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Abstract
Copper is an essential trace element required by all aerobic organisms as
a co-factor for enzymes involved in normal growth, development and physiology.
Ctr1 proteins are members of a highly conserved family of copper importers
responsible for copper uptake across the plasma membrane. Mice lacking Ctr1
die during embryogenesis from widespread developmental defects,
demonstrating the need for adequate copper acquisition in the development of
metazoan organisms via as yet uncharacterized mechanisms. The early lethality
of the Ctr1 knockout mouse has made it difficult to study the functions of copper
and Ctr1 proteins in metazoan development and physiology. Drosophila
melanogaster, a genetically tractable system expresses three Ctr1 genes, Ctr1A,
Ctr1B and Ctr1C, and may help to further understand the roles of copper and
Ctr1 proteins in metazoan development and physiology. Described here is the
characterization of Drosophila Ctr1A.
Localization studies using an affinity purified anti-Ctr1A peptide antibody
show Ctr1A is predominantly expressed at the plasma membrane in whole
embryos and in larval tissues. Ctr1A is an essential gene in Drosophila as lossof-function mutants, generated by imprecise p-element excision arrest at early
larval stages of development. Inductively coupled plasma mass spectroscopy
(ICP-MS) demonstrated that whole body copper levels are reduced in Ctr1A
mutants and consequently, a number of copper-dependent enzyme deficiencies
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were detected by in vitro enzyme and cell biological assays. Ctr1A maternal and
zygotic mutants have a more severe developmental phenotype and also showed
reductions in heart rate, which could be partially rescued by dietary copper
supplementation. Heart-specific Ctr1A knockdown flies were subsequently
examined for heart rate defects using optical coherence tomography (OCT) and
while they did have reduced heart rate measurements, heart contractility was
compromised.
While investigating tissue-specific requirements for Ctr1A in the development of
Drosophila, a genetic interaction between Ctr1A and Ras was observed. Genetic
experiments in Drosophila and cell culture experiments in both Drosophila and
mammalian cell lines demonstrate a conserved role for Ctr1 proteins and copper
as positive modulators of Ras/MAPK pathway signaling. Immunoblot analysis
shows that signal transduction is intact until the point at which MEK1/2
phosphorylates ERK1/2. MEK2 protein levels are reduced in copper deficient
cells, while MEK1 is able to bind copper-chelated beads, suggesting that these
two proteins may be copper-binding proteins. In summary, this work
demonstrates that Ctr1A is an essential gene in Drosophila and through
characterization studies of Ctr1A, has uncovered conserved roles for Ctr1
proteins and copper in physiological processes and in an important signaling
pathway that controls a number of fundamental biological processes.

-v-

Table of Contents
Abstract................................................................................................................ iv
List of Tables...................................................................................................... viii
List of Figures....................................................................................................... ix
Acknowledgements.............................................................................................. xi
1. Introduction to Eukaryotic Homeostasis ............................................................1
1.1 History of Copper in Biology and Medicine .............................................1
1.2 Biochemistry of Copper...........................................................................4
1.3 Intracellular Copper Homeostasis ...........................................................6
1.3.1 The Ctr1 Family of High Affinity Copper Transporters ..................11
1.3.2 Copper Chaperones and Intracellular Distribution of Copper........18
1.3.3 Regulation of Copper Homeostasis ..............................................30
1.4 Systemic Copper Homeostasis .............................................................36
1.5 Copper and Copper Homeostasis Components in the Development and
Physiology of Metazoan Organisms............................................................43
1.6 Drosophila as a Unique System for Studying Copper Homeostasis and
Discovering Novel Copper-Binding Proteins and New Roles of Copper .....49
2. Drosophila Ctr1A Functions as a Copper Transporter Essential for
Development...............................................................................................55
2.1 Background and Significance................................................................55
2.2 Materials and Methods..........................................................................58
2.3 Results ..................................................................................................62
2.4 Discussion.............................................................................................86
3. Drosophila is Important in Dorsal Vessel Physiology .....................................93
3.1 Background and Significance................................................................93
- vi -

3.2 Materials and Methods..........................................................................99
3.3 Results ................................................................................................100
3.4 Discussion...........................................................................................108
4. Novel Interaction of Copper Transporter Ctr1 with Ras/MAPK Signaling:
Implications for an Involvement of Copper in Cell Proliferation .................111
4.1 Background and Significance..............................................................111
4.1.1 Ras/MAPK Signaling Pathway....................................................112
4.1.2 Copper in Cancer........................................................................126
4.2 Materials and Methods........................................................................136
4.3 Results ................................................................................................141
4.4 Discusssion.........................................................................................169
5. Future Directions and Other Observations...................................................177
References........................................................................................................186
Biography..........................................................................................................217

- vii -

List of Tables
Table 1.1 Examples of Copper Binding Proteins...................................................8
Table 1.2 Diseases of Copper Imbalance ...........................................................47

- viii -

List of Figures
Figure 1.1 Mammalian Intracellular Copper Homeostasis...................................10
Figure 1.2 Structural Characteristics of Ctr1 Proteins .........................................12
Figure 1.3 Model of Systemic Copper Homeostasis ...........................................38
Figure 2.1 Ctr1A is predominantly localized to the plasma membrane .........66, 67
Figure 2.2 Ctr1A is essential for development...............................................71, 72
Figure 2.3 Ctr1A mutants are copper deficient....................................................75
Figure 2.4 Ctr1A maternal and zygotic mutants arrest at earlier stages of
development and yield a qualitative defect in tyrosinase activity ..........78, 79
Figure 2.5 Ctr1A maternal and zygotic mutants are defective in production of
amidated FMRFamide-related peptides ......................................................82
Figure 2.6 Ctr1A maternal and zygotic mutants exhibit a lower heart beat rate ..85
Figure 3.1 Ctr1A heterozygotes do no have any heart rate defects ..................102
Figure 3.2 Ctr1A heterozygotes do not have increased heart size....................103
Figure 3.3 Tissue-specific knockdown of Ctr1A in the dorsal vessle does not
affect heart rate.........................................................................................105
Figure 3.4 Tissue-specific knockdown of Ctr1A in the dorsal vessel does affect
cardiac contractility....................................................................................106
Figure 4.1 Diagram of Ras/MAPK signaling......................................................119
Figure 4.2 Knockdown of Ctr1A or expression of dominant negative Ras in the
prothoracic gland results in a similar, large fly phenotype.................143, 144
Figure 4.3 Knockdown of Ctr1A suppresses constitutively active Ras phenotypes
..........................................................................................................148, 149
Figure 4.4 Knockdown of Ctr1A in Drosophila S2 cells affects Ras/MAPK
signaling but not Ras/PI3K signaling.........................................................152

- ix -

Figure 4.5 Specific chelation of copper or competition for transport by Ctr1A also
results in compromised Ras/MAPK signaling in Drosophila S2 cells
...........................................................................................................155,156
Figure 4.6 Ctr1 proteins have a conserved role in Ras/MAPK signaling that is
dependent upon their copper-transporting activity ............................159, 160
Figure 4.7 Ras/MAPK pathway activation is intact up to MEK1/2 phosphorylation
of ERK1/2..................................................................................................164
Figure 4.8 MEK1 and MEK2 might be copper-binding proteins ........................167
Figure 4.9 Alignment of MEK1/2 orthologues from human, mouse, zebrafish (D.
rerio), D. melanogaster (Dsor1), and S. cerevisiae (Ste7) ........................172

-x-

1. Introduction to Eukaryotic Copper Homeostasis

1.1

History of Copper in Biology and Medicine

Cookware, surgeons’ scalpels, computer chips, plumbing, electrical wiring,
and very notably the Statue of Liberty. In the modern world, copper is used in
the manufacture of objects found almost anywhere, from the home to the
operating room, to the components of many of the electronics we use on a daily
basis, and even to an iconic symbol of freedom and of America standing in New
York harbor. The history of man’s utilization of copper, however, extends much
further than a few hundred years ago and is one of the oldest metals to date to
be used by man. In the late Stone Age, early man discovered ores of copper, and
due to the ease with which the metal can be extracted from its ores, began to be
incorporated into tools and other artifacts ushering human history into the Copper
Age. One of the earliest copper artifacts, a pendant, dates back to around 8700
BC and was found in an area that is now northern Iraq (Knauth 1974). However,
it was during the following Bronze Age, beginning in Mesopotamia around 3000
BC, where alloys of copper, similar to bronze and brass, began to be used in the
manufacture of objects due to the harder and stronger nature of the alloys. Pure
copper continued to be used by ancient civilizations, even in applications of the
metal still practiced today; archaeologists have unearthed a copper plumbing
1

system in an Egyptian funerary pyramid dating back to almost 5,000 years ago
(Knauth 1974)!
The Egyptians, as well as the Greeks and Romans, also began to
recognize the medicinal uses of copper in promoting overall health and as a
potent anti-germicidal agent (Dollwet HH 1985). Records of the use of copper in
the treatment of infected wounds and the sterilization of drinking water date back
to between 2600 and 2200 BC (Dollwet HH 1985). One of the earliest and most
extensive publications on the use of copper-containing mixtures in medicine was
by the Roman physician Aulus Cornelius Celsus between 14 and 37 AD; books 1
through 6 in his De Medicina, prescribe copper mixtures to suppress bleeding,
subdue inflammation, promote wound healing and scar tissue formation, and in
the treatment of ulcerations, tumors, leprosy, venereal diseases, neuralgia, and
promotion of wound healing (Dollwet HH 1985).
It wasn’t until the 19th century, though, that a specific role for copper in
physiological and biological processes was investigated. Work focused on finding
treatments for chlorosis, a form of anemia characterized by a greenish
complexion, lack of energy and appetite, and amenorrhea, led to studies on the
composition of blood, with the idea that perhaps supplementing chlorotic
individuals with blood components would be an effective treatment regimen (Fox
2003). The presence of copper in the blood was first reported in 1830 and later,
in 1848, the French metal chemist Millon determined that copper in the blood
was not freely diffusible but ‘fixed’ with iron in red blood cells (Fox 2003). Around
this time, the use of copper in the treatment of diseases became quite
2

fashionable and was coined ‘metallotherapy’; copper was used in the treatment
of nervous disorders, chlorosis, cholera, and even tuberculosis (Dollwet HH
1985; Fox 2003). At the end of the 19th century, some of the earliest quantitative
studies aimed at understanding the curative effects of copper treatment were
conducted. The Italian scientist, Vincenzo Cervello, found that dietary copper
supplementation resulted in substantial increases in hemoglobin and red blood
cell levels in both animal and human models (Fox 2003). It was two research
articles, though, both published in 1928 and in The Journal of Biological
Chemistry that were important for launching the field of copper biology. The first
article, entitled ‘Iron in nutrition. VII. Copper as a supplement to iron for
hemoglobin building in the rat’ by Hart and colleagues demonstrated that it was
not sufficient to supplement cow’s milk, which is low in iron, with iron salts but
that iron and copper salts were required to increase hemoglobin levels in the rats
fed the cow’s milk (Hart EB 1928). This article was followed two months later by
work entitled ‘The relation of copper to the hemoglobin content of rat blood’ from
McHargue and colleagues (McHargue JS 1928). In this paper, the investigators
demonstrated that rats fed a skim milk diet with ash of calf liver had higher blood
hemoglobin levels than rats fed skim milk supplemented with hydrogen-sulfide
treated calf ash, which removes copper, and concluded that “...copper has an
important function in the formation of hemoglobin and in the metabolism of
animals having red blood.” Based on the work from these two research groups,
the hunt for an enzymatic role of copper in erythropoiesis began and led to the
discovery of the first cuproprotein, named ceruloplasmin, in 1948 (Fox 2003).
3

Despite first being described by and named after the British physician, Dr.
Samuel Alexander Kinnier Wilson, it was also in 1948 that Professor John N.
Cummings made the link between some of the symptoms of Wilson’s disease
and the discovery of abnormal accumulation of copper in the brain and liver
(Linder and Goode 1991). With the discovery of ceruloplasmin, a copper-binding
protein with physiologically important roles, and a human disease associated with
abnormal copper levels, the scientific community was and still is poised to pursue
an understanding of the biological functions of copper, the consequences of
copper deficiency or copper excess in living organisms, and the mechanisms that
underlie copper homeostasis.

1.2

Biochemistry of Copper

Copper is a transition metal, meaning it has a partially filled d orbital that
can easily gain or lose electrons (Malmstrom and Leckner 1998). The valence
electron configuration for copper is 4s1 3d10, with cation formation occurring via
electron loss first from the 4s orbital and then the 3d orbitals (Singleton and Le
Brun 2007). Copper actually has three different oxidation states possible: Cu2+,
Cu1+ and Cu3+, although the latter is quite rare (Singleton and Le Brun 2007).
Copper and metals in general most frequently bind to donor ligands in biological
systems and the hard-soft theory of acids and bases classifies elements on the
basis of their ionic radii, ionic charge, polarizability, and Pauling electronegativity
(Lippard and Berg 1994; Wulfsberg 2000). The theory then states that all things
4

being equal, soft acids react faster and form stronger bonds with soft bases and
hard acids react and form stronger bonds with weak bases (Wulfsberg 2000). On
the basis of this theory, therefore, it can be reasonably predicated the
preferences a given metal has for binding specific ligands. Cu1+ is classified as a
soft Lewis acid and therefore preferentially coordinates to soft Lewis bases such
the sulfhydryl side chain of cysteine residues or the thioether side chain of
methionine residues (Wulfsberg 2000; Singleton and Le Brun 2007). Cu2+ is
considered to be an intermediate Lewis acid and as a result has a broader range
of ligands it can coordinate to including imidazole nitrogen atoms of histidine, the
carboxylate group found in aspartate and glutamate, and the peptide backbone
nitrogen and carbonyl groups (Wulfsberg 2000; Singleton and Le Brun 2007).
Ultimately, it is the redox potential of copper, or the ability to gain and lose an
electron, and its ability to coordinate with a variety of ligands that make it a useful
metal for biological systems.
In terms of the relative abundance of copper in the Earth’s crust and
oceans, it is found in the crust at 55 ppm and in the ocean at 3 x 10-4 mg/L
(Lippard and Berg 1994). For comparison, iron, which is the most abundant
element in the Earth’s crust, is found at a concentration of about 5 x 104 ppm
(Lippard and Berg 1994). Despite the 3 orders of magnitude greater iron
availability, much of this iron is insoluble and not bioavailable. Interestingly, the
evolution of copper utilization by biological systems can be traced back to a
period in which the Earth’s atmosphere became oxygenated some three hundred
billion years ago (Singleton and Le Brun 2007). Prior to this event, the presence
5

of either Cu2+ or Cu1+ would have been severely limited, as the anaerobic
environment would have strongly prohibited the oxidation of elemental copper to
Cu1+with subsequent oxidation to Cu2+ (Singleton and Le Brun 2007). Once
oxygenation occurred, however, copper became bioavailable, while at the same
time severely compromised iron’s bioavailability, which prior to this most likely
dominated biological processes requiring redox-based catalysis, as in its oxidized
state, iron is very insoluble (Singleton and Le Brun 2007).

