasis, Menkes disease and Wilson disease respectively. These two
proteins are involved in balancing copper concentrations within cells and mutation of
these transporters causes copper related toxicosis.

The importance of understanding copper homeostasis is underscored by the
number of proteins that utilize copper in various metabolic processes. Copper
preferentially binds to atoms such as nitrogen, oxygen and sulphur, which are available
for metal binding by the side chains of amino acid residues methionine, cysteine,

histidine, aspartate and tyrosine as well as other less common copper coordinating



residues, glutamate, threonine, serine, glutamine and asparagine. These amino acid
residues play important roles as ligands in copper binding and therefore are found in
active sites of enzymes that use copper as cofactors for catalytic reactions. A short list
of these proteins and processes are found in Table 1.

The ability to maintain the proper levels of copper in the cell must be tightly
regulated as too much copper can be very toxic for cells but also too little copper inhibits
many essential processes. The cytotoxicity of copper has made it necessary for cells to
evolve specialized pathways for the handling of copper ions. It has been estimated that
less than 1 free copper ion exists per cell (Rae, Schmidt et al. 1999), which suggests that
intricate regulatory mechanisms exist to ensure that copper entering the cell is bound to
proteins or other cellular components in order to limit the potential toxic effects of
copper.

Wilson disease patients suffer from copper accumulation in the liver and the
brain, resulting in liver toxicity and neurological disease underscoring the toxic nature of
excess copper. Copper can exist in either the reduced Cu (I) or oxidized Cu (II) state and
can therefore act as an important co-factor in a number of redox reactions. However,
because of this potent redox capability, copper can also generate highly reactive oxygen
species (ROS), including hydroxyl radicals known to cause damage to proteins, lipids and
DNA.

Toxic effects can occur, in addition to ROS generation, when copper displaces
other metal cofactors from their natural ligands in key cellular signaling proteins.
Therefore copper has been suggested to play a role in many disease processes. In some of

these diseases, the role of copper is evident and the gene defect has been identified,



however others have not been characterized and the role of copper ions in the disease
process is unclear. A brief description of a few of these diseases in which copper plays a
putative role, will help to demonstrate the range of effects and the potential toxic effects

copper can have in the organism.

1.2 Copper Associated Diseases

1.2.1 Menkes Disease

Menkes disease is an X-linked inherited disorder that is caused by mutations in the
ATP7A gene (Mercer, Livingston et al. 1993; Vulpe, Levinson et al. 1993). Affected
patients suffer from systemic copper deficiency, leading to neurodevelopmental delay,
kinky hair, fragile bones and aortic aneurisms (Martins, Goncalves et al. 1997). Loss of
function of this protein in affected individuals results in failure of copper transfer across
the placenta, gastrointestinal tract, and blood-brain barrier, with resultant copper
deficiency in the developing fetus. Classical Menkes disease is usually lethal by age
three, but there are two milder allelic variants of the disorder, called occipital horn
syndrome and mild Menkes disease (Tsukahara, Imaizumi et al. 1994). A spontaneous
mutation has occurred in mice, the mottled/brindled mouse mutant, which is considered
the closest animal model of Menkes disease. These mice display a mutation in the

orthologous ATP7A gene (Grimes, Hearn et al. 1997).

1.2.2 Wilson’s Disease
Wilson’s disease is an autosomal recessive genetic disorder, caused by mutations in the

ATP7B gene (Bull, Thomas et al. 1993; Tanzi, Petrukhin et al. 1993; Yamaguchi, Heiny



etal. 1993). The Wilson’s disease gene has been identified by positional cloning
strategies and has sequence homology to the Menkes disease gene (Bull, Thomas et al.
1993; Petrukhin, Fischer et al. 1993; Tanzi, Petrukhin et al. 1993). Patients with
Wilson’s disease show a range of clinical symptoms including chronic hepatitis and
cirrhosis resulting from toxic accumulation of copper in the liver. Concomitant with a
defect in biliary copper excretion, patients can also present with neurological damage
particularly affecting speech and movement, and leading to psychiatric disturbance in a
number of cases, because of toxic copper accumulation in the brain. Two animal models
for Wilson’s disease, containing either a deletion or a mutation in the gene homologous
to human ATP7B, have been identified. The Long-Evans rat with a cinnamon-like coat
color is an inbred mutant strain with spontaneous hepatitis (Takeichi, Kobayashi et al.
1988; Wu, Forbes et al. 1994). A second model was identified as well; lactating
homozygous dams of the toxic milk mouse mutant strain produce copper-deficient milk
which is lethal to their pups(Theophilos, Cox et al. 1996). Since this time knockout mice
have been generated by several groups.

Other diseases with a copper link exist that are not caused by mutations in
proteins that are responsible for copper transport. These include COX deficiency,
Amyotrophic lateral Sclerosis, Alzheimer’s disease and Prion diseases. Each of these
diseases are associated with changes in proteins that contain copper as a cofactor and the
proposed disease mechanism has been suggested to have a link to improper copper

binding or altered copper catalysis.

1.2.3 COX deficiency



Mammalian cytochrome ¢ oxidase (COX) is a multimeric enzyme of the inner
mitochondrial membrane whose 13 subunits are encoded by both the mitochondrial and
nuclear genomes. The enzyme contains two iron-clusters and three copper atoms, and
catalyzes the reduction of molecular oxygen by reduced cytochrome c, the terminal step
in the respiratory chain. COX deficiency can be found in neonatal, infantile and late
onset diseases that can present with a wide spectrum of multisystemic, neurological and
muscular symptoms (Shoubridge 2001). Autosomal recessive mutations in several of the
nuclear genes encoding accessory factors involved in the assembly of the holoenzyme
COX have been identified and copper has a role in some of these. Copper is involved in
diseases caused by mutations in SCO1 (tubulopathy with encephalomyopathy) and SCO2
(fatal hypertrophic cardiomyopathy with encephalopathy) (Papadopoulou, Sue et al.
1999; Jaksch, Ogilvie et al. 2000; Valnot, Osmond et al. 2000). SCO1 and SCO2 are
homologous proteins, found in the mitochondria that are presumably active in copper
incorporation into COX, since COX activity in myoblasts from SCO2-patients is
completely rescued by addition of 300uM copper-histidine to the culture medium

(Jaksch, Paret et al. 2001).

1.2.4 Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease with a sporadic and
an inherited form, and is characterized by selective degeneration of motor neurons,
leading to progressive muscle weakness, atrophy, and death often within 3 years of the
onset of symptoms in the spinal cord, brainstem and motor cortex. A number of familial

cases of ALS have been associated with defects in the Cu/Zn superoxide dismutase



protein. Cuw/Zn superoxide dismutase plays a major role as a cellular antioxidant by
converting superoxide radicals into hydrogen peroxide and molecular oxygen, and it
requires copper in its active site for this enzymatic activity. Heterozygous mutations in
SOD have been linked to this disease (Deng, Hentati et al. 1993; Rosen, Siddique et al.
1993). The neurotoxicity associated with mutant Cu/Zn superoxide dismutase is not well
understood, but is thought to occur by a gain-of-function mutation, consistent with the
autosomal dominant inheritance (Gurney, Pu et al. 1994; Ripps, Huntley et al. 1995;
Wong, Pardo et al. 1995; Reaume, Elliott et al. 1996; Ho, Gargano et al. 1998). Many
theories exist as to the mechanism of this toxicity, a recent suggested mechanism
centered on mutations that destabilized protein folding causing subsequent formation of

cytotoxic protein aggregates.