1.3

Intracellular Copper Homeostasis

The redox chemistry of copper has made it a useful and essential element
for biological systems, as organisms have harnessed its reduction potential to
function as catalytic co-factor and a structural factor for a diverse number of
proteins important in biology (See Table 1.1). One of the first copper-dependent
proteins to be discovered was ceruloplasmin, a multi-copper ferroxidase involved
in iron metabolism that is also the major copper-containing protein in the blood
(Takahashi, Ortel et al. 1984). Ceruloplasmin represents a metalloprotein in
which copper functions as a co-factor, facilitating the transfer of electrons from
iron (III) to oxygen and subsequently yielding iron (II) (Messerschmidt, Rossi et
al. 1989). On the other hand Ace1, a transcription factor in Saccharomyces
cerevisiae, represents a metalloprotein where copper serves a structural role.
Upon copper binding to Ace1 as a tetra-Cu1+ cluster, Ace1 undergoes a profound
conformation change activating sequence-specific DNA binding (Dameron,
6

Winge et al. 1991). As can be seen in Table 1, significant phenotypes result from
a diminution in these enzymatic activities that can be either genetically
programmed or arise as a consequence of lack of copper incorporation into the
protein and thus indicates the essential requirement for copper in virtually all
organisms.
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Table 1.1: Examples of Copper Binding Proteins
Enzyme/Protein
Cu,Zn Superoxide
Dismutase

Function
Consequence of Deficiency
Superoxide disproportionation; Oxidative stress; hepatocellular
signaling
carcinoma; neurodegeneration
Mitochondrial oxidative
Cytochrome Oxidase
phosphorylation; ATP
Respiratory deficiency;
cardiomyopathy; lethality
production
Melanin synthesis; virulence
Tyrosinase/Laccase
Pigmentation Defects/Albinism;
and pathogenicity in fungi;
innate immunity
reduced fungal virulence
Peptidylglycine αamidating
Heart rate defects; endocrine
Peptide amidation/maturation
monooxygenase
dysfunction; lethality
Dopamine βHydroxylase
Norepinephrine synthesis
Hypoglycemia; hypotension
Aceruloplasminemia: progressive
Ceruloplasmin
Ferroxidase: Fe loading onto
anemia, neurodegeneration,
transferrin
diabetes
Ferroxidase for ferroportin- Anemia; impaired Fe aborption by
Hephaestin
mediated iron efflux
peripheral tissues
Covalent crosslinking of
Aortic aneurisms, cardiovascular
Lysyl Oxidase
collagens and elastin
dysfunction
Oxidation of snail transcription
Lysyl Oxidase-like
factor resulting in E-cadherin
Proteins
silencing and promoting EMT
Altered cell-cell contacts
Coagulation Factors V
Blood Clotting
Hemophilia
and VIII
Catalyzes reduction of N2O to
Nitrous Oxide
N2 in denitrification pathway of Respiratory deficiency; Imbalance
Reductase
in nitrogen cycle
bacteria
Plant senescence, fruit ripening,
Ethylene Receptor
Ethylene signal transduction
growth
Copper deficiency in mouse
XIAP
Inhibitor of apoptosis
knock-out
S. cerevisiae transcription
Ace1
factor active under condtions Inability to grow on high copper
media
of high intracellular copper
Impaired immune responses;
Deamination of primary
Copper Amine Oxidase
reduced fat deposition in obese
amines to aldehyde
mice
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While copper is essential for many biological processes, free copper ions
are hazardous to cells. Free copper can react with oxygen to produce superoxide
radicals and can then engage in Fenton-like chemistry with either superoxide or
hydrogen peroxide to generate hydroxyl radicals that unleash catastrophic
damage to DNA, lipids, and proteins (Halliwell and Gutteridge 1984; Packer and
Glazer 1990). Because of its essential yet cytotoxic nature, organisms have
evolved molecular mechanisms for the controlled uptake, distribution, and
sequestration of copper in cells and tissues. Through genetic, biochemical, and
cell biological studies, the molecular details of the copper homeostatic pathway
are being elucidated and evidence suggests that the molecular components
within the pathway are largely conserved among eukaryotes from yeast to
humans (Puig and Thiele 2002; Luk, Jensen et al. 2003; Prohaska and Gybina
2004; Rees and Thiele 2004). Figure 1.1 illustrates the copper homeostatic
pathway in a typical eukaryotic cell, showing many of the key components of this
pathway. What follows below is a current description of cellular homeostasis in
eukaryotic cells. In the following section, the focus will be on systemic copper
homeostasis in mammalian model systems. Figure 1.1 depicts a current model
of intracellular copper homeostasis in a generic mammalian cell that can be for
visual reference in the following section as well.
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Figure 1.1: Mammalian intracellular copper homeostasis. Copper is reduced
by an as yet unidentified reductase and imported into cells by the high affinity
copper transporter, Ctr1. Once inside the cell, copper is escorted to destinations
via the action of copper chaperones. CCS incorporates copper into the cytosolic
protein, Cu,Zn SOD. Atox1 delivers copper to the secretory compartment; the
protein possesses an N-terminal copper-binding motif, CXXC, that directly
interacts with the N-terminal copper-binding domain of ATP7A and ATP7B,
MTCXXC, facilitating copper delivery to ATP7A and ATP7B. ATP7A and ATP7B
are P-type copper transporting proteins that transport copper into the lumen of
the Golgi, where the metal can then be incorporated into copper-dependent
proteins such as the secreted form of lysyl oxidase. The P-type ATPases also
export copper out of the cell by translocating to the plasma membrane when
intracellular copper levels are high. Copper is escorted to the mitochondria by an
as yet uncharacterized ligand. Once inside the intermembrane space, copper is
handed off to Cox17 and then passed onto either Sco1, which transfers copper to
the Cox2 subunit of cytochrome oxidase, or Cox11, which transfers copper to the
Cox1 subunit of cytochrome oxidase (CCO).
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1.3.1 The Ctr1 Family of High Affinity Copper Transporters

Copper, carrying a valence, cannot cross the plasma membrane by simple
diffusion. The Ctr1 proteins, a family of highly conserved, high affinity copper
transporters, are a key player in mediating the cellular uptake of copper. Since it
was first identified over 10 years ago in S. cerevisiae, Ctr1 proteins have
subsequently been isolated in yeast, insects, fish, amphibians, and mammals,
including humans (Dancis, Yuan et al. 1994; Kampfenkel, Kushnir et al. 1995;
Knight, Labbe et al. 1996; Zhou and Gitschier 1997; Lee, Prohaska et al. 2000;
Zhou and Thiele 2001; Riggio, Lee et al. 2002; Zhou, Cadigan et al. 2003;
Mackenzie, Brito et al. 2004). The family is characterized by possessing three
transmembrane domains, a MX3M motif in the second transmembrane domain
and a methionine residue preceding the first transmembrane domain, both motifs
being essential for copper transport activity (Puig, Lee et al. 2002). Virtually all
Ctr1 proteins have an amino-terminal rich in methionine residues that become
important for copper uptake under conditions of copper scarcity (Puig, Lee et al.
2002) and experimental evidence supports a topology of the proteins such that
the amino-terminus is localized extracellularly and the carboxy-terminus is
exposed to the cytosol (17-19). Figure 1.2 shows an alignment of some of
members of the Ctr1 family with particular attention placed on the conserved
methionine residues (Figure 1.2A) as well as the topology of Ctr1 proteins
(Figure 1.2B).
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Figure 1.2 Structural Characteristics of Ctr1 Proteins. A). Alignment of
copper transport proteins from S. cerevisiae Ctr1 and Ctr3, Human/mouse Ctr1,
and D. melanogaster Ctr1A, Ctr1B, and Ctr1C. Total amino acid length indicated
to the right of each protein. Grey circle represents methionine-rich motifs,
consisting of 3-5 methionine residues arranged as either MXM and/or MXXM.
The bold-faced ‘M’ represents the conserved methionine residue preceding the
first transmembrane domain. The three dark blue boxes represent the three
transmembrane domains present in Ctr1 proteins, respectively. Note the
essential MX3M motif within the second transmembrane domain. B). Topology of
Ctr1 proteins. The amino-terminus is localized in the extracellular space while
the carboxy-terminus is exposed to the cytosol.
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Ctr1 specifically transports copper in a time- and concentrationdependent manner with a Michaelis-Menten Km between 1-5µM. Silver, a Cu1+
mimetic, can compete with copper for uptake via Ctr1, suggesting it is Cu1+ that is
transported by the protein (Eisses and Kaplan 2002; Lee, Pena et al. 2002).
Additional evidence that supports Ctr1 transport of Cu1+ rather than Cu2+ is the
stimulation of copper uptake by the powerful reductant ascorbate (Lee, Pena et
al. 2002) as well as in vitro copper binding studies using methionine-rich model
peptides found in the Ctr1 extracellular domain that were shown to specifically
bind Cu1+ (Jiang, Nadas et al. 2005). Indeed, in yeast, the genetic requirement
for a reductase in Ctr1-mediated copper transport has been shown, with Fre1
and Fre2 fulfilling this role, and further supports Ctr1 acting to selectively facilitate
the passage of Cu1+ across the plasma membrane (Hassett and Kosman 1995;
Georgatsou, Mavrogiannis et al. 1997). However, a mammalian cupric reductase
important for Ctr1-mediated copper transport has yet to be definitively identified;
recent work has implicated both duodenal cytochrome b and Steap proteins 2, 3
and 4, as it was demonstrated that these proteins could reduce copper and in the
case of the Steaps actually stimulated copper uptake, but a direct functional link
with Ctr1 has not yet been shown (Ohgami, Campagna et al. 2006; Wyman,
Simpson et al. 2008). Additional information regarding the nature of Ctr1mediated copper transport is that it is ATP-independent and demonstrates a
sensitivity to extracellular pH levels and K+ concentrations, being stimulated by
lower pH values and high extracellular K+ levels (Lee, Pena et al. 2002).
13

Consistent with a role in transporting an ion across the plasma membrane,
Ctr1 has been localized to the plasma membrane in many cell and tissue
types(Klomp, Tops et al. 2002; Lee, Pena et al. 2002). In addition to its plasma
membrane localization, Ctr1 is also present in intracellular vesicles and there is
some evidence to suggest that in some cell or tissue types Ctr1 is predominantly
found at the plasma membrane while in other types it is mostly found on
intracellular vesicles (Dancis, Yuan et al. 1994; Klomp, Tops et al. 2002; Lee,
Pena et al. 2002; Nose, Kim et al. 2006; Turski and Thiele 2007). The identity of
these Ctr1-containing vesicles has remained a mystery to date, although colocalization studies have excluded lysosomes and endocytic vesicles containing
the transferrin receptor as possibilities (Klomp, Tops et al. 2002). The localization
of Ctr1 is also subject to intracellular copper level status and represents a
primary mechanism for regulation of the transporter in cells, a point which will be
discussed in greater detail in section 1.3.3.
One of the interesting areas in the field that has recently shown much
progress is the mechanism by which Ctr1 proteins facilitate the transfer of copper
from the extracellular milieu to the cytosol. The three membrane-spanning
domain structure of Ctr1proteins is insufficient to form an independent metal
translocation pore and early studies demonstrated that the protein could form
either homodimers or homotrimers (Lee, Pena et al. 2002; Klomp, Juijn et al.
2003). Additionally, genetic experiments done in S. cerevisiae provided evidence
for cooperativity in copper transport between Ctr1 monomers as coexpression of
two different Ctr1 mutants could partially restore the respiratory defects and
14

copper uptake of yeast deficient in high affinity copper transport (Puig, Lee et al.
2002). Since then, oligomerization of Ctr1 proteins has been shown to be
prerequisite for Ctr1-mediated copper uptake (Aller, Eng et al. 2004). Recently,
the structural details of Ctr1 have been obtained from 2D crystallography and
electron microscopy, confirming the trimerization status of the Ctr1 complex (Aller
and Unger 2006). These studies also provided some insight as to how these
proteins transport copper. Based upon the structure, Ctr1 proteins appear to be
more channel-like in architecture than transporter-like given the radial symmetry
of Ctr1; transporters or permeases typically possess a sufficient number of
transmembrane domains to form a pore based on tertiary structure alone or on
quaternary structures involving distinct subunits. The data from these studies
support a model whereby Ctr1 proteins complex to form a symmetrical
homotrimer with a putative pore of low electron density possessing a diameter of
~9 Å that is sufficient for passage of a copper ion (Aller and Unger 2006).
Additionally, the lack of an identifiable ATP-hydrolysis domain in combination
with experimental data using metabolic inhibitors that decrease ATP levels
strongly supports an ATP hydrolysis-independent Ctr1-mediated copper transport
mechanism (Lee, Pena et al. 2002).
Given the channel-like architecture of Ctr1 proteins, exactly how is
controlled copper import accomplished? While the projection structure of Ctr1
yields a picture of Ctr1 as a channel-like protein possessing an unobstructed
pore large enough to accommodate a copper ion, elegant flourescence
resonance energy transfer (FRET) studies suggest that Ctr1 behaves more like a
15

transporter, undergoing conformational changes during copper translocation. In
these studies, functional yeast Ctr1 tagged at its cytosolic-exposed carboxyterminus with either ECFP or EYFP was expressed in yeast Ctr1 mutants and
FRET measured in the absence and presence of copper. Addition of copper
enhanced FRET, indicative of a motion of the carboxy-terminus to a point closer
together (Sinani, Adle et al. 2007). Additionally, work done by Eisses and Kaplan
(Eisses and Kaplan 2005) implicate another amino acid residue beyond the
conserved methionine residues as playing an important role in the dynamics of
Ctr1-mediated copper transport. They identified a histidine residue in the second
transmembrane domain as a rate-limiting ligand for copper transport, as mutation
of this residue to arginine resulted in significant increases in Km and Vmax values.
This same study also implicated the amino-terminal and carboxy-terminal of Ctr1
as potential regulatory ‘gates’. Future studies aimed at determining whether
interactions between Ctr1 and the metalloreductase, interactions between the
extracellularly-exposed amino-termini, the transmembrane residues, or the
cytosolically-located carboxy-termini of Ctr1 monomers, or an interaction
between Ctr1 oligomers copper chaperones, or combinations of all these factors
are the means by which copper uptake via Ctr1 is regulated await future research
endeavors.
An additional proposed mechanism for copper uptake by Ctr1 is based on
the localization pattern of Ctr1 different cell and tissue types. While Ctr1 is almost
exclusively localized to the plasma membrane in some cell and tissue types, in
others there is a significant punctate intracellular localization pattern to Ctr1 that
16

corresponds to an as yet poorly defined vesicle (Klomp, Tops et al. 2002). It has
been suggested that is vesicular localization of Ctr1 is indicative of a potential
mechanism of copper uptake into cells, wherein Ctr1 traffics between the plasma
membrane, where it picks up its copper cargo, and an intracellular compartment,
where it delivers its cargo (Kim, Nevitt et al. 2008). There is some precedent for
this mode of metal internalization with the transferrin receptor, which upon
binding iron-loaded transferrin, is endocytosed to a vesicle that because of its low
pH causes the transferrin to release its iron ions and then be recycled back to the
plasma membrane (Graham, Chua et al. 2007). While there is no data to support
this type of mechanism for copper transport into cells via Ctr1, there is also no
specific data to exclude this as a possibility.
In addition to Ctr1 proteins, other copper uptake systems are also present
in eukaryotic cells and data supports the presence of other cellular mechanisms
for acquiring copper as Ctr1 null mutant mouse embryonic fibroblasts still
possess ~30% copper uptake activity (Lee, Petris et al. 2002). In S. cerevisiae,
Fet4 can transport both copper and iron with a Km of ~35µM (Hassett, Dix et al.
2000). The NRAMP family of metal ion transporters, which has homologues in
yeast (SMF1, SMF2, and SMF3), fly (Malvolio), and mammals (NRAMP1 and
NRAMP2), has a broad range of divalent metal substrates including Cu2+ (Nevo
and Nelson 2006).
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1.3.2 Copper Chaperones and intracellular Destinations of Copper

Because of the cytotoxic potential of free copper, cells need to operate on
a “no metal free” principle; in support of this, experimental data from S.
cerevisiae estimate that while the intracellular concentration of copper in a given
yeast cell is around 70µM, the concentration of intracellular free copper is limited
to less than one copper ion per cell (or put in another way, [Cufree] is less than 1018

M in an unstressed yeast cell) (Rae, Schmidt et al. 1999). Cells achieve this

feat by employing intracellular copper chaperones, proteins that specifically bind
copper and deliver it to specific intracellular targets, and metallothioneins, small
proteins that bind to a variety of metals including copper and protect cells from
metal-induced cytotoxicity (Dameron and Harrison 1998; Rae, Schmidt et al.
1999). One of the outstanding questions in the field then is how a copper ion,
once it is transported into the cell via Ctr1, becomes bound by copper
chaperones and metallothioneins. It has been speculated amongst members of
the field that chaperones may interact directly with the cytosolic carboxy-terminus
of Ctr1 to obtain copper. While in vivo data supporting this hypothesis is lacking,
in vitro data demonstrated the ability of the carboxy-terminus of S. cerevisiae
Ctr1 to deliver Cu1+ to Atx1, a copper chaperone (Xiao, Loughlin et al. 2004).
However, another study done in S. cerevisiae demonstrated that a variety of
metal transporters, including Ctr1, could deliver copper to two different copper
chaperones despite little sequence homology existing between the transporters,
making a model whereby copper chaperones dock with a metal transporter
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currently unsubstantiated (Portnoy, Schmidt et al. 2001). Regardless of how
copper chaperones obtain their copper, three copper trafficking pathways have
been identified that require copper chaperones: copper trafficking to the
mitochondria, to the cytosolic and mitochondrial intermembrane space protein
Cu,Zn superoxide dismutase (SOD1) and to the secretory pathway.
The mitochondrial, multi-subunit enzyme cytochrome c oxidase (CcO) is
the terminal enzyme in the respiratory chain that catalyzes the reduction of
oxygen to water and couples the reaction to pump H+ across the inner membrane
and into the intermembrane space (Alberts 2008). The CcO complex consists of
12-13 subunits of which Cox1, Cox2, and Cox3 subunits form the core of the
enzyme and are mitochondrially encoded (Cobine, Pierrel et al. 2006). Cox1 and
Cox2 require copper as a cofactor and given that both of these subunits are
mitochondrially-encoded, a copper-shuttle system must operate to deliver this
metal to the mitochondrial lumen. Genetic studies in microbes, and the mapping
of mutated genes that are responsible for defects in CcO assembly, have
identified many proteins involved in CcO Cu metallation. These include Cox17 in
the mitochondrial inter-membrane space, Cox11 in the mitochondrial inner
membrane, and Sco1 and Sco2, structurally similar proteins that play a more
proximal role in Cu delivery to cytochrome oxidase (See Figure 1.1) (Cobine,
Pierrel et al. 2006). Cox1 has one copper site and metallation of this site requires
Cox11 (Hiser, Di Valentin et al. 2000), while Cox2 has two copper sites and is
metallated by the cooperative efforts of both Sco1 and Sco2 (Leary, Kaufman et
al. 2004). Cox17, in turn, is required to donate copper to both Sco1 and Sco2 as
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well as Cox11(Horng, Cobine et al. 2004). Interestingly, it appears that different
interaction interfaces of Cox17 may be involved in copper transfer to Sco1 and
Cox11. In vitro studies using purified yeast Cox17, Sco1 and Cox11 show direct
and specific transfer of copper to Sco1 and Cox11 (Sco2 was not tested as yeast
Sco2 does not seem to be involved in mitochondrial copper delivery given the
absence of a respiratory defect in Sco2 mutant yeast cells). The same studies
also showed that a specific Cox17 mutant, while still capable of delivering copper
to Cox11, was unable to load copper onto Sco1. Stable interactions between
Cox17 and the two metallochaperones could not be detected, which could be
attributed to a potential transient interaction between the proteins. The residues
important for copper binding have been identified: in Cox17, a CCxC motif is
essential for metal binding, while a CX3C motif followed by a distant histidine is
essential for copper binding by Sco1 and Sco2. How Cox17 obtains copper is as
yet an unresolved step in the mitochondrial copper delivery pathway. Because
Cox17 has been localized to both the cytosol and the mitochondrial
intermembrane space, it was thought Cox17 became copper loaded in the
cytosol and then trafficked to the mitochondria (Beers, Glerum et al. 1997).
However, a fusion of Cox17 to the transmembrane domain of the inner
membrane protein Sco2 was still functional, suggesting that Cox17 does not
obtain copper from the cytosol and then shuttle the copper ions across the outer
mitochondrial membrane for CcO assembly (Maxfield, Heaton et al. 2004). In
addition to this, the current understanding of protein import across the outer
mitochondrial membrane is that it occurs with the protein existing in an immature,
20

unfolded state not capable of binding copper (Pfanner and Wiedemann 2002). It
is possible that Cox17, once transported across the outer mitochondrial
membrane, is loaded with copper from stores within the mitochondrion itself; a
non-proteineous pool of copper located within the matrix demonstrated to be a
copper source for CcO as well as intermitochondrial space-localized Sod1 may
serve as the source of copper for Cox17 (Cobine, Ojeda et al. 2004; Cobine,
Pierrel et al. 2006). In support of this latter mode of copper-loading of Cox17,
deletion of Cox17 does not result in a decrease in total mitochondrial copper
levels, consistent with Cox17 not bringing additional copper into the mitochondria
but instead obtaining copper from stores within the mitochondria (Carr and Winge
2003). However, if Cox17 functions within the mitochondria and obtains copper
from mitochondrial stores, why is almost 40% of Cox17 found within the cytosol
of cells (Beers, Glerum et al. 1997)? Perhaps Cox17 functions to deliver copper
to other as yet unidentified copper-dependent proteins or to traffic copper to other
organelles. Also unclear is the import mechanism responsible for the copper
pool within the mitochondrial matrix.
In addition to their functions in copper delivery to Cox2, Sco1 and Sco2
have play additional roles in regulating intracellular copper homeostasis;
mutations in either Sco1 or Sco2 result in an intracellular copper deficiency
phenotype that can be dissociated from their CcO metallation functions (Leary,
Kaufman et al. 2004). While the exact mechanisms behind the copper deficient
phenotype is not well understood, it was demonstrated that mutations in either
Sco resulting in the copper deficiency phenotype caused a change in the copper
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efflux rate of cells while not affecting the rate of copper import (Leary, Kaufman
et al. 2004).
Sod1, while also found within the mitochondrial intermembrane space, is a
largely cytosolic, copper-dependent enzyme that catalyzes the disproportionation
of two superoxide anion molecules to hydrogen peroxide and oxygen (McCord
and Fridovich 1969; Lindenau, Noack et al. 2000; Sturtz, Diekert et al. 2001).
While the respiration process in mitochondria generates the majority of
superoxide anion, cytosolic enzymes like xanthine oxidase do contribute to
superoxide production within cells (Moriwaki, Yamamoto et al. 1993; Cadenas
and Davies 2000). Thus, Sod1 is poised via its intracellular localization to
catalyze the dismutation of the potentially cytotoxic superoxide anion at a major
source of its generation. Eukaryotic Sod1 is a homodimer, with the monomeric
subunits held together primarily by hydrophobic interactions. The monomeric
subunits each bind one copper and one zinc atom and form a highly conserved
intra-subunit disulfide bond important for the structure, stability and activity of the
protein (Culotta, Yang et al. 2006). Insertion of the copper ion is mediated by
CCS, the copper chaperone for Sod1 (See Figure 1.1) (Culotta, Klomp et al.
1997). CCS was first identified as the product of S. cerevisiae LYS7 gene based
on the lysine auxotrophy mutant phenotype (Culotta, Klomp et al. 1997). It was
subsequently discovered that Lys7 did not directly function in lysine biosynthesis
but was needed to activate Sod1, which in turn protects the lysine biosynthetic
pathway from oxidative damage (Culotta, Klomp et al. 1997; Gamonet and
Lauquin 1998). Evidence for a copper chaperone function for LYS7/CCS was
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provided when it was shown that lys7 null mutants had no SOD1 activity despite
having normal levels of the protein and that Sod1 was free of copper in lys7 null
mutants (Culotta, Klomp et al. 1997). An additional role for CCS in Sod1
activation in disulfide bond formation has recently been shown in which greater
than 90% of Sod1 remains in the reduced and inactive form in lys7 null mutants
(Brown, Torres et al. 2004; Furukawa, Torres et al. 2004).
CCS has three structurally distinct domains that facilitate copper binding,
docking to Sod1, and copper delivery to Sod1. Domain I, located at the aminoterminus of the protein, possesses a MXCXXC copper binding motif and has
been proposed to facilitate copper binding under conditions of copper starvation
as deletion of this domain did not have a significant effect on copper transfer to
Sod1 in vivo unless the yeast were starved for copper (Schmidt, Rae et al. 1999).
Domain II bears remarkable homology to Sod1; domain II of human CCS and
human Sod1 share almost ~50% homology to one another (Schmidt, Rae et al.
1999; Schmidt, Ramos-Gomez et al. 1999). Despite the strong sequence
conservation, wild-type CCS possesses no Sod1 activity (Schmidt, Rae et al.
1999; Schmidt, Ramos-Gomez et al. 1999), and it was discovered instead that
the homology between domain II of CCS and Sod1 was important for direct
physical interaction, but not metal transfer, between the proteins (Schmidt, Rae
et al. 1999; Schmidt, Kunst et al. 2000; Field, Luk et al. 2002). Metal transfer
from CCS to Sod1 is the function of domain III of CCS, which has a CXC motif
responsible for binding of copper (Casareno, Waggoner et al. 1998; Schmidt,
Rae et al. 1999; Field, Luk et al. 2002). Based on cumulative research efforts, a
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proposed model for CCS-mediated Sod1 activation has been put forth (Field, Luk
et al. 2002; Furukawa, Torres et al. 2004; Culotta, Yang et al. 2006; Furukawa
and O'Halloran 2006). In the first step, apo-CCS binds a Cu1+ ion via domain III,
triggering a conformational change in CCS that greatly enhances its interaction
with Sod1. Copper-loaded CCS then forms a heterodimeric complex with zincloaded, apo-copper, and disulfide-reduced Sod1. Subsequently the heterodimer
reacts with oxygen to form a disulfide bond between domain III of CCS and a
cysteine residue in Sod1 While the exact point at which transfer of copper from
CCS to Sod1 is not yet known, it is likely occur at this point, either before or
during disulfide bond formation between CCS and Sod1. Following copper
insertion into Sod1, a conformation change in Sod1 could be induced that would
promote disulfide bond isomerization resulting in generation of the intra-subunit
disulfide bond characteristic of a Sod1 monomer and release of apo-CCS.
Copper-loaded, disulfide-bonded Sod1 then undergoes homodimerization given
the thermodynamic preference of this form of Sod1 to form a dimer.
While yeast Sod1 absolutely depends on CCS for activation, metazoan
Sod1 can be activated through a less well-defined CCS-independent mechanism
(Wong, Waggoner et al. 2000; Beckman, Esetvez et al. 2002; Carroll, Girouard et
al. 2004; Jensen and Culotta 2005). Human and mouse Sod1 retain some
residual activity when expressed in either yeast or mammalian cells deficient for
CCS (Beckman, Esetvez et al. 2002; Carroll, Girouard et al. 2004). Interestingly,
the basis for this difference in yeast and mammalian Sod1 activation relies upon
a pair of proline residues within the carboxy-terminus of yeast Sod1; when these
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proline residues are inserted into human Sod1, the protein becomes refractory to
CCS-independent activation (Beckman, Esetvez et al. 2002; Carroll, Girouard et
al. 2004). Glutathione, a cysteine-containing tripeptide capable of binding
copper, appears to be involved in CCS-independent activation mechanism as
depletion of glutathione from cells virtually abolishes Sod1 activity (Carroll,
Girouard et al. 2004; Jensen and Culotta 2005). Further supporting glutathione
as an additional copper donor for Sod1, it was discovered that C. elegans does
not encode for a CCS-like protein its genome and completely depends on
glutathione for copper delivery to worm Sod1 even if CCS is heterologously
expressed (Jensen and Culotta 2005).
Mammals also possess another Cu, Zn superoxide dismutase that
functions in the extracellular environment. The human SOD3 gene encodes an
extracellular superoxide dismutase that is related to Sod1 (Folz and Crapo 1994;
Petersen, Oury et al. 2003). In addition to forming tetrameric complexes and
having extended amino- and carboxy-termini (Petersen, Oury et al. 2003), the
copper-loading pathway for Sod3 is quite different. Sod3, being a secreted
protein, traverses through the secretory pathway and it is there that is becomes
copper loaded (Jeney, Itoh et al. 2005). Many additional cuproproteins acquire
copper within the secretory pathway and a specific mechanism has evolved for
delivering copper to the Golgi network.
Atx1 in S. cerevisiae, or Atox1/HAH1 in mammals, was the first
metallochaperone protein to be isolated and is responsible for copper delivery to
the secretory compartment. Yeast Atx1 was originally identified as a putative
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antioxidant molecule as overexpression of the protein could suppress oxidative
stress phenotypes of Sod1 mutant cells (Lin and Culotta 1995). Atx1 is a small
protein, 8.2 kDa in molecular mass, and has sequence homology to the aminoterminus of bacterial metal transporters (Lin and Culotta 1995). Based on this
homology, it was first discovered that copper sufficient conditions were required
for the antioxidant function of Atx1 and then subsequently Atx1 was found to
specifically bind Cu1+ (Lin and Culotta 1995). The first indication that Atx1 had
metallochaperone properties came from studies of Atx1 null mutants in yeast
(Lin, Pufahl et al. 1997; Pufahl, Singer et al. 1997); these mutants were iron
deficient and given that high affinity iron uptake in yeast requires a multicopper
oxidase known as Fet3 which acquires its copper ions while in the secretory
compartment (Askwith, Eide et al. 1994), it postulated that Atx1 might function in
copper delivery to the Golgi. CCC2 is a P-type ATPase that pumps copper in the
Golgi network and has homologues in mammals known as ATP7A and ATP7B
(Askwith, Eide et al. 1994). Genetic epistasis and protein-protein interaction
studies subsequently determined that Atx1 delivers copper to CCC2, which
subsequently delivers copper into the lumen of the secretory compartment to be
loaded onto copper-dependent proteins (Askwith, Eide et al. 1994). The mode of
copper delivery from Atx1 to CCC2 was actually the first documented mechanism
of metal transfer between proteins; copper is bound to Atx1 via a MXCX2C motif
and through a direct interaction between the proteins the metal is transferred to
an amino-terminal MXCX2C motif in CCC2 (See Figure 1.1) (Larin, Mekios et al.
1999; Huffman and O'Halloran 2000; van Dongen, Klomp et al. 2004).
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Additionally, experiments expressing the fission yeast, S. pombe, copper amine
oxidase (CAO) in S. cerevisiae has demonstrated that Atx1 also delivers Cu to
this cytosolic Cu-dependent enzyme (Laliberte and Labbe 2006). Whether or not
a Atox1 can deliver copper to cytosolic proteins in mammalian cells is not yet
known, nor is it understood why Atx1 and not CCS, a copper chaperone protein
that delivers copper to a cytosolic enzyme, is the preferred chaperone for CAO.
As mentioned above CCC2 or ATP7A/7B are P-type ATPases that
transfer copper from the cytosol across cellular membranes using the energy of
ATP hydrolysis (La Fontaine and Mercer 2007; Lutsenko, Barnes et al. 2007).
Under normal intracellular copper conditions, these proteins are localized to the
Golgi network but under high copper conditions they traffick to the plasma
membrane where they mediate copper efflux (La Fontaine and Mercer 2007;
Lutsenko, Barnes et al. 2007). The central catalytic cycle for copper transport by
the proteins is binding of copper to sites within the membrane which triggers the
transfer of γ-phosphate from ATP to the highly conserved DKTG motif in the
ATP-binding domain, thus forming a phosphorylated intermediate.
Phosphorylation causes a conformational change in the protein from a high
affinity copper and nucleotide binding state to a low affinity state that facilitates
copper release from the membrane site with subsequent dephosphorylation of
the protein (La Fontaine and Mercer 2007; Lutsenko, Barnes et al. 2007). The
structure of the proteins are quite complex: they possess 8 transmembrane
domain segments, an amino-terminal containing 6 repetitive metal binding
sequences of the GMT/HCX2CX3IE motif, an A-domain characteristic of all P-type
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ATPases that is important for enzymatic activity of the proteins, an ATP-binding
domain and a carboxy-terminus containing dileucine (ATP7A) or trileucine
(ATP7B) motifs (Arguello, Eren et al. 2007; Lutsenko, Barnes et al. 2007). Of the
amino-terminal metal binding motifs, it is now thought that metal binding domains
5 and 6, which are closest to the membrane, are important for both protein
trafficking and copper transport activity (Strausak, La Fontaine et al. 1999;
Mercer, Barnes et al. 2003; Cater, Forbes et al. 2004; Guo, Nyasae et al. 2005),
while metal binding domains 1-4 are important for the interaction with Atox1
(Larin, Mekios et al. 1999; van Dongen, Klomp et al. 2004). Metal binding
domains1-4 may play also an autoinhibitory role as deletion of these four motifs
facilitated binding and hydrolysis of ATP (Huster and Lutsenko 2003). In further
support of the regulatory function of metal binding domains 1-4, they were shown
to interact with the ATP-binding domain, in a copper-dependent fashion, with
copper binding to the metal binding domains weakening the interaction between
the metal binding domains and ATP-binding domain, resulting in an increased
affinity of the ATP-binding domain for ATP (Tsivkovskii, Eisses et al. 2002). The
ATP-binding domain, located between transmembrane domains 6 and 7,
contains the motifs important for both binding nucleotide and for catalytic
phosphorylation (Lutsenko, Barnes et al. 2007). The A-domain, located between
transmembrane domains 4 and 5, contains a highly conserved TGE motif
amongst members of the P-type ATPase family important for the phosphatase
step of the catalytic cycle (Clausen, Vilsen et al. 2004). How copper is
coordinated within the membrane is still not known but based on mutagenesis
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studies, highly conserved residues in transmembrane domains 6, 7, and 8 are
likely to be involved in copper coordination and transport (La Fontaine and
Mercer 2007; Lutsenko, Barnes et al. 2007). Residues important for the
localization and trafficking of the protein have also been identified. As mentioned
above metal binding domains 5 or 6 are required for trafficking, as either
mutation or deletion of these domains results in loss of plasma membrane relocalization under high copper conditions (Strausak, La Fontaine et al. 1999;
Mercer, Barnes et al. 2003; Cater, Forbes et al. 2004; Guo, Nyasae et al. 2005).
The A-domain also is important in the regulation of the copper-induced trafficking
of the protein; mutations resulting in hyperphosphorylation of the TGE motif
cause the protein to constitutively traffick to the plasma membrane (Petris,
Voskoboinik et al. 2002). Within the carboxy-terminus of ATP7A and ATP7B,
there are leucine repeat motifs that function as a retrieval signal to return the
proteins to the Golgi network. The leucine repeats also seem to be important for
overall stability of the protein. For ATP7A, the carboxy-terminal dileucine motif
not only mediates cell surface retrieval back to the Golgi but is also required for
targeting ATP7A to the basolateral membrane in polarized cells (Petris,
Camakaris et al. 1998; Petris and Mercer 1999; Greenough, Pase et al. 2004).
ATP7A also appears to constitutively cycle between the plasma membrane and
Golgi although its steady state localization under normal copper is the Golgi
(Petris and Mercer 1999). The dileucine repeat contributes to this steady state
localization but there is also a 38 amino acid sequence within the third
transmembrane domain involved in retention of ATP7A at the Golgi (Francis,
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Jones et al. 1998; Qi and Byers 1998; Petris and Mercer 1999). For ATP7B, a
trileucine repeat motif is important for retrieving the protein from cytoplasmic
vesicles (Cater, La Fontaine et al. 2006). ATP7A and ATP7B also play an
important role in the regulation of systemic copper homeostasis as will be
discussed in further detail below.