1.2.5 Other copper related diseases

In several other complex disorders, a putative role for copper has been postulated.
An example of such a disease is Alzheimer’s disease (AD), which occurs in a sporadic
and an inherited form. AD is characterized by progressive neuronal dysfunction, reactive
gliosis, and the formation of copper and iron-containing amyloid plaques in the brain
(Smith, Richey Harris et al. 1997; Sayre, Perry et al. 2000). Two peptides which play a
central role in AD, the amyloid precursor protein and a proteolytic breakdown product of
APP called AP, can bind Cu(II) and reduce it to Cu(I) in vitro (Hesse, Beher et al. 1994;
Multhaup, Schlicksupp et al. 1996; Atwood, Moir et al. 1998; Cherny, Legg et al. 1999;
Huang, Atwood et al. 1999; Huang, Cuajungco et al. 1999). The cause of the neuronal

cell loss in AD is unclear but may be related to increased oxidative stress from excessive



free radical generation, possibly as a result of defects in copper homeostasis (Smith,
Richey Harris et al. 1997; Martins, Jensen et al. 1998; Bush 2000; Sayre, Perry et al.
2000).

Prion encephalopathies (Mad cow disease and Creutzfeld-Jakob disease) are also
linked to aberrant copper mechanisms. Prion diseases are characterized by a rapid
progressive dementia and cerebellar ataxia resulting from neuronal spongiform
degeneration and astrocytic gliosis, and are caused by the accumulation of a post
translationally modified form (PrP%°) of the normal cellular prion protein (PrP) (Prusiner
1997). PrPC is able to bind copper and is mostly expressed by neurons and by glia
(Kretzschmar, Prusiner et al. 1986; Hornshaw, McDermott et al. 1995; Moser, Colello et
al. 1995; Miura, Hori-i et al. 1996). Cerebellar cells from mice deficient in PrP° reveal
increased sensitivity to the toxicity of copper containing salts (Bueler, Fischer et al.
1992), marked decrease in membrane copper content and decreased activity of Cu/Zn
superoxide dismutase (Brown, Qin et al. 1997; Brown 1998), suggesting a role of PrP® in
copper homeostasis.

Taken together, it is clear that some disorders are caused by an imbalance of
cellular copper concentration. The role of copper in the etiology of many other disorders
1s not yet well defined. Further, several probably sporadic disorders of copper
homeostasis have been described, for which the specific causes is unknown. The
identification of mutated genes has shed some initial light on the regulation of copper
homeostasis, but it is obvious that many components of the copper homeostasis pathways

are still unidentified. Therefore, fundamental research of copper transport mechanisms in



healthy mammals is essential for better comprehension of copper —related disorders and

for the development of treatment strategies.

1.3 Cellular Copper Transport Mechanisms

Insights into the identification of cellular components that play a key role in copper
homeostasis were derived from studies in model organisms such as bacteria and yeast.
Many of the identified components are structurally and functionally conserved between
species, emphasizing the importance of copper homeostatic mechanisms (figure 1.1). To
maintain a critical balance between copper necessity and toxicity, cells have developed
sophisticated mechanisms that rapidly respond to variations in environmental copper
concentrations. Construction of knockout mouse strains has further demonstrated the
essential nature of copper systems. The uptake and intracellular compartmentalization or
buffering of copper is strictly regulated in single cell organisms such as yeast. In
complex organisms such as mammals, this balance is achieved not only by regulating
copper at a cellular level, but also seems to be processed and utilized by specific target
organs and tissues (Frieden 1986; Vulpe and Packman 1995; Linder and Hazegh-Azam
1996).

Copper is an essential dietary nutrient. The adult human contains about 80-
100mg copper, much of this in the liver (10mg), brain (8.8mg), blood (6 mg), skeleton
(including blood marrow; 46 mg), and skeletal muscle (26mg) (Halliwell and Gutteridge
1985; Linder and Hazegh-Azam 1996; Harris 2003). This information is represented
schematically in figure 2, showing the major players for both copper absorption and

distribution in humans at an organ level. In developed countries, the average daily adult



diet contains about Smg of copper, and somewhere between 0.6-1.6 mg per day is
absorbed via the stomach and duodenum, where extra-cellular pH is relatively low
compared to other parts of the intestine. Mechanisms that transport copper into and out of
these duodenal cells have been identified (Crampton, Matthews et al. 1965; Van Campen
and Gross 1968; Linder and Hazegh-Azam 1996; Pena, Lee et al. 1999). Two candidate
proteins responsible for the copper uptake are expressed at the brush border of the
intestine. The first is the divalent metal transporter 1 (DMT1), also known as natural
resistance associated macrophage protein 2 (Nramp2), or divalent cation transporter 1
(DCT1) (Fleming, Trenor et al. 1997; Gunshin, Mackenzie et al. 1997; F leming, Romano
et al. 1998; Tennant, Stansfield et al. 2002). DMT1 is an iron transporter that can also act
as a copper transporter, but reports about the extent of the involvement in intestinal
copper uptake are inconclusive (Gunshin, Mackenzie et al. 1997; Tandy, Williams et al.
2000; Arredondo, Munoz et al. 2003). A second candidate is human copper transporter 1
(hCtrl), which has been shown to have copper transport activity, selective for Cu (I)
(Zhou and Gitschier 1997; Kuo, Zhou et al. 2001; Lee, Prohaska et al. 2001; Lee, Pena et
al. 2002). Since Cu is largely found as Cu (II) in the diet, copper would first have to be
reduced to Cu (I) to be transported via hCtrl. Numerous proteins are potentially capable
of reducing copper including endogenous plasma membrane reductases or dietary
components such as ascorbate (McKie, Barrow et al. 2001; Knopfel and Solioz 2002).
Most copper transfer across the basolateral membrane to blood and interstitial fluid is
likely to involve ATP7A, since it is highly expressed in enterocytes, and a defect of this
protein results in severe copper deficiency in humans (Chelly, Tumer et al. 1993; Mercer,

Livingston et al. 1993; Vulpe, Levinson et al. 1993).
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The newly absorbed copper is transported via the portal circulation to the liver
(Sternlieb and Scheinberg 1972). Only a few hours following a dose of radioactive
copper is required for 95% of the isotope to be removed from the circulation by the liver,
and within the next 24 hours, isotopic copper can be measured in ceruloplasmin in the
plasma (Hellman and Gitlin 2002). Ceruloplasmin is a ferroxidase, which is synthesized
in hepatocytes and is secreted as a single polypeptide chain of 1046 amino acids with six
atoms of copper bound to it (Osaki and Johnson 1969; Roeser, Lee et al. 1970). A major
role of ceruloplasmin in intestinal copper absorption, uptake in the liver or biliary
excretion has been difficult to confirm since aceruloplasminemic patients exhibit no
copper imbalance (Yoshida, Furihata et al. 1995; Harris, Klomp et al. 1998). Estimates
suggest that the majority of plasma copper is bound to ceruloplasmin and less to serum
albumin and histidine (Linder and Hazegh-Azam 1996). Plasma copper is filtered and
reabsorbed in the kidney with some excess copper being excreted in the urine; higher
than normal urine copper content is a diagnostic test for Wilson’s disease. One of the
major pathways for the removal of copper from the body relies on the Wilson’s disease
protein in the liver. Excess copper is excreted to bile by the Wilson’s disease protein via
the canalicular plasma membrane. Copper appears in the bile and as a result, equivalent
amounts of copper are absorbed each day by the gastrointestinal tract and excreted into
the bile (Tao and Gitlin 2003). Since the liver provides the most physiologically relevant
mechanism for copper excretion, it is thought to be the central organ for regulating
copper levels in the body. At a cellular level, regulation of copper homeostasis is carried

out via a complex set of processes.
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1.3.1 Cellular copper transport: export