1.3.3

Regulation of copper homeostasis

The intracellular copper homeostatic machinery described above serves to
meet the cell’s essential requirement for copper by working together to acquire
and distribute the metal within the cell. However, mechanisms need to be in
place to regulate the amount of copper within a cell; if levels become too low, the
system must respond with measures that will increase intracellular copper levels
and if the levels become too high, conversely, the system must respond with
measures that will decrease intracellular copper levels or copper bioavailability.
Much of the regulatory mechanisms entail transcriptional and post-translational
control of some of the above mentioned copper homeostatic components, while
other regulatory mechanisms involve some new players not yet discussed.
In yeast, the transcription factors Ace1 and Mac1 direct different
transcriptional profiles in response to high and low copper levels, respectively.
Under conditions of excess copper, Cu1+ binds Ace1 and triggers a conformation
change in the protein enabling it to bind to the promoters and activate
transcription of its target genes, which include the metallothionein genes CUP1
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and CRS5 that function to buffer the excess copper within the cytoplasm as well
as Sod1 (Thiele 1988; Dameron, Winge et al. 1991; Gralla, Thiele et al. 1991;
Culotta, Howard et al. 1994). Mac1 transcriptional activity, on the other hand, is
activated under copper deficient conditions and inhibited by copper replete or
high copper conditions. Under copper deficient conditions, Mac1 can bind to
sequence-specific elements, referred to as CuREs for copper-responsive
elements, within the promoter of such target genes as FRE1, CTR1, and CTR3
(Graden and Winge 1997; Labbe, Zhu et al. 1997; Yamaguchi-Iwai, Serpe et al.
1997). Copper inhibition of Mac1 occurs via attenuation in DNA binding to these
CuREs (Labbe, Zhu et al. 1997). Thus in yeast there is a clear transcriptional upregulation of the two high affinity copper transporters in response to copper
deficiency. Yeast Ctr1 has also been demonstrated to be regulated posttranslationally in response to copper; at high micromolar levels of copper (~10
µM), Ctr1 undergoes endocytosis from the plasma membrane to cytoplasmic
vesicles within 30 minutes of copper treatment (Ooi, Rabinovich et al. 1996).
However, after prolonged exposure to these high copper levels (~90 minutes),
Ctr1is degraded at the plasma membrane in a manner that is independent of
endocytosis and independent of vacuolar hydrolysis as yeast endocytic and
vacuolar mutants can still degrade Ctr1 to the same extent as wild-type cells
(Ooi, Rabinovich et al. 1996). The significance of the translocation of yeast Ctr1
from the plasma membrane under initial conditions of high copper treatment is
still not known; it could represent a means to deliver copper to a vesicular
compartment where the metal is sequestered from the intracellular environment
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or could be a way to reduce high affinity copper uptake by removing the
transporter from the plasma membrane.
Metazoan Ctr1 proteins are not regulated at the transcriptional level, with
the exception of D.melanogaster Ctr1B (to be discussed in a later section in this
introduction) (Lee, Prohaska et al. 2000; Selvaraj, Balamurugan et al. 2005). In
addition, there does not appear to be a clear orthologue to the Ace1 and Mac1
transcription factors. Instead, post-translational mechanisms seem to be the
predominant mode of regulating metazoan Ctr1 proteins. Similar to yeast Ctr1,
human Ctr1 undergoes endocytosis from the plasma membrane with subsequent
protein degradation under high copper conditions (Petris, Smith et al. 2003).
Interestingly, under less challenging high copper conditions (i.e, in the 1-5µM
range), human Ctr1 is primarily endocytosed without much protein degradation
(Petris, Smith et al. 2003). The endocytic process for human Ctr1 was
determined to be clathrin-dependent and Ctr1 was found to co-localize with
transferrin in early endosomes (Petris, Smith et al. 2003). Again the significance
of Ctr1 re-localization to early endosomes is not known. Interestingly, mutational
analysis of human Ctr1 has also found that different residues are important for
Ctr1 endocytosis under different high copper conditions. An amino-terminal
methionine cluster closest to the first transmembrane domain is important for
lower high copper conditions (less than 5µM) while the MX3M motif in the second
transmembrane domain, shown to be essential for copper transport, is also
essential for the endocytosis and degradation of Ctr1 under high copper
conditions (Guo, Smith et al. 2004). Regulation of Ctr1 under low copper
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conditions has not been studied in great detail, however, mouse Ctr1 has been
shown to have enhanced protein levels and enhanced localization at the plasma
membrane (Kuo, Gybina et al. 2006).
In addition to regulating copper acquisition by Ctr1 proteins, eukaryotic
cells have also evolved mechanisms to regulate copper export by the Atp7A/7B
proteins. Under copper sufficient conditions, ATP7A/7B is localized to the Golgi
network, but under high copper conditions the proteins traffics to the plasma
membrane where they facilitate copper export (Petris, Mercer et al. 1996; Hung,
Suzuki et al. 1997). What triggers ATP7A/7B re-localization is not yet fully known
although based on mutation or truncation of various domains of the protein and
analysis of response to copper levels, several potential mechanisms have been
suggested. One possibility is that saturation of the amino-terminal of ATP7A/7B
with copper causes a conformational change in the protein that serves to initiate
trafficking of the protein (DiDonato, Hsu et al. 2000). Another potential
mechanism is that increased intracellular copper results in increased activity of a
‘pool’ of ATP7A/7B that signals trafficking (Petris, Voskoboinik et al. 2002;
Mercer, Barnes et al. 2003; Voskoboinik, Mar et al. 2003). Finally, as it was
observed that elevated copper increases phosphorylation of ATP7A/7B, this
post-translational modification of the protein signals trafficking (Voskoboinik, Mar
et al. 2001). A better understanding of the domains important for the regulation,
trafficking and catalytic activity of ATP7A/7B and in conjunction the mechanistic
outcomes of various mutations and in ATP7A/7B have important consequences
in human health as the inherited diseases Menkes and Wilson’s disease arise as
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a result of mutations in ATP7A and ATP7B, respectively (de Bie, Muller et al.
2007). Diseases that arise as a result impaired copper homeostasis will be the
focus of a subsection of this introduction.
Another mechanism for regulating intracellular copper levels is to either
sequester the metal within a specialized intracellular compartment or to utilize
specialized metal-binding proteins to sequester the metal within the cytoplasm.
Work in S. cerevisiae, has identified a protein named Ctr2 that is a member of
the Ctr1 family of high affinity copper transporters but functions in transporting
copper from an intracellular vesicle into the cytoplasm under limiting copper
conditions (Rees, Lee et al. 2004). Ctr2 is localized to the vacuolar membrane in
yeast where it functions to mobilize vacuolar copper stores during conditions of
intracellular copper scarcity (Rees, Lee et al. 2004). While the identity of the
protein responsible for initial import of copper into the vacuolar compartment is
not known, the vacuolar reductase that functions in Ctr2-mediated vacuolar
copper export has been identified and residues import for Ctr1-mediated copper
transport into the cytosol are also important for Ctr2-mediated copper export into
the cytosol (Rees and Thiele 2007). Mammalian homologues to Ctr2 have been
identified and localized to various intracellular compartment including late
lysosomes, endosomes, as well as partial localization to the plasma membrane
where it may contribute to copper uptake (van den Berghe, Folmer et al. 2007;
Bertinato, Swist et al. 2008). Overexpression studies of Ctr2 result in increased
cytosolic copper content levels, which may be the result of increased transport of
copper from vesicles into the cytosol and/or due to increased plasma membrane
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uptake of copper (van den Berghe, Folmer et al. 2007; Bertinato, Swist et al.
2008). Interestingly, a mutant version of yeast Ctr2 that partially mislocalizes to
the plasma membrane can rescue the respiratory defect of yeast completely
mutant for Ctr1/3-mediated high affinity copper transport at the plasma
membrane (Rees, Lee et al. 2004). Continued research will further define the role
of Ctr2 in copper homeostasis but the above observations support the idea that
mammalian Ctr2 may also function to mobilize intracellular copper stores via a
similar mechanism employed by Ctr1 proteins.
Metallothioneins, on the other hand, are small (25-62 amino acids)
cysteine-rich peptides that bind copper in addition to other transition metals
(Dameron and Harrison 1998). The genes encoding metallothioneins are highly
conserved with representative members in bacteria, fungi, plants, insects, and
animals (Dameron and Harrison 1998). As mentioned above, S. cerevisiae
metallothioneins are specifically induced by high copper due to their
transcriptional control by the copper-responsive transcription factor, Ace1 (Thiele
1988; Dameron, Winge et al. 1991; Gralla, Thiele et al. 1991; Culotta, Howard et
al. 1994; Dameron and Harrison 1998). In mammals, metallothionein expression
is induced by copper, cadmium, zinc, nickel, cobalt; both the basal and metalinduced expression of the genes depends upon the transcription factor MTF-1
binding to metal response elements (MREs) within the promoters of the genes
(Dameron and Harrison 1998; Balamurugan, Egli et al. 2004). Mammalian MTF1 is also essential for development in the mouse, as null mutants die in utero due
to liver degeneration (Wang, Wimmer et al. 2004). MTF-1 orthologues have been
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identified in several fish species and in D. melanogaster (Auf der Maur, Belser et
al. 1999; Zhang, Egli et al. 2001; Chen, John et al. 2002); in D. melanogaster
MTF-1 has been shown to induce expression of metallothioneins in response to
cadmium, copper, zinc, and also mercury (Balamurugan, Egli et al. 2004).
Additionally and surprisingly, D. melanogaster MTF-1 plays a role in response to
copper starvation via binding to the MREs with the CTR1B promoter, a role that
will be discussed later on in this introduction (Selvaraj, Balamurugan et al. 2005).

1.4

Systemic Copper Homeostasis

The average concentration of copper within a human is about 1.7 µg/g and
for animals in general it is in the range of 1.5-2.5 µg/g (Linder and Goode 1991).
Food, rather than water, represents the major source of copper in diets, and the
copper content of foods vary considerably (Linder and Hazegh-Azam 1996).
Foods that are copper-rich include shellfish, organ meat, nuts, and raw grains
(Linder and Hazegh-Azam 1996). The recommended daily intake for copper in
adult humans is between 1 and 2 µg per day (USDA 2005). In mammals, it has
been demonstrated that absorption of copper occurs in the small intestine via a
carrier-mediated and saturable process (Linder and Goode 1991). Additionally,
copper absorption by the small intestine is modulated by dietary copper status;
high dietary copper status results in lower absorption of copper and vice versa
(Turnlund 1998). Two transporters have been shown to be important for intestinal
copper absorption: DMT1/Nramp2 and Ctr1. The most compelling evidence for a
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role in intestinal copper absorption by DMT1/Nramp2 comes from in vitro data in
which knock-down of DMT1/Nramp2 by antisense oligonucleotides resulted in a
~48% inhibition in copper uptake by intestinal Caco-2 cells (Arredondo, Munoz et
al. 2003). Also, DMT1/Nramp is expressed in the proximal duodenum of the
intestine and localized to apical membrane of the villi of enterocytes, thus placing
the protein in the right location for gastrointestinal copper absorption (CanonneHergaux, Gruenheid et al. 1999). Similar to DMT1/Nramp2, Ctr1 has been shown
to be expressed in the duodenum and localized to apical membrane of villi
(Nose, Kim et al. 2006). However, work utilizing an intestine cell-specific mouse
knockout model has clearly demonstrated a in vivo role for Ctr1 in intestinal
copper absorption (Nose, Kim et al. 2006). Intestine-specific Ctr1 knockout mice
show significant reduction in peripheral tissue copper accumulation, with the
most severe reduction observed in the liver. Intriguingly, these animals
hyperaccumulate copper within the intestinal epithelial cells and the significance
of this finding in not yet understood.
Once absorbed from the diet, copper needs to be distributed to peripheral
tissues; Figure 1.3 illustrates a model for intestinal copper absorption and
peripheral distribution.
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Figure 1.3: Model of Systemic Copper Homeostasis.
Copper is absorbed from the diet by Ctr1, localized to the apical membrane of
intestinal epithelial cells. Prior to transport by Ctr1, copper must first be reduced
to Cu1+ by a putative metalloreductase. Copper is pumped out into the portal
vein by ATP7A whereupon it is likely rapidly bound by serum proteins, amino
acids, or other ligands. From the intestine, the portal vein delivers copper to the
liver where it is taken up by hepatocytes. The liver is a central organ for
controlling circulating levels of copper within the body; if the body is flooded with
excess, unused copper, the liver can reabsorb the copper and excrete it in the
bile. The liver also dispatches copper to the peripheral tissues. ATP7B
expressed in hepatocytes pumps copper out in the circulatory system where it
can be carried to other tissues. Copper uptake in peripheral tissues may be
mediated by Ctr1 or other transport proteins or mechanisms.
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Copper is first transported out through the basolateral membrane of
enterocytes in order to achieve access to the portal blood. ATP7A is ubiquitously
expressed with the exception of the adult liver and localized to the Golgi under
copper sufficient conditions but trafficks to the plasma membrane under high
copper conditions (Paynter, Grimes et al. 1994; Petris, Mercer et al. 1996; Kuo,
Gitschier et al. 1997; Murata, Kodama et al. 1997; La Fontaine and Mercer
2007). In enterocytes, ATP7A has been localized specifically to the basolateral
plasma membrane or vesicles within the basolateral region of enterocytes upon
exposure to elevated copper (Ravia, Stephen et al. 2005; Nyasae, Bustos et al.
2007). In conjunction with the observation that in Menke’s disease, which is
caused by mutations in ATP7A, copper accumulates within intestinal epithelial
cells resulting in peripheral tissue copper deficiency, a model in which ATP7A
functions in intestinal copper efflux is supported (Mercer 1998; Mercer 2001;
Mercer and Llanos 2003).
Given the propensity of free copper to generate reactive oxygen species,
the copper is bound by serum proteins or complexed to amino acids or as yet
unidentified ligands upon entering the portal blood and carried to the liver (Linder
and Hazegh-Azam 1996). The liver is an important organ for copper
homeostasis; it represents the major storage organ for copper and is an
important organ for regulating copper levels (Hellman and Gitlin 2002). The
identity of the transporter essential for copper uptake into hepatocytes is not yet
known; both Ctr1 and DMT1/Nramp2 have been shown to be expressed in
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hepatocytes and are possible candidates to fulfill this function but await definitive
experimental data firmly placing either or both of them in this process (Kuo,
Gybina et al. 2006; Shindo, Torimoto et al. 2006). Alternatively, as mentioned
above, perhaps future research focused on characterization of Ctr2 will clarify the
contributions of this member of the Ctr1 family in systemic and tissue-specific
copper acquisition. Once inside hepatocytes, copper is loaded into ceruloplasmin
and then secreted into the blood to be distributed to peripheral tissues (Linder
and Hazegh-Azam 1996; Meyer, Durley et al. 2001; Hellman and Gitlin 2002).
Copper-bound ceruloplasmin accounts for ~95% of the copper found in serum
and as such was thought to be the primary plasma carrier for copper and
involved in copper transport and metabolism. However, aceruloplasminemic
mice demonstrate no differences in intestinal copper absorption, hepatic uptake,
or biliary excretion as compared to wild-type animals and have normal copper
levels and activity of copper-dependent enzymes in several tissues (Meyer,
Durley et al. 2001; Hellman and Gitlin 2002). This suggests the presence of other
serum factors capable of binding and delivering copper to tissues. Albumin and
histidine are constituents of blood plasma known to be able to bind Cu2+ that may
also be relevant as serum copper-carrying factors (Linder and Hazegh-Azam
1996; Harris 2000).
While aceruloplasminemia was subsequently determined to be autsomal
recessive disorder of iron metabolism (Harris, Takahashi et al. 1995), Wilson’s
disease is an autosomal recessive disorder of copper metabolism (Mercer 2001;
Mercer and Llanos 2003; de Bie, Muller et al. 2007). The disease is a result of
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mutations in ATP7B, which result in reduced copper export from the liver and,
consequently, hyperaccumulation of copper within the liver (Mercer 2001; de Bie,
Muller et al. 2007). ATP7B is highly expressed in the liver (Bull, Thomas et al.
1993) and localized to the perinuclear region and vesicles near the canalicular
membrane; under copper deficiency the protein is concentrated at the Golgi
network but under high copper the protein is predominantly localized to vesicles
near the canalicular membrane with some localization at the canalicular
membrane itself (Schaefer, Hopkins et al. 1999). A rat model for Wilson’s
disease also has reduced serum copper concentrations (Li, Togashi et al. 1991).
All these data support a function for ATP7B in copper export from the liver
(Mercer and Llanos 2003). In vitro studies using a vesicle-based coppertranslocating assay has provide direct biochemical evidence that ATP7B
functions as a copper-translocating P-type ATPase (Voskoboinik, Greenough et
al. 2001), thus presumably, upon export via ATP7B, copper is again bound by
serum carrier proteins or other ligands. Copper uptake in peripheral tissues is
probably mediated by several different systems. Ctr1 is expressed ubiquitously
and cells deficient for Ctr1 have severely reduced intracellular copper content.
However, Ctr1 deficient cells do have some intracellular copper, arguing that
other Ctr1 independent systems for copper uptake are in place. Similar to what
was discussed for absorption of copper by intestinal epithelial cells,
DMT1/Nramp2 could be a candidate; mRNA for DMT1/Nramp2 have been found
in the liver, kidney, bran, heart, intestine, and other tissues (Gunshin, Mackenzie
et al. 1997; Mims and Prchal 2005). An unanswered question, however, in
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systemic copper homeostasis is how these serum proteins responsible for
carrying copper in the blood interact with copper transporting proteins,
specifically Ctr1 or the reductase important for Ctr1-mediated copper transport, to
ultimately release their copper cargo and allow for uptake of the metal into cells.
There is evidence that both histidine and ceruloplasmin release their copper at
the cell surface and are not endocytosed, supporting copper transfer either
directly or indirectly to copper transporters (Linder and Hazegh-Azam 1996;
Harris 2000). Copper that is not taken up into cells is primarily excreted in the
bile, thus unused copper must somehow find its way back to the liver, a process
that virtually nothing is known about. The liver, being the first organ copper is
delivered to after being absorbed from the diet in the intestine, and being the last
organ unused copper returns to, is a central organ in controlling system copper
levels and is the most susceptible organ for copper toxicity (Linder and HazeghAzam 1996; Mercer 2001). Unpublished work from our lab suggest that the liver
may be able to ‘sense’ peripheral copper deficiency in tissues and mobilize
stored copper to relieve the deficient organ; heart-specific Ctr1 knockout mice
have reduced copper accumulation, as does the liver, suggesting a mobilization
of liver copper stores with subsequent reduced liver copper levels. How the liver
and other organs sense or communicate copper deficiency or toxicity is not
known; will their be a similar peptide hormone as hepcidin, which is produced by
the liver and regulates iron homeostasis, that functions in regulating copper
homeostasis (Arredondo and Nunez 2005)? While the broad outlines of the
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systemic copper homeostatic picture are in place, the finer strokes and details
remain to be elucidated through future research endeavors.

1.5

Copper and Copper Homeostasis Components in the Development
and Physiology of Metazoan Organisms
While much is currently known about the functions of copper in biology,

much has yet to be learned about all of the processes in development and
physiology in which copper plays a role. Some of the first studies to demonstrate
processes sensitive to copper loss came from animals placed on copper deficient
diets. Anemia, neutropenia, cardiac hypertrophy, reduced fertility, decreased
immunity, severe cognitive disorders, connective tissue and bone defects, and
growth retardation are among some of the effects observed from copper-deficient
diets and suggests copper performs vital roles in hematopoiesis, heart, brain,
bone, and connective tissue development and function (Prohaska 1983;
Prohaska and Lukasewycz 1989; Prohaska 1990; Linder and Goode 1991;
Prohaska 1991; Prohaska, Bailey et al. 1995; Prohaska and Brokate 1999).
While the activity of a number of copper-dependent enzymes have been shown
to be decreased following dietary copper deficiency, whether or not enzyme
activities are depressed enough to result in significant changes in organ function
and development is not known (Prohaska 1990; Prohaska 1991; Prohaska,
Bailey et al. 1995; Prohaska and Brokate 1999). This represents a significant
challenge for dietary models of copper deficiency; observations of enzyme
activity, protein, mRNA, and other biomarker levels can be made, but
43

mechanistic explanations of what is causing the phenotype are not possible. For
these types of explanations, genetic models of copper deficiency can be used;
mutations in gene X lead to a variety of pathologies that can either directly or
indirectly be related to loss of that gene and its encoded product.
Human genetics studies were actually the first published work in which
mutations in specific genes resulted in human disorders of copper metabolism.
Serendipitiously, mutations in the genes ATP7A and ATP7B were discovered as
being responsible for the inherited human diseases, Menkes and Wilson’s
disease, respectively. Menkes disease is an X-linked disorder of copper
deficiency with a frequency of about 1 in 40,000-350,000 (de Bie, Muller et al.
2007). It is characterized by hypopigmentation, connective tissue defects
including aortic aneurisms, loose skin, and fragile bones, and severe neurological
defects and ultimately results in death during early childhood (Mercer 2001; de
Bie, Muller et al. 2007). Many of these abnormalities have been linked to
deficiencies in cuproenzymes including tyrosinase, lysyl oxidase, and
cytochrome c oxidase (Kaler 1998).
While it had been known at least 20 years before that Menkes disease
patients suffered from a defect in copper absorption (Linder and Goode 1991), it
wasn’t until the identification of the mutated gene, ATP7A, that a mechanistic
understanding of the disorder became possible (Chelly, Tumer et al. 1993;
Mercer, Livingston et al. 1993; Vulpe, Levinson et al. 1993). Mutations in ATP7A
resulting in a non-functional protein prevent copper from being exported out of
intestinal epithelial cells and into the circulation resulting in peripheral copper
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deficiency with simultaneous hyperaccumulation of copper within intestinal
epithelial cells (Mercer 2001). Several mouse models of Menkes Disease exist,
having similar phenotypes to humans afflicted with the disease and are known
collectively as the mottled mice (Mercer 1998; Mercer, Ambrosini et al. 1999).
Importantly, studies using the brindled subtype have demonstrated that
expression of ATP7A in the mutant mice rescues the phenotypes and partially
restores the copper balance (Llanos, Ke et al. 2006).
Wilson’s disease is an autosomal recessive copper toxicosis disorder with
an incidence of 1 in 30,000 to 100,000 births (de Bie, Muller et al. 2007). The
age of onset of the disease is somewhat variable as are symptom presentation
but include movement disorders, dementia, and psychiatric disturbances (Mercer
2001; de Bie, Muller et al. 2007). The hepatocytes of patients with Wilsons’
disease, while competent in copper uptake, are unable to properly export copper
out of the liver due to mutations in ATP7B resulting in non- or sub-functional
activity of the protein and subsequently accumulate toxic amounts of copper
within the liver (Mercer 2001; de Bie, Muller et al. 2007). The toxic levels of
copper in the liver cells can cause the cells to undergo apoptosis, which leads to
leaking of copper into the plasma; the excess copper is ultimately taken up by
extra-hepatic tissues, including the brain (Mercer 2001; de Bie, Muller et al.
2007). Similar to Menkes disease, rodent models exist, including the toxic milk
mice, in which the dams harboring inactivating mutations in ATP7B produce
copper deficient milk often leading to pup mortality as a consequence of lack of
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copper in their diet (Rauch 1983; Michalczyk, Rieger et al. 2000; Fuentealba and
Aburto 2003).
Menkes disease and Wilson’s disease are not the only two human
diseases involving perturbed copper homeostasis and mutations within
components of the pathway. Cytochrome c oxidase or complex IV deficiencies
are observed in a heterogeneous group of disorders that present in either
childhood adulthood and with a number of clinical phenotypes of variable
severity, although affected tissues typically tend to be those with a high energy
demand like the brain, muscles, and heart (Shoubridge 2001; Borisov 2002).
Complex IV deficiencies can arise as a result of mutations in Sco1, Sco2, and the
mitochondrially-encoded enzymatic core subunits of cytochrome c oxidase , Cox
I, Cox II, and Cox III (Shoubridge 2001; Borisov 2002). Cox I, Cox II, and Cox III
mutations can result in motor neuron disease, myopathy, myoglobinuria,
encephalopathy, Leigh-like syndrome, and MELAS (mitochondrial
encephalomyopathy with lactic acidosis and stroke-like episodes) (Shoubridge
2001). Sco1 mutations in humans can result in neonatal liver failure and
encephalopathy and mutations in Sco2 in infantile cardioencephalomyopathy
(Papadopoulou, Sue et al. 1999; Jaksch, Ogilvie et al. 2000; Valnot, Osmond et
al. 2000; Leary, Kaufman et al. 2004); in both of these diseases, the mutations in
Sco1 and Sco2 markedly reduce the amount of holo-cytochrome c oxidase
present in cells. Table 1.2 presents a list of human diseases resulting from a
copper metabolism imbalance.
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Table 1.2 Diseases of Copper Imbalance
Disease

Clinical Manifestations

Menkes
Disease

Growth defects,
hypopigmentation, arterial
tortuosity, skin laxity,
defective thermal
regulation; perinatal
lethality

Wilson's
Disease
Sporadic Cu
Deficiency

Hepatic
hyperaccumulation of Cu,
cirrhosis, basal ganglia
deterioration,
neuropsychiatric disease
Ataxia, neuropathy,
myelopathy

Biochemical Defect
Hyperaccumulation of
Cu in the intestine
due to inability to
export Cu from the
basolateral
membrane of
enterocytes with
concomitant
peripheral tissue Cu
deficiency
Defective biliary Cu
execretion

Cu deficiency in
tissues
Mitochondrial Cu
Early-onset and fatal
delivery impairment
Fatal Infantile
resulting in
hypertrophic
Cardiomyopathy
encephalocardiomyopathy cytochrome oxidase
assembly defect
Mitochondrial Cu
delivery impairment
Progressive
Liver failure, Ketoacidotic
Neonatal Liver
resulting in
coma
cytochrome oxidase
Failure
assembly defect
Reduced intestinal Cu
Cu Deficiency
Myelopathy or
absorption and
Post-Gastric
Myeloneuropathy;
peripheral Cu
Surgery
anemia; neutropenia
deficiency
Reduced stability of
Canine Cu
Chronic hepatitis;
ATP7B resulting in
Toxicosis (noncirrhosis
hyperaccumulation of
Wilsonian)
Cu in the liver
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Gene Mutated

ATP7A

ATP7B

unknown

SCO2

SCO1

N/A

COMMD1/
MURR1

Animal studies in which various copper homeostasis pathway components
are genetically inactivated further indicate the importance of copper in the
development and physiology of metazoan organisms. A Ctr1 systemic knockout
mouse is embryonic lethal, with fetal death between E8.5 and E10.5 (Kuo, Zhou
et al. 2001; Lee, Prohaska et al. 2001). Consistent with gastrulation occurring
during this developmental time window, Ctr1 homozygous mutants show
impaired development of the neuroectoderm and mesoderm. Additionally,
intestinal epithelial cell-specific Ctr1 knockout mice develop cardiac hypertrophy
with lethality beginning about 10 days post-birth (Nose, Kim et al. 2006).
Morpholino-mediated Ctr1 knockdown in Xenopus also determined the sensitive
developmental window for loss of Ctr1 to be around the time of gastrulation as
well and that Ctr1 promoted the differentiation while inhibiting the morphogenesis
of the mesoderm and neuroectoderm (Haremaki, Fraser et al. 2007). This same
study also found a role for mammalian Ctr1 in regulating stem cell differentiation
and self-renewal. The Cox17 knockout mouse shows a similar phenotype to the
Ctr1 knockout mouse with animals dying between E8.5 and E10 (Takahashi,
Kako et al. 2002). Given the similarity in phentoype between the Cox17 and Ctr1
knockout mice, it has been postulated that Cox17 is the most prominent copper
chaperone downstream of Ctr1 during mammalian development. Atox1 knockout
mice fail to thrive immediately after birth with ~45% of pups dying before weaning
(Hamza, Faisst et al. 2001). The remaining surviving animals exhibited growth
retardation, skin laxity, hypopigmentation, and seizures. Interestingly, Atox
48

mutant mice derived from Atox mutant mothers had a more severe phenotype
including microphthalmia or small eyes. The small eye phenotype is similar to
that seen in mice deficient in Mitf, a transcription factor required for the
development and maturation of the neural crest-derived melanocytes, suggesting
that copper and copper-trafficking pathways may be involved in the signaling
pathways governing neural crest cell development (Hamza, Faisst et al. 2001).
CCS knockout mice present with the least severe phenotypes as the animals are
viable and demonstrate increased sensitivity to paraquat and reduced female
fertility (Wong, Waggoner et al. 2000).
In summary, for proper development and for physiological processes to
work normally, organisms must be able to acquire copper, distribute copper, and
utilize copper in a regulated fashion. Further research will continue to uncover all
the enzymes, signaling pathways, and processes where copper plays role in
metazoan organisms.

1.6

Drosophila melanogaster as a Unique System for Studying Copper
Homeostasis and Discovering Novel Copper-binding Proteins and
New Roles of Copper
To date, the majority of the copper homeostasis pathway components