In 1993 the homologous copper-export proteins ATP7A and ATP7B, affected in
patients with Menkes disease and Wilson’s disease, respectively, were identified. These
proteins were shown to be homologous to proteins in a number of other species from
bacteria to mammals. Similar defects in these two proteins’ ability to efflux copper gives
rise to two distinctly different diseases is spite of the proteins being similar structurally
and functionally (Payne and Gitlin 1998). This difference in disease manifestation is
likely due to differences in tissue expression of these two proteins. ATP7A mRNA is
expressed in enterocytes and the endothelium of the blood brain barrier and many other
tissues (Vulpe, Levinson et al. 1993; Murata, Kodama et al. 1997) while ATP7B is
expressed predominantly in the liver and at lower levels in the brain, kidneys, placenta,
and the heart (Tanzi, Petrukhin et al. 1993; Vulpe, Levinson et al. 1993; Kuo, Gitschier et
al. 1997; Murata, Kodama et al. 1997, Saito, Okabe et al. 1999). Within the brain, cell
specific expression of these two proteins has been reported and the expression of these
two proteins changes during development (Barnes, Tsivkovskii et al. 2005).

ATP7A and ATP7B belong to a large family of cation-transporting P-type
ATPases, a group of integral membrane proteins that translocate ions across cell
membranes, using the energy of ATP hydrolysis (Lutsenko and Kaplan 1995;
Scarborough 1999). These two proteins have characteristic CPC (cysteine-proline-
cysteine) motif in one of the eight transmembrane regions, which is thought to be
involved in translocation of copper across membranes in the cell (Lutsenko and Kaplan
1995; Solioz and Vulpe 1996). In their N-termini, these P-type ATPases uniquely have

six repetitive sequences, each carrying the metal binding motif MTCXXC, which can
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bind one copper atom in the reduced Cu (I) form per domain (Lutsenko, Petrukhin et al.
1997; DiDonato, Narindrasorasak et al. 1999; Jensen, Bonander et al. 1999). The copper
metal-binding domains are arranged in a ferrodoxin-like Bjou;B2B302B4 fold, and the two
cysteine residues are the major ligands coordinating the copper atom (Huffman and
O'Halloran 2001; Ralle, Lutsenko et al. 2003). Currently it is not known how many
copper atoms are transported per molecule of hydrolyzed ATP. It is also unclear whether
copper transport by ATP7A or ATP7B is electrogenic and whether or not a counter ion is
involved. Similarly, it remains to be determined how copper is released from the
transporters after the ion crosses the lipid bilayer.

To protect cells against toxic copper concentrations, ATP7A and ATP7B proteins
undergo copper-responsive changes in intracellular trafficking. Under low copper
conditions, both proteins are localized in the trans-Golgi network where they deliver
copper to secreted cupro-proteins (like ceruloplasmin) (Petris, Mercer et al. 1996;
Yamaguchi, Heiny et al. 1996; Dierick, Adam et al. 1997; Hung, Suzuki et al. 1997). In
the presence of elevated copper (20-50 uM copper), they are redistributed to either
intracellular vesicles located near the plasma membrane or the plasma membrane, where
they are thought to excrete copper to the extracellular milieu and are phosphorylated by a
kinase (Petris, Mercer et al. 1996; Yamaguchi, Heiny et al. 1996 { Vanderwerf, 2001
#250; Payne and Gitlin 1998; Roelofsen, Wolters et al. 2000). The role of this
phosporylation is not known at this time. A conserved di-leucine motif near the C-
terminus of ATP7A mediates its endocytosis back to the Golgi apparatus in a reversible
process, independent of protein synthesis (Petris, Camakaris et al. 1998; Francis, Jones et

al. 1999; Petris and Mercer 1999). Although the exact molecular mechanisms of
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ATP7A/B trafficking are unknown, copper ~dependent phosphorylation on a non-
catalytic serine residue of the ATPases and a member of the Rho GTPase family named
Cdc42, are involved (Vanderwerf, Cooper et al. 2001; Cobbold, Ponnambalam et al.
2002). The regulated localization of the Wilsons and Menkes disease proteins provides a

way of removing excess copper from the cell in response to cellular copper content.

1.3.2 Cellular copper transport: intracellular distribution

Once copper is inside the cell, free copper ions are virtually undetectable (Rae,
Schmidt et al. 1999), but are transiently associated with small copper-binding proteins,
denoted copper chaperones, which distribute the copper to specific intracellular
destinations (Figure 1.1). Thus far, three copper chaperones have been identified through
genetic studies in yeast. One of the copper chaperones, ATOX1, delivers copper to the
copper transporting ATPases ATP7A/B in the trans-Golgi network (Klomp, Lin et al.
1997; Pufahl, Singer et al. 1997). A second chaperone, COX17, is responsible for
delivering copper to the mitochondria for incorporation into cytochrome ¢ oxidase (COX)
(Amaravadi, Glerum et al. 1997). The third copper chaperone, copper chaperone for
superoxide dismutase (CCS), is responsible for copper incorporation into Cu/Zn
superoxide dismutase in the cytosol and in the mitochondrial intermembrane space
(Culotta, Klomp et al. 1997; Valentine and Gralla 1997).

ATOXI1 was originally identified as a copper dependent suppressor of oxidative
damage in yeast lacking superoxide dismutase (Lin and Culotta 1995). Structural
predictions based on the presence of ferredoxin-like folds in both ATOX1 and ATP7A/B,

suggest copper is transferred via a ligand-exchange reaction involving two- and three-
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coordinate intermediates between cysteine ligands in the CXXC motifs on ATOX1 and
the recipient ATP7A/B proteins (Pufahl, Singer et al. 1997; Hamza, Schaefer et al.

1999 {Walker, 2004 #77; Larin, Mckios et al. 1999; Rosenzweig, Huffman et al. 1999;
Wernimont, Huffman et al. 2000; Walker, Tsivkovskii et al. 2002; Walker, Huster et al.
2004). In cells isolated from Atox1” mice, copper dependent sub-cellular trafficking of
ATP7A is markedly impaired (Hamza, Prohaska et al. 2003). Further, it was shown that
ATOX1 stimulates the catalytic activity of ATP7B (Lutsenko, Tsivkovskii et al. 2003).
Taken together, these data indicate that ATOX1 function is not restricted to only copper-
delivery at the Golgi apparatus, but may also be involved in regulation of the copper
excretion process.

Cu/Zn superoxide dismutase is an enzyme that contains both copper and zinc
ions. This enzyme is active as a dimer and acquires its copper via CCS. It is located in
the cytosol and the inter-membrane space of mitochondria (Casareno, Waggoner et al.
1998; Corson, Strain et al. 1998; Wong, Waggoner et al. 2000; Okado-Matsumoto and
Fridovich 2001; Sturtz, Diekert et al. 2001). The CCS protein comprises three distinct
functional regions. The N-terminal region (domain I) is similar in structure to that of
ATOX1, containing a MTCXXC copper binding motif structured in a ferredoxin-like fold
(Lamb, Wernimont et al. 1999; Lamb, Wernimont et al. 2000). Domain IT has an overall
structure similar to Cu/Zn superoxide dismutase and residues involved in Cu/Zn
superoxide dismutase homodimerization are conserved in CCS, allowing heterodimer
formation between CCS and SOD (Casareno, Waggoner et al. 1998; Lamb, Wernimont et

al. 1999; Schmidt, Rae et al. 1999; Schmidt, Kunst et al. 2000; Rae, Torres et al. 2001).
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Domain III contains a conserved CXC motif that is required for copper transfer into
Cu/Zn superoxide dismutase.