have bona fide orthologues in Drosophila melanogaster. These include the Ctr1
proteins, ATP7A/B, metallothioneins, and MTF-1 (Zhang, Egli et al. 2001; Egli,
Selvaraj et al. 2003; Zhou, Cadigan et al. 2003; Balamurugan, Egli et al. 2004;
Egli, Yepiskoposyan et al. 2006; Norgate, Lee et al. 2006). The species also has
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a number of cuproenzyme orthologues like Sod1, tyrosinase, cytochrome c
oxidase and peptidyl-glycine α-amidating monooxygenase (Wright 1987; Phillips,
Campbell et al. 1989; Kolhekar, Roberts et al. 1997; Jiang, Kolhekar et al. 2000;
Szuplewski and Terracol 2001; Han, Park et al. 2004; Woodruff, Phillips et al.
2004; Liu, Gnanasambandam et al. 2007).
Three Ctr1 proteins have been identified in Drosophila, Ctr1A, Ctr1B, and
Ctr1C (Zhou, Cadigan et al. 2003). The Drosophila copper transporters have all
the primary sequence elements characteristic of Ctr1 proteins as shown in Figure
3. All three copper transporters when expressed in a yeast strain mutant in high
affinity copper transport can suppress the respiratory deficiency of the mutant as
demonstrated by rescued growth on non-fermentable sources of carbon (Zhou,
Cadigan et al. 2003). When expressed in S2 cells, only Ctr1A and Ctr1B are
able to mediate copper uptake (Zhou, Cadigan et al. 2003). The structural data,
ability to rescue a yeast mutant, and ability to mediate copper uptake, are
strongly suggestive of Ctr1a, Ctr1b, and Ctr1c encoding members of the Ctr1
family of proteins and functioning in copper transport in Drosophila.
Ctr1A, Ctr1B, and Ctr1C each show a unique expression pattern during
Drosophila development (Zhou, Cadigan et al. 2003). Ctr1A is expressed
throughout the development of the fly suggesting that Ctr1A could function as the
primary copper transporter. Ctr1B is expressed in late embryogenesis, through
larval stages, and is also expressed, though at much lower levels, in adults.
Ctr1C shows the most restrictive expression pattern, only being expressed in
third instar larvae and, interestingly enough, in male flies. The different
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expression patterns of each copper transporter suggest that the Ctr1 proteins
have distinct contributions and roles in copper homeostasis in Drosophila.
Ctr1B appears to play essential roles in copper acquisition under lowcopper environmental conditions, during developmental periods of tremendous
growth and in potentially storing copper under high-copper environmental
conditions. The basis for these conclusions come from studies of Ctr1B null
mutants reared on food with varying copper concentrations (Zhou, Cadigan et al.
2003). When allowed to develop on low copper food, Ctr1B null mutants die as
2nd instar larvae, a developmental arrest that can be rescued by addition of an
excess of copper but not other metals suggesting the mutant phenotype is due to
a copper deficiency specifically. When allowed to develop under standard food
conditions, the mutants are viable but larvae show a 40% reduction in total body
copper levels. Finally, development on high copper food results in arrest as latestaged pupae under high copper conditions; the mutants seem to show a
sensitivity to the high copper food because at the same concentration of copper
in the food, ~75% of wildtype animals are able to complete development and
eclose as adult flies. This latter piece of data suggests that Ctr1B may function in
the transport of copper into a storage vesicle or compartment. Ctr1B has been
localized to the apical membrane in intestinal epithelial cells where it is
responsible for copper uptake in the larval gut, but its localization in other tissues
has not yet been studied leaving open the possibility for this protein to function in
copper transport on other membrane-bound organelles (Balamurugan, Egli et al.
2007). The regulation of Ctr1B is different from that observed for Ctr1A and
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Ctr1C being controlled almost exclusively at the transcriptional level; gene
transcription is induced under low copper and repressed under high copper
(Zhou, Cadigan et al. 2003; Balamurugan, Egli et al. 2007). Analysis of the Ctr1B
locus reveals 4 MREs within its promoter and it was determined that MTF-1 binds
to these MREs under copper starvation (Selvaraj, Balamurugan et al. 2005).
Drosophila MTF-1, like mammalian MTF-1, binds MREs, requires zinc for
binding, and induces robust expression of Drosophila metallothionein genes in
response to zinc, copper, cadmium, and mercury (Zhang, Egli et al. 2001). While
loss of Drosophila MTF-1 is not lethal, the flies lose both basal- and metalinduced metallothionein transcription, and as such are sensitive to high
concentrations of zinc, copper, and cadmium (Egli, Selvaraj et al. 2003).
Interestingly and similarly to Ctr1B, Drosophila MTF-1 mutants, in addition to
their sensitivity to copper excess, fail to develop into adult flies under copper
deprivation. When grown on low copper food, Drosophila MTF-1 mutants are
unable to pupate and demonstrate a dramatic extension of larval lifespan from a
normal 4 to 5 days to as long as 32 days (Egli, Selvaraj et al. 2003). It was
subsequently discovered that the reason MTF-1 mutants are sensitive to copper
starvation is because they are unable to upregulate expression of Ctr1B
(Selvaraj, Balamurugan et al. 2005). These studies on Drosophila Ctr1B and
MTF-1 have made significant contributions in our understanding of metazoan
regulatory responses to changes in copper levels and in mechanisms for copper
detoxification. Transcriptome response analysis of wild-type and MTF-1 mutant
flies reared on sublethal doses of cadmium, zinc, copper, as well as on low
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copper conditions identified a number of new and interesting targets of MTF-1
and genes induced or repressed in response to heavy metal stress in general.
While similar studies have been done using wild-type and MTF-1 mutant whole
mouse embryos or embryonic livers, the Drosophila analysis permits
identification of MTF-1 targets in adult organisms in response to heavy metal
stress, a profile which may be either different or provide a less ambiguous set
MTF-1 targets. The paradoxical role of Drosophila MTF-1 in regulating genes
induced under heavy metal stress and in activating transcription of Ctr1B in
response to low copper also suggests that other co-activator and co-repressor
proteins may interact with MTF-1 in directing target gene transcription, a system
potentially conserved in mammals.
Very little is known about Ctr1C at this point in time. Mutants are viable
under a variety of copper conditions (personal communication, W. Schaffner),
and it does not appear to be regulated at the transcriptional level (Zhou, Cadigan
et al. 2003). One hypothesized role for Ctr1C is that it might be the orthologue to
S. cerevisiae Ctr2 and function to mobilize intracellular copper stores, but this
awaits further study.
Characterization of Drosophila Ctr1A has been the focus of this my thesis
dissertation research and data concerning the characterization of this gene in
Drosophila can be found in the chapters following this introduction. The data
presented in chapter four particularly highlights some of the advantages of using
Drosophila in the study of copper homeostasis. The ability to easily evaluate
genetic interactions in Drosophila has facilitated the discovery of a novel role for
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copper in a cell signaling pathway important for cellular proliferation and mutated
in many cancer types. The high degree of evolutionary conservation in copper
homeostasis genes and other genes essential for proper development,
physiology, and other homeostatic processes allowed for extrapolation of the
Drosophila interaction data in vitro to mouse cell lines. Chapter three also
discusses the utility of Drosophila in verifying interactions and effects of gene
loss on the expression of other genes.
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2.

Drosophila Ctr1A Functions as a Copper
Transporter Essential for Development

2.1

Background and Significance
Enzymes are required to carry out a complex orchestration of biochemical

reactions, and many of these enzymes require co-factors obtained through the
diet. One such co-factor is copper, an essential trace element involved in such
diverse biological and developmental processes as energy generation, peptide
maturation, free radical detoxification, blood vessel formation, and melanin
production (Linder and Goode 1991; Pena, Lee et al. 1999; Puig and Thiele
2002). In addition to the canonical role of copper as a co-factor, data support
novel roles for copper in the secretion of growth factors and in modulating
neuronal function (Engleka and Maciag 1992; Sen, Khanna et al. 2002; Schlief,
Craig et al. 2005). Its utility in biological systems, however, is tempered by its
ability to catalyze the formation of free radicals that are damaging to cells
(Halliwell and Gutteridge 1984). Thus cells have evolved a homeostatic pathway
for the uptake, distribution and sequestration of copper such that the essential
cellular requirements for copper can be achieved while minimizing its toxic
potential. Studies in the baker’s yeast, S. cerevisiae, facilitated the discovery of
many of the components of the copper homeostatic pathway, and these proteins
are strongly conserved amongst species extending all the way to mammals
(Harris 2000; Puig and Thiele 2002; Rees and Thiele 2004).
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The Ctr1 proteins, a family of conserved, high affinity copper transporters,
function as a primary means through which individual cells obtain copper (Lee,
Pena et al. 2002; Puig, Lee et al. 2002; Eisses, Chi et al. 2005). Inside cells,
copper is escorted to intracellular compartments or proteins by copper chaperone
proteins: CCS incorporates copper into Cu, Zn superoxide dismutase, Atx1
delivers copper to the Golgi network where it is then pumped into the lumen of
the Golgi via the action of ATP7A and ATP7B and from within the Golgi lumen
can be incorporated into copper-dependent proteins, and COX17 facilitates
copper insertion into mitochondrial cytochrome c oxidase (Huffman and
O'Halloran 2001; Luk, Jensen et al. 2003; Lutsenko and Petris 2003; Cobine,
Pierrel et al. 2006; Culotta, Yang et al. 2006).
The consequence of improper copper balance is illustrated in two
hereditary disorders of copper homeostasis. Menkes disease, an X-linked
copper deficiency disorder caused by mutations in ATP7A that leads to the
hyper-accumulation of copper in intestinal epithelial cells and subsequent hypoaccumulation of copper in peripheral tissues, results in early childhood lethality.
Wilson disease is an autosomal recessive copper toxicosis disorder caused by
mutations in ATP7B that leads to massive hyper-accumulation of copper in the
liver and subsequent copper overload in peripheral tissues and can result in liver
disease and/or neurological conditions (Mercer 2001; Andrews 2002).
Additionally, mutations in other components of the copper homeostatic pathway
can result in either early embryonic lethality, perinatal lethality, or pathologic
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conditions. Mutations in Cox17 (Takahashi, Kako et al. 2002) and Ctr1 (Kuo,
Zhou et al. 2001; Lee, Prohaska et al. 2001) result in embryonic lethality in
mouse models, whereas Atox1 deficient mice fail to thrive with a large number of
pups dying perinatally (Hamza, Faisst et al. 2001). While systemic Ctr1 knockout mice die early in embryogenesis accompanied by severe and widespread
developmental defects including poorly developed mesoderm and neural
ectoderm layers and impaired neural tube closure, intestinal epithelial cellspecific Ctr1 knock-out mice exhibit marked growth retardation, cardiac
hypertrophy, and overall viability defects resulting in postnatal lethality by
approximately 3 weeks of age (Nose, Kim et al. 2006). Additionally, mutations in
Sco2, a protein involved in the assembly of copper into cytochrome c oxidase,
have been associated with fatal infantile cardiomyopathy (Papadopoulou, Sue et
al. 1999; Jaksch, Ogilvie et al. 2000), whereas mutations in Sco1, also involved
in cytochrome c oxidase assembly with copper, have been associated with
neonatal-onset hepatic failure and encephalopathy (Valnot, Osmond et al. 2000).
Taken together, these observations illustrate the importance of copper
homeostasis in normal development and physiology.
Previously, three Ctr1 genes were identified in the Drosophila genome
based on sequence homology of the encoded proteins to mammalian and yeast
Ctr1 proteins. Drosophila Ctr1A, Ctr1B and Ctr1C each possess the three
structural features characteristic of all known Ctr1 family members: three
transmembrane domains, a methionine residue preceding the first
transmembrane domain, and a MX3M motif within the second transmembrane
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domain. Additionally, expression of each Drosophila Ctr1 protein can rescue a
yeast strain deficient in high affinity copper uptake and expression of Ctr1A and
Ctr1B stimulates copper uptake in S2 cells (Zhou, Cadigan et al. 2003).
Previously, we demonstrated that Drosophila Ctr1B is necessary only
under growth conditions where copper is limiting or, paradoxically, when copper
is in excess (Zhou, Cadigan et al. 2003). The focus of this study was to
characterize Drosophila Ctr1A. Here we show that Ctr1A is an essential gene for
Drosophila development. Furthermore, Ctr1A mutant flies exhibit deficiencies in
copper-dependent enzyme activities, deficient amidation of a peptide known to
have cardiomodulatory properties and copper-remedial defects in heart function.

2.2

Materials and Methods

Fly Stocks and Genetics. To generate a Ctr1A mutant, an imprecise Pexcision strategy was used (Cooley, Kelley et al. 1988). Line G788 was obtained
from GenExel, Inc and the location of the P-insertion was confirmed via inverse
PCR. To screen for a potential excision within Ctr1A, a PCR-based strategy was
used. Primer A1, which anneals to an intergenic region ~40 bps upstream of the
Ctr1A locus, was used as the forward primer in all test PCR reactions, and
reverse primers were designed ~500 bps apart that spanned the entire Ctr1A
locus as well as an additional 1 kb downstream of the Ctr1A locus. Lines that
yielded a PCR product smaller than expected size were marked as positive and
examined further.
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Excision line 25 was selected for further analysis; sequencing of the PCR
product spanning the excision was done to determine the exact molecular nature
of the excision. Generating female germline Ctr1A mutants was accomplished
using the FLP-DFS technique (Chou and Perrimon 1992).
Developmental Progression Analyses. For hatching efficiencies, embryos
were dechorionated in 50% bleach. The number of fertilized embryos placed on a
grape juice plate were counted, and the number of unhatched embryos
remaining after 24 hours and again after 48 hours were counted. For both
embryo and larval cuticle prep images, embryos were mounted onto slides
containing Hoyer’s Solution and a cover slip placed on top of them. Mechanical
devitellinization for the embryos was accomplished by applying gentle pressure
onto the coverslip until the vitelline membrane burst. Slides were then baked at
600C for 2-3 days. Staging of larvae was based on mouth hook structure and the
presence and appearance of anterior spiracles as described in Demerec
(Demerec 1950). For the images of tyrosinase-deficient larvae, live larvae were
mounted in 70% glycerol, a cover slip was placed on top of the animals gently,
and images were taken immediately using a Leica MZFL III fluorescence
stereomicroscope mounted with a QImaging Retiga EXi digital camera.
Ctr1A Antibody. The rabbit anti-Ctr1A antibody was made by Bethyl
Laboratories, Inc.
Immunoblot. Embryo lysates were prepared by homogenizing
dechorionated embryos in a mild lysis buffer (20 mM Hepes, pH7.0, 50 mM NaCl,
1mM EDTA, 0.5 mM EGTA, 10 mM DTT, 1.0% Triton X-100. 1mM PMSF, and
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protease inhibitors). Protein concentration for this and all subsequent
experiments was determined using the BCA method (Pierce). Samples were run
on a 10% SDS-PAGE gel, transferred to a nitrocellulose membrane, and probed
with rabbit anti-Ctr1A (1:200 for deficiency immunoblot; 1:1000 for line 25
immunoblot) and mouse JLA20 (Developmental Studies Hybridomas
Bank)(1:100). Secondary antibodies were Donkey anti-rabbit and Donkey antimouse conjugated with HRP (Amersham)(1:5000).
Embryo Staining Protocol. W1118 adult females were allowed to lay eggs
overnight. Embryos were fixed according to standard procedures (Sullivan 2000).
Primary antibodies used were rabbit anti-Ctr1A (1:500) and mouse antineurotactin (BP106; Developmental Studies Hybridomas Bank)(1:10). Secondary
antibodies used were Donkey anti-rabbit conjugated with Rhodamine and
Donkey anti-mouse conjugated with FITC (Jackson ImmunoResearch
Laboratories, Inc) (1:1000). Embryos were mounted in Prolong Antifade Kit
(Molecular Probes). Images were taken using a Zeiss LSM 410 confocal
microscope.
Larval Tissue Staining Protocol. Wandering 3rd instar W1118 larvae were
dissected and fixed according to standard procedures(Sullivan 2000). Primary
and secondary antibody incubations and mounting were the same as described
for the embryo staining. Mouse anti-actin (JLA20; Developmental Studies
Hybridomas Bank) was used at 1:500.
Immunohistochemistry Protocol for Dissected Larval Brain. 1st instar
larvae were dissected in 1xPBS. Fixation and staining were performed according
60

to previously published methods (Jiang, Kolhekar et al. 2000). Signal was
detected using the Metal Enhanced DAB substrate kit (Pierce ImmunoPure) per
manufacturer’s instructions. Tissue was mounted onto a slide in 70%
glycerol/1XPBS. Images were taken with a Leica MZFL III fluorescence
stereomicroscope mounted with a QImaging Retiga EXi digital camera. The antiPT2 and anti-CT-FMRF antibodies were generously provided by Dr. Paul H.
Taghert (Washington University).
Cox Enzyme Activity Assay. To detect cytochrome c oxidase activity, the
Cytochrome c Oxidase Assay Kit from Sigma (CTYOC-OX1) was used.
Preparation of reagents and assay procedure was followed as described in kit
protocol. Lysates were prepared by washing larvae in 1xPBS for 10 minutes and
then by homogenizing larvae in Phosphate Buffer, pH6.8/0.5%Tween. 20
micrograms of lysate was used for each sample in the assay. Enzyme activity
was calculated using the formula presented in kit’s protocol. Heart Rate Assay.
Glass 8-well multitest slides were pre-coated with polylysine. 1st instar larvae
were briefly rinsed in 1xPBS and then placed onto the slide such that the dorsal
side of the larvae was facing up. Larvae were given 5-10 minutes to adjust to
slide prior to heart rate analyses. Slides were viewed using a Zeiss Axio Imager
widefield epifluorescence microscope. Heart movement was captured using a
Hamamatsu Orca ER monochrome cooled-CCD camera with IEEE and
MetaMorph software. Heart movement was captured in 5 second intervals with
each animal recorded for a total of 15 seconds (3, 5 second intervals). Files
were subsequently played back and number of contractions counted. Heart rate
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was calculated by dividing the number of contractions counted in one 5 second
interval by 5 seconds, and the three 5 second intervals were subsequently
averaged to obtain final heart rate for the animal. Statistical significance was
determined using single factor ANOVA analyses.
ICP-MS. Larvae were collected in 1xPBS and then washed 1 time with
1xPBS. Wash was removed and larvae were homogenized in a lysis buffer (20
mM Hepes, 50 mM NaCl, 1 mM EGTA). 50 micrograms of total protein was sent
for ICP-MS analysis at a final concentration of 1 microgram total protein per
microliter. Measurements were done in quadruplicate with the final data
representing an average of the measurements. ICP-MS analysis was performed
by Dr. Ted Huston, University of Michigan.