COX is a key integral membrane mitochondrial enzyme in the respiratory chain,
which requires a total of three copper ions to be inserted into two of its 13 subunits
(Tsukihara, Aoyama et al. 1995). The exact mechanism of copper insertion is unknown,
but a substantial role has been assigned to COX17; a gene product identified by
complementation analysis of the respiratory defect in yeast (Amaravadi, Glerum et al.
1997). In yeast, Cox17p is located in the cytosol and the mitochondrial intermembrane
space, prompting a model in which copper-mediated cytosolic yCox17p would
translocate into the intermembrane space to deliver copper to COX (Beers, Glerum et al.
1997). In the same organism, copper incorporation into COX also requires the presence
of Scolp, a mitochondrial inner membrane protein, and also the homologous protein
Sco2p may play a role in COX activation (Schulze and Rodel 1989; Glerum, Shtanko et
al. 1996).

In addition to these copper chaperones, metallothioneins (MT) are present in the
cytosol. MTs are low molecular weight (~7kDa) proteins with a high metal (7-20
atoms/molecule) and sulphur (~30% cysteine residue) content. The major function of
MT is thought to be detoxification of metals and storage of essential trace metals. MT
genes are universally induced at the transcriptional level by metals and a variety of stress
conditions such as reactive oxygen species, hypoxia and irradiation (Yagle and Palmiter
1985). Heavy metal-associated induction occurs at copper concentrations of S5puM

(Hidalgo, Garcia et al. 1994), and is mediated by metal-responsive promoter elements
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(MREs) and the MRE-binding transcription factor MTF-1 (Brugnera, Georgiev et al.

1994; Heuchel, Radtke et al. 1994).

1.3.3 Cellular copper transport: import
1.3.3.1 Divalent metal transporter 1

Divalent metal transporter 1 (DMT1) also known as Natural resistance-associated
macrophage proteins (Nramp) or Divalent cation transporter 1 (DCT1) is thought to be
the primary protein responsible for iron absorption in the small intestine (Figure
1.2)(Gunshin, Mackenzie et al. 1997; Arredondo, Munoz et al. 2003; Arredondo,
Cambiazo et al. 2004). This transporter has relatively little specificity for the type of
metal ion it transports as it is capable of transporting a number of divalent cations
including Fe*", Co*, Zn*", Cu**, Mn®" and Cd2+(Gunshin, Mackenzie et al. 1997).
Because this transporter has been shown to transport Cu®*, it has become a candidate
protein for the transport of copper into other cells besides intestinal cells.

DMTT1 is a protein containing 12 trans-membrane segments and 561 amino acid
residues. The protein is widely expressed as ascertained by mRNA levels with highest
mRNA levels in the intestine, kidney and some regions of the brain (Gunshin, Mackenzie
etal. 1997). Transport of iron by DMT1 has been demonstrated in an oocyte expression
system and been shown to be electrogenic. It was shown to co-transport H™ ions as well
as to act as a uniporter of H" ions (Gunshin, Mackenzie et al. 1997) and with the transport
of Fe™ it generates a positive inward current(Tandy, Williams et al. 2000). A single

change at residue G185 mutated to an arginine causes defective iron transport into the
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intestine of the microcytic mouse and the Belgrade rat (Fleming, Trenor et al. 1997;
Fleming, Romano et al. 1998).

DMT]1 expression appears to be tightly regulated by Fe™ requirements in cells.
This regulation is apparent at both mRNA (Canonne-Hergaux, Gruenheid et al. 1999)
levels as well as protein levels (Fleming, Migas et al. 1999). Most of the work that
suggests DMTT is a relevant transporter has been carried out in Caco-2 cells. Copper
uptake by Caco-2 cells has been shown to occur suggesting DMT1 may provide a
pathway for copper to enter cells. Using competition experiments, researchers have
shown that uptake of copper and iron is related in Caco-2 cells. At high extracellular iron
levels, DMT1 protein expression was shown to be reduced and copper uptake in these
same cells was reduced as well. Tennant et al found that at high extra-cellular copper
levels, both DMT1 mRNA and protein levels were reduced (Tennant, Stansfield et al.
2002). Other have shown that copper uptake is reduced by 50% in Caco-2 cells when
transfected with antisense oligonucleotides targeted at DMT1 (Arredondo, Munoz et al.
2003). This work suggests that in Caco-2 cells, DMT]1 can transport copper across the
plasma membrane. Recent reports suggests that DMT]1 levels may be regulated by copper
concentrations (Arredondo, Cambiazo et al. 2004). In lower copper concentrations,
DMT1 expression increases and at higher copper concentrations DMTT1 protein levels
decrease. Based on transport studies reported by Arredondo et al, DMT1 may have an
apparent affinity for copper in the low uM copper range (Km ~1 uM) (Arredondo,

Cambiazo et al. 2004).

1.3.3.2 Copper transporter 1
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The second set of proteins known to allow uptake of copper into cells is the
copper transporter 1 (Ctr) family of proteins. This family of proteins has been shown to
exist in a number of species and many different cell lines. Ctrl is the focus of this thesis
and will be described in detail below.

At the cellular level, copper is transported at the plasma membrane and
distributed to cellular proteins and compartments for the incorporation of copper into
copper —dependent proteins. The single cell organism, S. cervisiae, has two known high
affinity copper transporters encoded by Ctrl and Ctr3 (Dancis, Yuan et al. 1994; Knight,
Labbe et al. 1996). Yeast cells lacking Ctrl and Ctr3 exhibit striking defects in copper
and iron uptake, mitochondrial respiration and Cu/Zn superoxide dismutase activity
(Dancis, Yuan et al. 1994; Knight, Labbe et al. 1996; Labbe, Pena et al. 1999; Zhou and
Thiele 2001).

Ctrl in yeast was identified in 1994 as a consequence of a defect in iron
absorption (Dancis, Yuan et al. 1994). Essentially a yeast strain defective in iron
transport was found to have a defect in a gene that was determined to be a copper
transporting protein, yCtrl. Fet3p, a plasma membrane iron oxidase requires copper as a
cofactor. yCtrlp is responsible for the transport of copper into yeast and therefore allows
copper to be incorporated into Fet3p. yCtrl was found to be a 406 amino acid protein
that contained two hydrophobic stretches of amino acids (153-177) and (242-
281)(Dancis, Haile et al. 1994; Dancis, Yuan et al. 1994). Given the length of this
second hydrophobic stretch it was postulated that this hydrophobic domain was actually
two trans-membrane segments (Dancis, Yuan et al. 1994). The protein was localized to

the plasma membrane of yeast using an epitope tag at the carboxyl terminal end of the
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protein. The protein migrated on an SDS —~PAGE gel as a protein band of 100 kDa,
however the predicted size of yCtrl is 47-49 kDa. It was shown using yeast strains that
have temperature sensitive mutations for glycosylation that yCtrl contains significant O-
linked glycosylation (Dancis, Haile et al. 1994).

yCtrl also contains multiple MXXM motifs in it amino-terminal domain as well
as in its second trans-membrane domain. These motifs are thought to be important for
copper interaction with the protein as it is transported across the membrane (Dancis,
Yuan et al. 1994; Puig, Lee et al. 2002). Using yCtrlp expressed with either an HA or c-
myc tag at the carboxyl terminal end of the expressed protein it was demonstrated by co-
immunoprecipitation that yCtrl likely formed at least dimers and possibly higher order
oligomers (Dancis, Haile et al. 1994). This is reasonable as most transport proteins
contain 6- 12 trans-membrane domains. yCtrl was also shown to mediate radio-isotopic
copper uptake in yeast cells demonstrating the yCtrl is a functional copper transporter.