2.3

Results

Ctr1A localizes to the plasma membrane and to intracellular vesicles.
Earlier work established that the Drosophila Ctr1B copper transporter is inducibly
expressed in response to copper deficiency, localizes to the plasma membrane
and has a physiologically important role in copper accumulation and in
development under conditions of either copper limitation or copper excess.
Messenger RNA (mRNA) blotting experiments demonstrated that in contrast to
Ctr1B, Ctr1A mRNA is expressed during all major stages of development and in
adult flies (Zhou, Cadigan et al. 2003). To begin to understand the relative
contributions of Ctr1A and Ctr1B in copper acquisition and homeostasis in
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Drosophila, Ctr1A subcellular localization was examined in cultured Drosophila
cells and in tissues from distinct developmental stages. An anti-Ctr1A peptide
antibody was developed specific to a region between the first and second
transmembrane domains, but which does not recognize Ctr1B or Ctr1C (Figure
2.1A). To ascertain the specificity of the antibody for Ctr1A protein, an
immunoblot was carried out using total protein extracts from wild-type embryos
(homozygous wild-type for Ctr1A), deficiency heterozygote embryos possessing
only one copy of the Ctr1A locus, and deficiency hemizygous embryos (Ctr1A is
on the X chromosome) that had no copies of the Ctr1A locus and thus represents
a Ctr1A null mutant. As shown in Figure 2.1B, the anti-Ctr1A antibody
predominantly recognizes three electrophoretic species of ~ 37 kDa, ~ 66 kDa,
and ~ 85 kDa. Given that Ctr1 proteins from yeast and mammals homotrimerize
to form a functional, copper-transporting unit (Lee, Pena et al. 2002; Puig, Lee et
al. 2002; Aller and Unger 2006; Nose, Rees et al. 2006), these three species
detected likely represent the monomeric, dimeric, and trimeric forms of Ctr1A,
respectively. While the primary translation product of Ctr1A is predicted to have a
mass of ~ 25.6 kDa, Ctr1 from yeast and mammals is glycosylated and this
modification could explain the deviation from the Drosophila Ctr1A predicted
electrophoretic mobility (Dancis, Yuan et al. 1994; Eisses and Kaplan 2002;
Klomp, Tops et al. 2002). The anti-Ctr1A antibody shows high specificity for
Ctr1A; protein extracts from Ctr1A heterozygous embryos exhibit an
approximately half reduction in Ctr1A protein levels and no protein bands were
detected in the Ctr1A hemizygous mutant embryos. Additionally, peptide
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competition experiments on fixed, wild-type Drosophila embryos demonstrate the
specificity of the Ctr1A antibody; incubation of embryos in a primary cocktail
consisting of the anti-Ctr1A antibody and a peptide specific for Ctr1B does not
affect localization or expression of Ctr1A (Figure 2.1D, lower left panel), whereas
a primary cocktail consisting of the anti-Ctr1A antibody and a peptide specific for
Ctr1A abolishes the detection of Ctr1A (Figure 2.1D, lower right panel).
Ctr1 proteins are predominantly localized to the plasma membrane in
yeast and in some mammalian cells and tissues and have been shown in
intestinal epithelial cells to localize to the apical membrane (Dancis, Yuan et al.
1994; Lee, Prohaska et al. 2001; Nose, Kim et al. 2006). In other cells and
conditions, mammalian Ctr1 is found in intracellular vesicular compartments
(Klomp, Tops et al. 2002; Petris, Smith et al. 2003). The subcellular localization
of Ctr1A in cultured Drosophila S2 cells and in fly tissues was examined using
the affinity purified anti-Ctr1A antibody. In cultured S2 cells, Ctr1A was
predominantly localized to the plasma membrane (Figure 2.1C) and this
localization was not altered by incubation of these cells in the presence of 400
µM CuCl2 (data not shown). Ctr1A localization was evaluated in whole embryos
and 3rd instar larval salivary glands and found to co-localize with plasma
membrane markers (Figure 2.1D) in addition to showing punctate intracellular
staining. Moreover, Ctr1A steady state protein levels were not responsive to a
24 hr incubation with the Cu(I)-specific chelator, BCS, or with 100 µM CuCl2
(data not shown). One interesting observation is that in embryonic amnio-serosal
cells, a non-polarized cell type, Ctr1A co-localizes with neurotactin. However, in
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the embryonic epithelia, a polarized cell type, Ctr1A does not co-localize with
neurotactin, which is found at the basolateral membrane, but instead is
preferentially localized to the apical membrane (arrow in Figure 2.1D). Taken
together, these results demonstrate that the Drosophila Ctr1A copper transporter,
like Ctr1B (Zhou, Cadigan et al. 2003; Selvaraj, Balamurugan et al. 2005;
Balamurugan, Egli et al. 2007), is largely localized to the plasma membrane.
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Figure 2.1: Ctr1A is predominantly localized to the plasma membrane. A). A
Ctr1A antibody was raised against a 20 amino acid epitope located in the
cytosolic loop between transmembrane domains one and two. The amino acid
sequence of the epitope is shown. B). To test the specificity of the anti-Ctr1A
antibody, an immunoblot was performed on embryo lysates from Ctr1A
homozygous wild type levels, Ctr1A heterozygous, and Ctr1A hemizygote lines.
W1118 flies were used as the source for Ctr1A homozygous wild type flies. A
deficiency uncovering Ctr1A was used as the source for heterozygous and
hemizygous Ctr1A protein. Actin was used as a loading control. Monomeric,
dimeric, and trimeric forms of the protein are indicated by one, two, or three black
circles, respectively. C). Localization of Ctr1A in S2 cells. Ctr1A largely
colocalizes with Rhodamine Phalloidin, a stain for cortical actin. D). Ctr1A
localization in fixed Drosophila tissue. The upper panel images are of a wild type
Drosophila embryo undergoing dorsal closure; arrows show the concentrated
localization of Ctr1A to the apical membrane in polarized epithelial cells. Middle
panels are images of wild type 3rd instar Drosophila larval salivary glands. Lower
left panel is a wild type Drosophila embryo incubated with anti-Ctr1A antibody
and a Ctr1B peptide and the lower right panel is a wild type Drosophila embryo
incubated with anti-Ctr1A antibody and the cognate Ctr1A antigen peptide; red
channel is Ctr1A and blue channel is DAPI staining.
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Ctr1A is essential for Drosophila development. Ctr1A and Ctr1B are
plasma membrane proteins that stimulate copper-uptake when over-expressed in
cultured Drosophila S2 cells and can substitute for loss of the high affinity copper
uptake system in baker’s yeast (Zhou, Cadigan et al. 2003). Flies lacking Ctr1B
grow and develop normally but arrest at distinct developmental stages in
response to both copper deprivation (1st instar larvae) and copper toxicity
(pupae). Additional studies suggest that Ctr1B is the primary larval intestinal
copper importer that functions on the apical membrane (Balamurugan, Egli et al.
2007). While Ctr1B is strongly regulated at the level of transcription by copper
availability and the MTF-1 transcription factor and clearly plays important roles in
response to copper deprivation, little is known about the physiological role of
Drosophila Ctr1A.
We evaluated the consequences of specific loss of Ctr1A in Drosophila
utilizing P-element mediated imprecise-excision mutagenesis (Cooley, Kelley et
al. 1988). Inverse PCR and sequence analysis demonstrated that the P-element
insertion line G788 harbors a P-element inserted 90 bp into the first non-coding
exon of the Ctr1A gene (Figure 2.2A). As shown in Figure 2.2A, one of the
excision lines generated from the P-element mutagenesis, line 25, yielded a
5,148 bp deletion that removed most of the coding sequence of Ctr1A but left the
upstream gene, CG3224, intact. PCR analysis and RT-PCR confirmed that
CG3224 genomic integrity and mRNA expression levels were unaffected by the
line 25 excision (data not shown).
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Analysis of the mutant line showed that hemizygous Ctr1A line 25
mutants, hereafter referred to as Ctr1A25, arrest as either 1st instar larvae (~40%)
or as 2nd instar larvae (~60%). Line 25 can be rescued both by a Y chromosome
carrying a fragment of translocated X chromosome, which includes the Ctr1A
locus, and by transgenic flies that express Ctr1A expressed under the control of
the yeast GAL4 upstream activating sequence (UAS) promoter (data not shown).
Rescue by the transgenic flies could occur without the use of a Gal4 driver line
suggesting that low levels of Ctr1A protein, due to leaky expression from the
UAS promoter, are sufficient to restore viability to Ctr1A mutants. We have used
line 25 as a loss-of-function mutation in Ctr1A for the experiments described
here.
As shown in Figure 2.2B, immunoblot analyses of Ctr1A levels are
consistent with the excision of Ctr1A in line 25. Ctr1A protein levels in embryonic
lysates show approximately 50% the level of Ctr1A protein in line 25
heterozygous embryos as compared to wild-type embryos. Very low levels of
Ctr1A are present in Ctr1A25 hemizygous embryos, suggesting the possibility that
Ctr1A may be maternally loaded in oocytes. Cuticle preparations of wild-type 1st
and 2nd instar larvae (Figure 2.2C) demonstrate the strong pigmentation of mouth
hook structures and spiracles due to the copper-dependent enzyme tyrosinase.
In contrast, 1st and 2nd instar larvae from Ctr1A25 hemizygotes (Figure 2.2C)
demonstrate significant pigmentation defects in these structures.
Studies have shown that yeast Ctr1 mutant growth and viability on nonfermentable carbon sources can be rescued by adding exogenous copper to
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growth media, demonstrating that the growth phenotype is due to a copper
deficiency (Dancis, Yuan et al. 1994; Puig, Lee et al. 2002). Previous studies
characterizing Drosophila Ctr1B mutants, which conditionally arrest on copperdepleted media, show that the developmental arrest of Ctr1B homozygous
mutants can also be rescued by copper supplementation (Zhou, Cadigan et al.
2003). Given these observations, we tested whether the 1st and 2nd instar larval
arrest of Ctr1A25 mutants could be rescued by dietary copper supplementation.
Ctr1A25 hemizygous mutants were generated and allowed to develop on food
supplemented with increasing concentrations of copper or other essential metals.
As shown in Figure 2.2D, at 10µM CuCl2, approximately 20% of Ctr1A25
hemizygous mutants pupariate without successful eclosure, and at 100µM CuCl2,
approximately 45% of Ctr1A25 hemizygous mutants pupariate and approximately
5% eclose as viable adults. In contrast, the developmental arrest of Ctr1A25
hemizygous mutants could not be rescued with either at 100µM ZnCl2 or 100µM
FeCl2. These data support the hypothesis that Ctr1A25 mutants developmentally
arrest due to a copper-specific deficiency. Interestingly, the dietarily-rescued
Ctr1A25 mutant males that do eclose still exhibit outward signs of copper
deficiency including hypo-pigmented abdomen and thoracic bristles (data not
shown), suggesting that although copper levels permit some level of viability and
development to adult flies, these levels are still insufficient to meet the demands
to drive all of the copper-dependent processes.
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Figure 2.2: Ctr1A is essential for development. A). A schematic diagram of
the Ctr1A locus. The entire locus is 6,621 nucleotides in length and is organized
into 5 exons. The beginning of the Ctr1A coding sequence is indicated (ATG), as
is the end of coding sequence (TAG). The Ctr1A gene encodes for a 231 amino
acid protein with an estimated molecular weight of 25.6kDa. Neighboring gene
CG3224, located 200bps upstream of the Ctr1A locus, is also shown. The
location of P-element G788 used to generate Ctr1A mutant lines is indicated.
Mutant line 25 yielded a 5,148bp deletion that removes most of Ctr1A coding
sequence. B). Immunoblot analysis of line 25. W1118 embryo lysates were used
to detect homozygous wild type Ctr1A protein levels and embryo lysates were
made using line 25 heterozygotes and line 25 hemizygotes. Ctr1A was detected
with anti-Ctr1A affinity purified antibody. Actin was used as a loading control. C).
Cuticle preparations of wild type larvae and Ctr1A25 hemizygote mutant larvae at
1st and 2nd instar larval stages. Arrows point to mouth hook structures. D). Ctr1A
mutants were allowed to develop on either normal food or normal food
supplemented with either 100µM ZnCl2, 100µM FeCl2, 1µM CuCl2, 10µM CuCl2,
or 100µM CuCl2. Dead animals were removed and the stage at which the
animals arrested was determined by inspection. Data is plotted as percent of
animals that survived to either pupal stages (black bars) or to adult stages (grey
bars). N=125 animals for each food condition except for the 100µM CuCl2
condition where N=200.
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The Ctr1A loss of function experiments indicate this protein plays an
important role in normal embryonic development that can be partially rescued by
added copper. To evaluate whether Ctr1A25 mutant embryos exhibit global
changes in total copper accumulation, wild-type larvae and heterozygous and
hemizygous Ctr1A25 mutant larvae were collected, washed and subjected to ICPMS analysis of total copper. As shown in Figure 2.3A, compared to wild-type
larvae, Ctr1A25 heterozygous mutant larvae showed a ~20% reduction in copper
levels and Ctr1A25 hemizygous mutant larvae showed a ~30% reduction in
copper levels. The modest reduction in copper levels in both the heterozygous
and hemizygous Ctr1A25 mutant larvae can potentially be explained by the
copper transporting activity of Ctr1B, which is expressed in 1st instar larvae, the
stage at which metal content analysis was performed.
To ascertain whether Ctr1A25 mutants exhibit an intracellular copper
deficiency the activity of cytochrome c oxidase, a mitochondrial enzyme involved
in oxidative phosphorylation, was assayed. As shown in Figure 2.3B, Ctr1A25
hemizygous mutants show a nearly three-fold reduction in cytochrome c oxidase
enzyme activity as compared to wild-type larvae. Interestingly, Ctr1A25
heterozygous animals exhibit cytochrome c oxidase enzyme activity higher than
that measured in wild-type flies, an observation noted for copper-dependent
enzymatic assays. One possible explanation for this result is that Ctr1A25
heterozygous animals sense a partial copper deficiency imbued by loss of one
copy of Ctr1A and as a result enhance the expression or function of proteins
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involved in intracellular copper homeostasis such as has been observed in
mammals with the stabilization of the CCS copper chaperone for Cu, Zn
superoxide dismutase (Bertinato, Iskandar et al. 2003; Bertinato and L'Abbe
2003; West and Prohaska 2004; Caruano-Yzermans, Bartnikas et al. 2006). In
some experiments we observed enhanced levels of Ctr1B expression (data not
shown), which is induced under conditions of copper deficiency by the MTF-1
transcription factor (Zhou, Cadigan et al. 2003; Selvaraj, Balamurugan et al.
2005).
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Figure 2.3: Ctr1A mutants are Cu deficient. A). ICP-MS analysis of Cu levels
in wild type, Ctr1A25/+ heterozygote, and Ctr1A25 hemizygote 1st instar mutant
larvae. Ctr1A25 hemizygote 1st instar mutant larvae have significantly lower
copper levels as compared to wild type 1st instar larvae (P-value<0.01) and as
compared to Ctr1A25/+ heterozygote larvae (P-value<0.05). Copper levels
between wild type larvae and Ctr1A25/+ heterozygote larvae are not significantly
different. B). Cytochrome oxidase enzyme activity was assessed in wild type 1st
instar larval lysates, Ctr1A heterozygous 1st instar larval lysates (Ctr1A25/+), and
in Ctr1A hemizygous 1st instar larval lysates (Ctr1A25). Activity is expressed as
units of cytochrome c oxidase activity/mL. Ctr1A hemizygous 1st instar larvae
have a significant reduction in cytochrome c oxidase activity as compared to wild
type larvae (P-value<0.05).
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Previous experiments support the notion that both Ctr1A and copper are
maternally loaded into oocytes (Figure 2.2B and Turski and Thiele, unpublished
data and (Balamurugan, Egli et al. 2007)). Furthermore, developmental RNA
blotting experiments as well as in situ hybridization experiments suggest Ctr1A is
expressed during early stages of development ((Zhou, Cadigan et al. 2003) and
unpublished data). To explore the potential role of maternally inherited Ctr1A in
fly developmental progression, we generated Ctr1A25 maternal and zygotic
mutants (Chou and Perrimon 1992). One prediction for maternal and zygotic
mutants versus zygotic mutants is that Ctr1A25 maternal and zygotic mutants
should show an earlier developmental arrest due to the loss of a maternal load of
Ctr1A and copper. The analysis of Ctr1A25 maternal and zygotic mutants
supports this prediction and shows a shift in the severity of their developmental
arrest as compared to Ctr1A25 zygotic mutants (Figure 2.4A). Approximately
40% of Ctr1A25 maternal and zygotic mutants arrest during embryogenesis, as
compared to approximately 5% of zygotic Ctr1A25 mutants arresting at the
embryonic stage. Another ~ 40% of the Ctr1A25 maternal and zygotic mutants
arrested as 1st instar larvae, with ~ 20% arresting as 2nd instar larvae as
compared to 60% of Ctr1A25 zygotic mutants arresting as 2nd instar larvae.
Furthermore, Ctr1A25 maternal and zygotic mutants visibly demonstrate a more
severe tyrosinase-dependent pigmentation deficiency as compared to wild-type
embryos of the same stage; mouth hook apparatus and denticle belts are barely
perceptible, though present, due to the lack of pigmentation in the Ctr1A25
maternal and zygotic mutants (Figure 2.4B). This severe compromise in
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pigmentation extends to larval stages as shown in Figure 2.4C. Quantitative in
vitro experiments have also verified the deficiency in tyrosinase activity in Ctr1A25
zygotic mutants and Ctr1A25 maternal and zygotic mutants, and the enzymatic
activity could be restored to wild-type levels by the addition of copper to the
mutant lysates (data not shown).
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Figure 2.4: Ctr1A maternal and zygotic mutants arrest at earlier stages of
development and yield a qualitative defect in tyrosinase activity. A).
Histogram comparing the developmental arrest of Ctr1A zygotic mutants (grey
bars) to Ctr1A maternal and zygotic mutants (black bars). For the Ctr1A25
zygotic experiments, ~200 embryos were used for hatching efficiency studies and
~50 hatched larvae were tracked for larval developmental progression studies.
For the Ctr1A25 maternal and zygotic experiments, ~400 embryos were used for
hatching efficiency studies and ~100 hatched larvae were tracked for larval
developmental progression studies. B). Cuticle preps of a stage 17 wild type
embryo (left) and a stage 17 Ctr1A maternal and zygotic embryo (right). Anterior
is to the left, posterior is to the right within each panel. Arrows point to the mouth
hook structures and the asterisk marks one of eight ventral denticle belts. Ctr1A25
maternal and zygotic embryos exhibit a severe deficiency in tyrosinase activity.
C). Images of 1st instar larvae. Anterior is to the left. Arrow in the panel to the
right indicates the severely hypo-pigmented mouth hook structures of a Ctr1A
maternal and zygotic mutant.
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Copper uptake via Ctr1A drives neuropeptide maturation. The
developmental arrest observed in Ctr1A25 mutants can most likely be attributed to
pleiotropic effects of copper deficiency. However, both zygotic and maternal and
zygotic Ctr1A mutants develop to larval stages without gross morphological
aberrations, suggesting that body plan organization and early organogenesis
proceeds relatively normally. One important component of the developmental
arrest could be due to Ctr1A mutants being unable to initiate or regulate later
developmentally important behaviors, transitions or physiological processes.
Neuropeptides serve as modulators within the nervous system and as regulatory
hormones involved in many physiological processes (Nassel 2002; Taghert and
Veenstra 2003). Neuropeptides are synthesized as biologically inactive
precursor proteins (pre-propeptides), which undergo processing and modification
within the secretory pathway into mature bioactive peptides (Eipper, Stoffers et
al. 1992). One such modification is peptide amidation, a process conserved in
metazoans that is catalyzed by the copper-dependent enzyme, peptidylglycine αhydroxylating monooxygenase (PHM) (Nassel 2002). It has been estimated that
approximately 90% of all Drosophila neuropeptides undergo amidation via PHM
(Jiang, Kolhekar et al. 2000; Hewes and Taghert 2001).
To evaluate PHM activity in Ctr1A mutant flies, we utilized in situ analysis
for the presence of pre-proFMRF peptide and its processed and matured
amidated neuropeptides, FMRFamide-related peptides (Nichols 2003) using an
antibody that recognizes the FMRF pre-propeptide (Jiang, Kolhekar et al. 2000)
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and one specific to the amidated form of FMRFamide-related peptides (Taghert
and Schneider 1990; Jiang, Kolhekar et al. 2000). As shown Figure 2.5,
dissected wild-type 1st instar larval brains have a stereotypical pattern of
neuroendocrine cells in the ventral ganglion of the central nervous system that
produce the FMRF pre-propeptide (Schneider, Sun et al. 1993). Dissected 1st
instar larval brains from Ctr1A25 maternal and zygotic mutants also show a
similar pattern of FMRF pre-propeptide producing neuroendocrine cells within the
ventral ganglion without qualitative differences in abundance (Figure 2.5). While
neuroendocrine cells from wild-type 1st instar larvae produce easily detectable
levels of FMRFamide, very low levels of FMRFamide were detected in
neuroendocrine cells from Ctr1A maternal and zygotic mutants.
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Figure 2.5: Ctr1A maternal and zygotic mutants are defective in production
of amidated FMRFamide-related peptides. Wild type 1st instar or Ctr1A
maternal and zygotic mutant 1st instar larval brains were dissected and stained
with either an antibody that recognizes the FMRF-amide pre-propeptide or an
antibody that recognizes the mature, FMRFamidated-related peptides. Arrow
heads indicate the Tv neuroendocrine cells and arrows indicate the SE
neuroendocrine cells, which produce FMRFamide-related peptides in the ventral
ganglion of the nervous system.
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To ascertain whether the reduction in FMRFamide production in Ctr1A
mutant neuroendocrine cells is due to a loss of PHM enzyme or a copper
deficiency as a result of systemic loss of Ctr1A25, copper remediation
experiments were carried out. As shown in Figure 2.5, Ctr1A25 maternal and
zygotic mutants reared on 100µM CuCl2 accumulated mature FMRFamide
peptide within neuroendocrine cells that was qualitatively similar to that observed
in wild-type flies under the same conditions. These observations strongly suggest
that Ctr1A25 maternal and zygotic mutants are deficient in neuroendocrine cellderived PHM activity and this deficiency is reversible by dietary copper
supplementation, suggesting the deficiency is attributable to reduced copper
availability due to loss of Ctr1A.
FMRFamides represent a family of neuropeptides, the FMRFamiderelated peptides, which share an RFamide carboxy-terminus but have unique
amino-terminal extensions (Nichols 2003). The first family member identified,
FMRFamide, was shown to have cardioexcitatory effects in the clam
Macrocallista nimbosa (Price and Greenberg 1977). Since then, this family of
FMRF-amide related peptides has been shown to act as neuromodulators of
several physiological processes including heart rate (Nichols 2003). Given that
Ctr1A25 maternal and zygotic mutants exhibit a strong defect in the production of
FMRFamide-related peptides in neuroendocrine cells of the ventral ganglion and
FMRF-amide related peptides can modulate heart rate, we tested whether
Ctr1A25 maternal and zygotic mutant larvae exhibit an alteration in heart beat
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rate. Heart beat rates were measured for 1st instar larvae from wild-type and
Ctr1A25 maternal and zygotic mutants reared on normal food and, independently,
on fly food supplemented with 100µM CuCl2. As shown in both Figure 2.6A and
2.6B, wild-type 1st instar larvae have an average heart rate of 3.17 beats per
second (standard deviation= +/- 0.69), whereas Ctr1A25 maternal and zygotic 1st
instar larvae exhibit an average heart rate of ~ 2.00 beats per second (standard
deviation= +/- 0.36). This difference in heart rate between wild-type and Ctr1A25
maternal and zygotic mutant animals is statistically significant, with a P-value
<0.01. While copper supplementation only modestly altered wild-type 1st instar
larval heart rate (3.17+/- 0.69 beats per second vs. 3.01+/- 0.86 beats per
second on normal vs. copper-supplemented food, respectively; P-value: <0.5),
copper supplementation significantly elevated the heart rate of Ctr1A25 maternal
and zygotic 1st instar larvae (2.00+/-0.36 beats per second vs. 2.49+/-0.63 beats
per second on normal vs. copper-supplemented food, respectively; P-value:
<0.02). While the defect in heart beat rate is likely to be the consequence of a
deficiency of multiple copper-dependent activities, the correlation between
reduced FMRFamide formation, reduced heart beat rate and partial amelioration
of both by copper supplementation suggests that copper delivery by Ctr1A is
important for PHM activity and amidated neuropeptide physiology.
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Figure 2.6: Ctr1A maternal and zygotic mutants exhibit a lower heart beat
rate. A). Heart rate analyses of wild type 1st instar larvae and Ctr1A maternal and
zygotic 1st instar mutant larvae reared on either normal food or food
supplemented with 100µM CuCl2. Heart rates are given as beats/second along
the x-axis. Each point on the chart represents the average heart rate of a single
animal of a given genotype (n=25 for each genotype). Black diamonds= wild
type, normal food. Black squares= Ctr1A maternal and zygotic mutants, normal
food. Black triangles= wild type, copper-supplemented food. X’s= Ctr1A
maternal and zygotic mutants, copper-supplemented food. B). Representation of
the heart rate data given as a histogram. Overall averages and standard
deviations for each group are given.
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2.4