A second protein that is capable of transporting copper into yeast cells is yCtr3,
first discovered in 1996 (Knight, Labbe et al. 1996). The CTR3 gene is interrupted in
most laboratory yeast strains by the insertion of a transposable element in its promoter
region. Ctr3p is protein of 241 amino acids and contains 11 cysteine residues in contrast
to yCtrl (Knight, Labbe et al. 1996). It is capable of high-affinity Cu uptake, and can
restore Cu, Zn superoxide dismutase activity, ferrous iron transport, and respiratory
defects in strains lacking yCtrlp (Knight, Labbe et al. 1996; Pena, Puig et al. 2000).
Yeast strains must be defective in both of these transporters in order to show the copper
deficiencies associated with lack of copper uptake. Although Ctrlp and Ctr3p can

function independently in copper transport, the expression of both proteins provides
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maximal copper uptake and growth rate under copper- limiting conditions. Ctr3 can
assemble as a trimer at the plasma membrane similarly to yCtrl. This has been
demonstrated through the use of the chemical crosslinker ethylene glycol
bis(succinimidyl)succinate (Pena, Puig et al. 2000).

A difference between yCtrl and yCtr3, other than their relative size, is the
presence of multiple cysteine residues in yCtr3 and the relative lack of methionine
residues (Figure 1.3). Significantly, four of these residues (C16, C48, C51 and C199) are
important for copper incorporation into yeast (Pena, Puig et al. 2000). The exact role
these residues plays is unknown. It has been postulated that they play a role in proper
folding or dimerization of the subunits to assemble a functional unit (Pena, Puig et al.
2000).

Copper uptake is regulated both at transcriptional and post translational levels in
S. cerevisiae. Transcription factors that regulate the expression of Cu homeostasis genes
have been identified. In yeast, control occurs at the transcriptional level regulated by two
copper sensing and copper modulated transcription factors: Maclp (metal binding
activator) and Acelp (activator of CUP1 expression) (Furst, Hu et al. 1988; Jungmann,
Reins et al. 1993). Maclp is active in low Cu conditions and induces the expression of
genes necessary for copper uptake. Copper ion-responsive elements exist in the
promoters of both yCtrl and yCtr3. Transcription of Ctrl and Ctr3 genes is regulated
through the action of the copper-sensing transcription factor Mac1p, and phosphorylation
of Maclp is likely linked to this transcriptional regulation. Mac1p regulates the
expression of three genes necessary for the uptake of copper into yeast cells. Elevated

copper levels inhibit Ctrl and Ctr3 specifically while Fe and Cu modulate expression of
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Frel (Jungmann, Reins et al. 1993; Dancis, Haile et al. 1994). This suggests that genes
involved in copper uptake in yeast cells are regulated through the sensing of Cu ions in
intra-cellular compartments. Maclp was shown to have a copper sensing activation
domain by the fusion of this activation domain (residues 42-417) to the Gal 4 DNA
binding domain (residues 1-147). Extra cellular copper represses this construct. It was
also shown that a fusion of Mac1"™" (MacI*" is mutant that exhibits copper
hypersensitivity) with Gal4 DNA binding domain abolished this copper repression
(Graden and Winge 1997). Therefore the activation of Mac1p for gene expression was
separated from the repressive effects seen through its interaction with copper ions.

Others identified a common promoter element for the three genes, Frel Ctrl and
Ctr3. This sequence named CuRE (copper- response element) has the consensus
sequence 5’-TTTG(T/G)C(A/G)-3’ found in two copies in each of the promoters for these
genes and was determined to be necessary for both copper repression and activation in
copper-depleted cells (Labbe, Zhu et al. 1997). In vivo footprinting studies showed the
CuRE sequences were occupied under copper depleted conditions and accessible to DNA
modifying agents in copper replete cells. It was shown that a direct interaction between
the CuRE and Maclp occurred by using electrophoretic mobility shift assays
(Yamaguchi-Iwai, Serpe et al. 1997).

Additional work on the regulation of Maclp in response to copper levels in the
cell demonstrated that the Maclp is very stable at low Cu concentrations. However when
intracellular Cu levels are high Mac1p undergoes a rapid degradation that is consistent
with the reduction in Ctr3 mRNA levels as assayed by RNAse protection (Zhu, Labbe et

al. 1998). It was also demonstrated that Maclp is degraded. The carboxyl terminal
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activation domain was shown to be involved in this copper regulated degradation process.
Mutations in the two cysteine rich repeats were found to be responsible for the
degradation patterns of Mac1p and activation of Ctr3 gene expression (Zhu, Labbe et al.
1998).

Jensen and Winge showed that Maclp is a copper binding protein (binds 8 Cu
ions) and that upon the binding of copper Mac1p undergoes a conformational change
(Jensen and Winge 1998). This change allows an inter-molecular interaction between the
N-terminal and C-terminal portions of the protein. This intra-molecular interaction
inhibits both DNA binding and transactivation by Maclp (Jensen and Winge 1998).
These authors also showed that the Mac1**' protein was more stable than wild type in
high copper concentrations. The Mac1"'also had only 4-5 copper ions bound suggesting
that Maclp is acting to measure intracellular copper levels. Jensen and Winge suggest a
model for Maclp function. Their model states that under copper depleted conditions
there is no interaction between the N-and C- terminal portions of the protein, which
allows the DNA binding domain to interact with DNA and the activation domain to be
exposed to interact with general transcription factors within the mediator complex.
Under copper replete conditions, Maclp N- and C-terminal domains interact causing the
loss of DNA binding activity.

Jensen et. al. later showed that the first 159 residues of Maclp are the minimal
DNA binding domain(Jensen, Posewitz et al. 1998). They also showed that both CuRE
clements are necessary for efficient transcriptional activation (Jensen, Posewitz et al.
1998). They described the binding of two Zn ions to this N-terminal domain and suggest

that the N-terminal 40 amino acids are a DNA binding Zn module. This type of module
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is found in Acel and Amtl (Jensen, Posewitz et al. 1998). They also show that two
repeats of the CuRE sequence are not needed for DNA binding but two are needed for
high level transcriptional activation in vivo.

It was discovered that the transcriptional activity of Maclp was localized to
amino acids 264-279, a cysteine rich motif in the middle portion of Maclp. Additionally
a helix motif at the C-terminus is likely to be involved in the protein—protein interactions
of Maclp with itself. Point mutations within this helix motif abrogated in vivo
transcription activated by Maclp (Serpe, Joshi et al. 1999).

Elevated levels of copper lead to the repression of Maclp and the activation of
Acelp. Under high copper levels Acelp induces the expression of genes encoding
copper binding proteins namely Cupl and Crs5 (two yeast metallothioneins) and the
cytoplasmic Cu/Zn SOD1. These proteins protect against the toxic effects of copper by
binding to copper (metallothioneins and SOD1) and by abrogating reactive oxygen
species generated by copper redox chemistry (SOD1) (Furst, Hu et al. 1988; Gralla,
Thiele et al. 1991; Culotta, Howard et al. 1994; Culotta, Joh et al. 1995). To date, no
transcription factor regulating mammalian copper homeostatic genes has been identified.

Yeast copper uptake is also controlled at the post-translational level (Ooi,
Rabinovich et al. 1996). yCtrlp undergoes Macl-dependent degradation in response to
high levels of copper ions, in the apparent absence of endocytosis. The exact mechanism
of Mac1-dependent degradation is not known, however two possible mechanisms have
been suggested (Yonkovich, McKenndry et al. 2002). The first mechanism suggested is
that Macl activates a gene encoding a protease that specifically targets yCtrl. A second

suggested mechanism is that Macl is actually responsible for this degradation by either
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binding to yCtrl and targeting yCtrl for degradation or that Macl has protecase
capabilities itself (Yonkovich, McKenndry et al. 2002). Furthermore, some plasma
membrane localized yCtrlp is internalized into an endosome-like structure upon addition
of copper. yCtr3p does not undergo this turnover and endocytosis (Ooi, Rabinovich et al.
1996; Pena, Puig et al. 2000).

Human Ctrl was cloned by complementation of the yeast high affinity copper
uptake mutant deficient for Ctrl and Ctr3 (Ctr1/3)(Zhou and Gitschier 1997). Based on
hydropathy analysis, hCtr1 is similar in overall structure to the yeast copper transporters
Ctrl and Ctr3 (Figure 2.1). Besides complementing the growth defect on non-fermentable
media associated with the Ctrl/3 mutant, the human Ctrl gene also rescues iron transport
and Cu/Zn superoxide dismutase defects in Ctr1/3 yeast. hCtr1-mediated **Cu transport is
an energy-independent, saturable (K,~3 puM) process and may be stimulated by extra-
cellular acidic pH and possibly by high K™ concentrations (Lee, Pena et al. 2002).

Based on sequence homology, a cDNA encoding an hCtrl-related protein,
denoted hCtr2, was identified (Zhou and Gitschier 1997; Moller, Petersen et al. 2000).
Both hCtrl and hCtr2 are expressed in many human tissues examined and both genes are
located at chromosome9q31/32. Expression of hCtr2 did not complement the respiratory
deficiency of the yeast lacking high-affinity copper transporters, and did not alter the
kinetics of **Cu uptake or export in fibroblast cells (Moller, Petersen et al. 2000). These
observations suggest that hCtr2 is not likely to function as a high affinity copper
transporter in a manner analogous to hCtrl.

Competition experiments support a hypothesis that hCtr1 is a specific metal

transporter. Strong competition by Ag(I) in copper uptake experiments suggests that
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Ag(I), which is isoelectric to Cu(I), can be transported by hCtrl and that reduced
monovalent copper is the preferred substrate for the hCtrl transporter since divalent
metals (Zn, Fe, Mg) do not compete with copper for transport(Lee, Pena et al. 2002).
Consistent with this observation, ascorbate treatment to reduce Cu(Il) to Cu(I) may
enhance copper uptake, and studies in bakers yeast strongly suggest a role for the FRE1
and FRE7 metallo-reductases as physiological enzymes in the reduction of copper before
cellular import (Hassett and Kosman 1995; Georgatsou, Mavrogiannis et al. 1997;
Martins, Jensen et al. 1998).

Targeted gene deletion of the mCtrl gene results in embryonic lethality in
homozygous mutant embryos demonstrating the critical function of Ctrl in embryonic
development (Kuo, Zhou et al. 2001; Lee, Prohaska et al. 2001). Mice heterozygous for
Ctrl display tissue specific defects in copper accumulation, but are phenotypically
normal. Analysis of tissue copper-content reveals that the brain and spleen copper levels
were reduced approximately 50% in Ctrl1™ mice, however gut, liver and kidney copper
levels were not different from wild-type control mice (Kuo, Zhou et al. 2001; Lee,
Prohaska et al. 2001). Consistent with these findings, brain copper-enzyme activity was
also reduced in Ctr1™ mice. The Ctrl knockout experiments in mice demonstrate that
Ctrl activity is rate limiting for copper uptake in several organs and demonstrated the
lack of a functionally redundant high affinity copper transport activity in mammals.

This essential requirement for hCtrl in mice underscores the ubiquitous presence
of hCtrl in various tissues and cell types. Many tissues and cell types investigated
contain hCtrl proteins or mRNA (Zhou and Gitschier 1997; Lee, Prohaska et al. 2000;

Klomp, Tops et al. 2002). The specific level of protein expression and the localization of
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hCtrl protein in the cell has become the focus of a number of studies (Klomp, Tops et al.
2002; Petris, Smith et al. 2003). These investigators look at either endogenously
expressed hCtrl or transfected epitope-tagged hCtrl to ascertain the cellular localization
of hCtrl. In many cell types (Caco-2, HEK 293 and CHO), hCtr1 is localized to the
plasma membrane as expected for mediating the transport of copper into cells (Klomp,
Tops et al. 2002; Lee, Pena et al. 2002; Petris, Smith et al. 2003). However in other cell
types (HeLa, A549, H441 and BeWo), hCtrl is primarily found in an intracellular
unspecified location (Klomp, Tops et al. 2002). This has led to the investigation of
whether hCtrl is regulated in a copper-specific manner. Petris et al have suggested that
hCtrl is regulated in a copper specific way (Petris, Smith et al. 2003), however this has
been disputed and is a focus of later chapters in this thesis.

The amino acid sequence of the human high affinity transporter Ctrl contains
three methionine-rich domains, called Mets-domains; two in the N-terminal part of the
protein and one in the second putative trans-membrane domain, whereas yCtrlp contains
eight Mets-domains (figure 1.4 and 2.1). In addition, two histidine-rich domains are
present in the N-terminal part of hCtrl. The first Mets-domain is not conserved among
species and mutations in this domain have little effect on copper transport activity, further
suggesting that this domain is not essential for Ctrl function. Mutations in the two
histidine-rich domains in the N-terminus of hCtrl also do not influence copper transport
activity (Puig, Lee et al. 2002). However, mutations at positions M43 and M45 in the
second methionine rich domain are unable to complement the growth defect of the yeast
high affinity copper uptake mutant, Ctrl/3, and only modestly stimulate **Cu uptake in

human cells, compared to the wild-type hCtrl allele. Two other methionines in the
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predicted second trans-membrane domain of hCtrl protein, M150 and M 154, are also
conserved among Ctrl proteins in different species (Figure 1.4), and mutational analysis
demonstrated that both methionine residues are important for the ability of hCtrl to
complement the growth defect of yeast cells lacking Ctr1/3 (Puig, Lee et al. 2002).
Furthermore, expression of these mutant alleles reduces copper uptake in HEK 293 cells
expressing wild-type hCtrl, suggesting that multimers are formed between mutant and
wild-type alleles of hCtrl. Although these data indicate the significance of some amino
acids in Ctrl mediated copper transport activity, further analysis of the biochemical
characteristics and expression pattern of Ctrl protein is necessary to understand Ctrl
function.

1.4 Questions addressed in this dissertation.

Many unresolved questions remain concerning hCtrl and its role as a copper
transporter. Some of these include how copper is transported through the membrane?
Does copper bind to specific residues in hCtrl as it passes through the membrane? What
residues are important for the proper folding of hCtrl and are there structural domains
that impact transport of copper across the membrane? Is hCtrl functional at the plasma
membrane? Is hCtrl post translationally modified? Is hCtrl regulated transcriptionally
or post translationally? If so, is the regulation copper dependent?

The remainder of this thesis focuses on several of these unanswered questions
regarding structure, function and regulation of hCtrl. Specifically, Chapter 2 focuses on
basic protein structural questions concerning topology of the protein, and identification of
residues that are post translationally modified or are important for structural stability.

Chapter 3 continues the investigation of copper transport by focusing on particular
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domains and residues that may play a role in the transport mechanism. Chapter 4
investigates the mechanism of copper transport by asking questions about the regulation
of endogenous hCtrl. Specifically, does hCtrl transport copper at the plasma membrane
and 1s there any significant regulation of this process. Chapter 5 continues an
investigation of the role of regulation as it pertains to hCtrl and focuses on whether a
significant copper-dependent regulation exists for hCtrl as seen with yCtrl or is hCtrl

more similar to yCtr3 in certain aspects of its regulation.
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Table 1.1 Copper containing proteins

This table consists of a partial list of proteins that require copper as a cofactor.
Inadequate copper binding to some proteins can lead to disease pathology due to lack of
function. Alternatively, many cellular processes, in the presence of too much copper can

have altered function causing hyper-activity and toxicity.
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Table 1.1

Short list of Copper dependent proteins

Enzyme Function

Angiogenin Induction of blood vessel formation
B—amyloid precursor protein unknown

Blood clotting factors V & VIlI Blood clotting

Ceruloplasmin

Cu/Zn superoxide dismutase

Cytochromme C oxidase

Dopamine b-hydroxylase

Hephaestin

Lysyl oxidase

Metallothionein

Monophenol monooxygenase
Peptidylglycine a-amidating monooxygenase
Tyrosinase

Iron homeostasis

Antioxidant defense

Mitochondrial respiration

Neurotransmitter synthesis

Intestinal iron efflux

Collagen crosslinking

Cu sequestration

Melanin synthesis

Neuropeptide and peptide hormone processing
Melanin synthesis



Figure 1.1 Mammalian Cellular Cu Metabolism and trafficking. Many components of
the copper metabolism pathways have been identified in mammalian cell. This figure
summarizes the location and role played by these copper homeostatic proteins. Copper
enters via Ctrl and is picked up by cytoplasmic chaperones to be distributed to various
cellular locations, including the mitochondria (Cox 17), cytoplasm (CCS) and trans-golgi
network (Atox 1) or can be sequestered by metallothionein. Copper is incorporated into
target proteins in the mitochondria, or cytoplasmic proteins such as SOD. A major
pathway for the delivery of copper to secreted proteins or membrane proteins is through
an Atox1- P1-ATPase interaction. The P,-ATPases then transport copper into the TGN

or excrete excess copper out of the cell.
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Figure 1.1
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Figure 1.2 Copper dietary intake, delivery to and processing by the liver.

Ingested copper is absorbed by the enterocytes of the small bowel. Copper is transported
across the apical membranes by two transporters, Ctrl and DMT]. Copper is then
excreted at the basolateral membrane by the Menkes protein for delivery to the liver.
After processing and excretion from the liver by the Wilsons disease protein, copper is
carried to the rest of the tissues in the body by small molecular weight peptides or more

recently thought to be carried to other tissue by ceruloplasm.
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Figure 1.2
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Figure 1.3 Schematic representation of the location of copper coordinating residues in
yCtrl and yCtr3. yCtrl is relatively rich in Methionine residues while yCtr3 has
numerous cysteine residues. Both are found in copper binding motifs and are target
residues thought to bind copper during the transport mechanism. The figure also

represents the relative size differences between the two yeast proteins.
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Figure 1.3
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Figure 1.4 Ctrl protein alignments. This figure contains protein alignments of several
mammalian Ctrl proteins with yeast and C.elegans Ctr proteins. The alignments show
the relative lack of amino acid identity. This lack of identity has led some to postulate

that structural considerations play a more important role in transport rather than actual

binding of copper by specific residues.
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Figure 1.4

Human
Mouse
Rat
Monkey
Dog
yCTRp
yCtr3p
C.elegans

Human
Mouse

Rat
Monkey
Dog

yCTRp
yCtr3p

C. elegans

Human
Mouse

Rat
Monkey
Dog

yCTRp
yCtr3p

C. elegans

Human
Mouse
Rat
Monkey
Dog
yCTRp
yCtr3p
C.elegans

Human
Mouse
Rat
Monkey
Dog
yCTRp
yCtr3p
C.elegans

Human
Mouse
Rat
Monkey
Dog

YCTRp
yCtr3p
C.elegans

Human
Mouse
Rat
Monkey
Dog
yCTRp
yCtr3p
C.elegans

———————————————— MTWSYVRENSSWTAFPFLFWKRLSLDLLRLKLSKEALTNHQVTS
MEGMNMGS SMNMDAMS SASKTVAS SMASMSMDAMSSASKTILS SMS SMSMEAMS SASKTL
MNMGGSSSTAAKKATCKISMLWNWYTIDTCFI

~=~MNHMGMNHMEMHHHMGMNHTDDN I TM~-PPHHHPTT SASHSHGGGD-SM~
—————— MRMNHMEMHH-MGMNHTDDNITM-PPHQHPTTSASHSHE——————~—
— —== MDSNSTMOPSHHHPTTSASHSHGGGDSSM===——~———
YSSADSTFPAKVDHSHHKGTSHMAYNSTTVPSHHHPTT SASHSHGEGMHNM-~— = —— == —
ASTMSSMASMSMGS SSMSGMSMSMSSTPTSSASAQTTSDSSMSGMSGMSS SDNSSSSGMD
ARSWRNDTKGKFAGSCIGCFALVVVAQWLTRFSRQFDVELLKRQKIKHLAS
__________________________________________________ M= T

—-MMMPMTFY FGFKNVE--LLFSGLVINTAGEMAGAFVAVFLLAMFYEGLKIARESL - ——
—~MMMPMTFY FDFKNVN--LLFSGLVINT PGEMAGAFVAVFLLAMFYEGLKIAREGL-——
—~MMMPMTFY FGFKNVD--LLFSSLVINTPGEMAGAFVAVFLLAMFYEGLKIAREGT -~
—~MMMPMTFY FGFKNVE--LLFSGLVINTAGEMAGAFVAVFLLAMFYEGLKIARESL~——
—-MMH-MTFYFGFKNVE-~LLFSGLVINTAGEMAGAFVAVFLLAMFYEGLKIARESL,———
MDMSMGMNYY LTPTYKNYPVLFHHLHANNSGKAFGI FLLFVVAAFVYKLLLFVSWCLEVH
—=-YSPEEYVVKCGEEDAKSDIEELQGFYNEPSWKTTLISLQKSFIYSFYVWGPRRL ———
—-MHMMMEMY FHFRIEEP-ILFREWKPLNTTAYVFSCIEI FLIAFCLEALKFGRTKL - ——

———————————— YNSMPVPGPNGTILMETHKTVGQQOMLSFPHLL
———————————— YNSMPVPGPNGTILMETHKTVGQOMLSFPHLL
~YNSMPVPGPNGTILMETHKTVGQOMLSFPHLL
~YNSMPVPGPNGTILMETHKTVGQQMLSFPHLL

———————————— YNSMPVPGPNGTILMETHKTVGQOMLSFPHLL
WEKKWDKQNKY STLPSANSKDEGKHY DTENNFEIQGLPKLPNLLSDI FVPSLMDLEFHEDI T
~NEPEDDLLKK—~===~———mm e V-LSCCTLITPVDLYPTFLDHMI
——————— SPKVKIVEKKVDCCCSTEKDGLWNIPETIPLTQKTVTLAPFTRDSLI SKFHMA

QTVLHIIQVVISYFLMLIFMTYNGYLCIAVAAGAGTGY FLFSWKK—~-—=—— AVVVDITE
QTVLHIIQVVISYFLMLIFMTYNGYLCIAVAAGAGTGY FLESWKK- --AVVVDITE
QTVLHIIQVVISYFLMLIFMTYNGYLCIAVAAGAGTGY FLFSWKK— ~-=-AVVVDITE
QTVLHIIQVVISYFLMLIFMTYNGYLC IAVAAGAGTGY FLESWKK-~————~— AVVVDITE
QTVLHIIQVVISYFLMLIFMTYNGYLCIAVAAGAGTGY FLFSWKK~——~——— AVVVDITE

RAFLVFTSTMIIYMLMLATMSFVLTYVFAVITGLALSEVFFNRCKIAMEKRWDIQREIQK
RVTIFVLQWGLSYIIMLLFMYYNGYIIISCLIGAIVGRFIFCYEPLGSLGANGSAQGTVS
SSLLVFVQHFIDYSLMLVSMTYNWPIFLSLLAGHTTGY FFLGPMM~——-——— TVEESEAA

AKSCPGFGNCQCGRHPEPSPDPIAVADTTSGSDQSTRLEKNNESKVAISENNQKKTPTQE
YDKESDDRKCCL === m o e e e
GSCCs == e ==




Chapter 2
Molecular Characterization of hCtr1, the Human Copper

Uptake Protein.

John F Eisses & Jack H Kaplan*

Department of Biochemistry & Molecular Biology
Oregon Health & Science University

Portland, OR 97201

Journal of Biological Chemistry

2002 August 9; 277(32): 29162-71

40



2.1 ABSTRACT

We have expressed hCtrl, the human Cu transporter, in sf9 cells using a baculovirus-
mediated expression system and observe greatly enhanced Cu uptake. Western blots
show the protein is delivered to the plasma membrane, where it mediates saturable Cu
uptake with a Ky, of ~ 3.5uM. We also expressed functional transporters where the N-
linked glycosylation sites are substituted and provide evidence for the extracellular
location of the amino-terminus. Accessibility of amino-terminal FLAG epitope to Ab
prior to permeabilization and of carboxy-terminal FLAG only after permeabilization
confirms the extracellular location of the amino-terminus and establishes the intracellular
location of the carboxy-terminus. Tryptic digestion of hCtr]l occurs within the
cytoplasmic loop and generates a 10 kDa carboxy-terminal peptide; cleavage is prevented
by the presence of Cu. hCtrl mutants where C161 and C189, the two native cysteines are
replaced with serines also mediate Cu uptake, indicating that neither cysteine residue is
essential for transport. However, the mutants provide evidence that these residues may
stabilize hCtrl oligomerization. Western blots of hCtr1 in sf9 cells show expression
levels 100-fold higher than in mammalian (HepG2) cells. The high level of functional
expression and the low level of endogenous Cu uptake will enable future structure-

function analysis of this important protein.
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2.2 INTRODUCTION
It has been estimated that about one third of all known proteins contain metal co-

factors and the majority of these function as essential metalloenzymes. Cu is an essential
micronutrient in humans, and it is required for cellular respiration, iron homeostasis,
pigment formation, neurotransmitter biosynthesis, peptide biogenesis, connective tissue
production and antioxidant defense (Culotta 2001). Recent studies in microorganisms and
the identification and characterization of the molecular basis of several genetic diseases
of Cu metabolism in humans have provided a partial list of the components involved in
regulating and controlling intracellular Cu metabolism (DiDonato and Sarkar 1997;
Valentine and Gralla 1997; Askwith and Kaplan 1998; Schaefer and Gitlin 1999;
Harrison, Jones et al. 2000; Bartnikas and Gitlin 2001). The transport of Cu into and out
of cells has also received increased attention. Mutations in either of two human genes
encoding Cu-transporting P-type ATPases that are localized in the secretory pathway
result in Menkes Disease (ATP7A) and Wilsons Disease (ATP7B), which cause intestinal
Cu absorption defects or maldistribution of hepatic Cu respectively (DiDonato and Sarkar
1997; Schaefer, Roelofsen et al. 1999). The two P-type ATPases are clearly essential for
the controlled removal of Cu from cells (Bull, Thomas et al. 1993; Chelly, Tumer et al.
1993; Tanzi, Petrukhin et al. 1993; Vulpe, Levinson et al. 1993; Yamaguchi, Heiny et al.
1993). The importance of these proteins was established in1993, however, at that time the
mechanism of Cu uptake into mammalian cells was entirely unknown.

An important series of studies in the yeast S. Cerevisiae, first appearing in 1994,

provided the basis for our current ideas about the major Cu entry mechanisms (Dancis,
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Haile et al. 1994; Dancis, Yuan et al. 1994). It was shown that a gene, CTR1, encoded a
multi-spanning plasma membrane protein that was specifically required for high affinity
Cu transport into yeast. The CTR1 gene product is a protein composed of 406 amino acid
residues. A second high affinity Cu uptake protein, encoded by the CTR3 gene was
subsequently identified. The two gene products are functionally redundant and both
contain three putative transmembrane segments, however, they are structurally quite
different (Pena, Puig et al. 2000). Ctr3 is composed of 241 amino acid residues, and it
lacks the MXXMXM motifs that are abundant in Ctrl. Ctr3 is relatively rich in cys
residues, containing 11 cys residues in its sequence, although apparently only 4 of these
residues may be important for function (Pena, Puig et al. 2000). Ctrl is highly
glycosylated (Dancis, Haile et al. 1994) and has eight repeats of the MXXMXM motifs.
It was speculated that the glycosylation had some functional significance (Dancis, Haile
ct al. 1994). The Mets motifs, which are regarded as potential metal-binding sites, are
located in the amino-terminal tail that is thought to be in the predicted extracellular
domain. The presence of these multiple sulfur-containing amino acid residues suggested a
possible role in Cu coordination. It should be borne in mind that the hydropathy analysis
of these transporters suggests three transmembrane segments (see Figure 1) and thus the
amino- and carboxy-terminals are on opposite sides of the membrane. The reason that the
amino-terminus was placed on the outside in the initial models was that the Mets domains
were in the amino-terminus and since the proteins were Cu uptake systems, Cu binding
was assumed to be the first step in the process. Obviously two alternatives exist, with the
amino-terminus at the extracellular surface and the carboxy-terminus in the cytosol, as

assumed, or vice versa.,
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In 1997 Zhou and Gitschier identified the first human gene for Cu uptake (Zhou
and Gitschier 1997). This protein, hCtr1, was identified by complementation of a Ctrl
growth defect in yeast on non-fermentable media and also rescued iron transport and
Cu/Zn SOD defects. The gene was proposed to encode a high affinity Cu uptake process
and was found to be 29% identical at the primary structure level with Ctrl from yeast.
The human protein<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>