Discussion

In this work we have characterized Drosophila Ctr1A and have shown it to
be an essential gene in the development of Drosophila melanogaster. Drosophila
encodes three Ctr1-related proteins in its genome (Zhou, Cadigan et al. 2003)
and each presumably contributes to total body copper homeostasis. Data
reported here strongly suggest that Ctr1A is the primary copper transporter in
Drosophila given its ubiquitous expression pattern throughout development and
into adulthood, the fact that it shares the highest degree of homology to
mammalian Ctr1 proteins and its lethal loss of function phenotype. Within this
model where Ctr1A functions as the primary copper transporter, Ctr1B
contributes to copper uptake in some fly tissues during development and in adult
flies but is only essential for development and viability under growth conditions
where copper is either extremely limiting or abnormally abundant (Zhou, Cadigan
et al. 2003). At present, little is known regarding the function of Ctr1C in
Drosophila though one possibility, based on the observation that overexpression
of Ctr1C in S2 cells does not mediate copper uptake (Zhou, Cadigan et al. 2003),
is that Ctr1C may function on an intracellular compartment and in that regard
may be more similar to S. cerevisiae Ctr2 (Rees, Lee et al. 2004). However,
further experiments will be necessary to ascertain the contributions of Drosophila
Ctr1C to total body copprt homeostasis and to determine whether it is an ortholog
of S. cerevisiae Ctr2.
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Through P-element mediated mutagenesis we generated a Ctr1A loss-offunction mutation that results in early larval lethality for hemizygous mutants.
Despite the striking phenotype of the maternal and zygotic Ctr1A25 mutants,
maternal and zygotic mutants are still able to complete earlier stages of
embryonic development during which gastrulation, pattern formation, and
organogenesis occurs (Bate and Martinez Arias 1993). This is in contrast to
mouse Ctr1 mutants that die in mid-embryonic stages and have severe
developmental defects including a poorly developed mesoderm and neural
ectoderm (Kuo, Zhou et al. 2001; Lee, Prohaska et al. 2001). This difference in
mutant phenotype between mouse and fly might be attributable to the
considerable maternal load of copper itself present in Drosophila oocytes. While
there may also be maternally-derived copper in mouse oocytes, the maternal
stores of copper in Drosophila oocytes may be adequate to support embryonic
development, a process that only takes 24 hours, whereas mouse embryonic
development, a much longer process requiring ~20 days, may require additional
copper and thus may be more dependent upon Ctr1 function. It would be
interesting to test if rearing Drosophila females on copper-depleted food over
successive generations might result in an earlier lethality for Ctr1A25 mutants.
Alternatively, the presence of the Ctr1B isoform in Drosophila, but not in
mammals, could partially suppress an otherwise more severe embryonic
phenotype.
In addition to traditional genetic rescue experiments, Ctr1A zygotic
mutants could be partially rescued by food supplemented with copper. This
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dietary rescue was specific for copper, as supplementation with other metals
such as iron or zinc, at comparable concentrations, did not result in
developmental rescue. Copper-rescued Ctr1A25 flies still exhibited signs of a
copper deficiency with hypo-pigmented bristles and abdomen. This suggests
that copper levels though adequate to support viability, were insufficient to meet
all of the copper-dependent processes and that perhaps copper-dependent
processes are prioritized for copper delivery. Indeed experiments in zebrafish
suggest that a hierarchy of copper metabolism exists such that when copper is
limiting, copper-dependent cellular processes most essential for viability are
prioritized over less essential processes. Specifically within the zebrafish model,
pigmentation mediated by tyrosinase activity was typically one of the first copperdependent processes to be affected by copper limitation, whereas notochord
development, potentially mediated by lysyl oxidase activity and perhaps other
copper-dependent processes, was one of the last processes to be affected
(Mendelsohn, Yin et al. 2006). Thus tyrosinase activity and pigmentation in flies
might also be lower on the copper metabolism hierarchy and more dispensible
under conditions of copper deprivation such that enzymes and processes higher
up within the hierarchy can be metallated with limited amounts of copper
available.
We also observed copper-dependent enzyme activity deficiencies in
Ctr1A25 mutants, indicative of a intracellular/organismal copper deficit, and for
several of the copper-dependent enzymes, such as tyrosinase and PHM,
enzyme activity defects were partially reversed through addition of copper to the
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lysate, as was the case for tyrosinase, or through rearing the mutants on a high
copper diet, as was the case for PHM. This brings up the interesting question of
how both viability and in vivo PHM activity can be rescued in Ctr1A25 mutants via
high copper supplementation in the diet. It is known that in S. cerevisiae Fet4 is
able transport both iron and copper though at a low affinity (Km of ~ 35 µm
compared to Ctr1 proteins which have a Km for copper of ~1-5 µM) (Hassett, Dix
et al. 2000; Puig, Lee et al. 2002) and Smf1 can transport a variety of divalent
metal ions including copper (Cohen, Nelson et al. 2000). Both mammals and
flies have a homologue of Smf1, termed DMT1 (Gunshin, Mackenzie et al. 1997;
Arredondo, Munoz et al. 2003) and malvolio (Orgad, Nelson et al. 1998),
respectively, and both proteins have been shown to be broad spectrum metal
transporters. Thus one possible explanation for the dietary rescue of Ctr1A25
mutants is that at a particular concentration of copper in the food, the Km for
copper of malvolio or an as yet unidentified metal transporter is met or exceeded,
and this permits an adequate uptake of copper into cells such that intracellular
requirements of copper for cell survival are partially met.
Another striking observation was the significant deficiency of Ctr1A25
maternal and zygotic mutants in producing the mature, amidated-form of
FMRFamide-related peptides despite being able to synthesize the prepropeptide, suggesting that these animals are deficient in PHM activity at least in
some cell or tissue types. Although Menkes protein has been shown to contribute
to the function of peptidylglycine α-amidating monooxgenase (mammalian PHM)
by transporting copper into the secretory pathway where it can then be loaded
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onto the enzyme (Steveson, Ciccotosto et al. 2003), this is the first study we are
aware of that demonstrates a deficiency in PHM enzyme activity due to loss of a
plasma membrane copper importer.
Within the Drosophila genome there are at least 32 genes that encode
neuropeptides with the potential processing of the precursors to generate even
more bioactive neuropeptides (Taghert 2003). The majority of these
neuropeptides are either known or predicted to be α-amidated (Hewes and
Taghert 2001) and as such could be substrates for PHM. It is reasonable
therefore to suggest that although in this work we demonstrated that Ctr1A
mutants are deficient in the production of one family of amidated peptides,
FMRFamide-related peptides, Ctr1A mutants may be deficient in the production
of other amidated neuropeptides as well. Given that neuropeptides play
important and diverse roles in the regulation of developmental processes as well
as homeostatic processes, organization of behaviors, and in the modulation of
neural and motor activity (Nassel 2002), Ctr1A and copper are likely to function
upstream of these processes as well.
We specifically examined one physiological read-out of the FMRFamiderelated peptide function, heart beat rate, and found Ctr1A25 maternal and zygotic
mutants have a significantly lower heart beat rate than wild-type animals. At
present, we can correlate, but not establish a causal relationship, with the low
heart beat rate and the reduction in abundance of FMRFamide-related peptides.
Given that the low heart beat rate observed in Ctr1A25 maternal and zygotic
mutants could not completely be restored to a wild-type rate on food
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supplemented with copper, suggests that there are multiple factors contributing
to the low heart beat rate observed in Ctr1A25 maternal and zygotic mutants.
Previous studies have shown that impaired copper homeostasis within cardiac
tissue can lead to cardiomyopathy. Animals fed a low copper diet developed
cardiomyopathy, including histological and ultrastructural alterations in cardiac
tissue as well as functional alterations in cardiac performance (Wildman,
Medeiros et al. 1996; Elsherif, Ortines et al. 2003; Li, Wang et al. 2005).
Mutations in Sco2, a gene that encodes a metallochaperone involved in
mitochondrial copper delivery and in cytochrome oxidase assembly, result in
fatal infantile cardiomyopathy (Jaksch, Ogilvie et al. 2000; Leary, Cobine et al.
2007). Most recently, we have shown that intestinal epithelial-cell specific Ctr1
knock-out mice also exhibit cardiac hypertrophy (Nose, Kim et al. 2006). At
present, the mechanisms explaining how copper deficiency results in
cardiomyopathy are unknown. However it has been thought that reduced activity
of the copper-dependent enzymes lysyl oxidase and cytochrome c oxidase
contribute to the pathology (Medeiros and Wildman 1997). Amidated
neuropeptides are also important in cardiovascular function (Eto and Samson
2001) and the data in this paper would now suggest that deficient PHM activity
could also be added as a potential contributing factor in copper-deficiency
induced cardiomyopathy. Although with respect to cardiac function Drosophila
has predominantly been used as a model system to address questions of heart
development, recently it has become an emerging model to address questions of
heart disease (Bier and Bodmer 2004; Wolf, Amrein et al. 2006). These and
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future studies may provide additional insights into the roles of copper in normal
heart function and how copper imbalance can result in cardiovascular pathology.
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3.

Drosophila Ctr1A is Important in Dorsal Vessel
Physiology

3.1

Background and Significance

The cardiovascular system has been recognized as one of the targets for
the effects of copper deficiency for a long time (Saari and Schuschke 1999).
Much of this recognition has come from studies of animal subjected to a low
copper or copper-deficient diet, although recent studies from our lab using a
genetic model of systemic copper deficiency also has contributed to this
understanding as well (Wildman, Medeiros et al. 1996; Medeiros and Wildman
1997; Saari and Schuschke 1999; Nose, Kim et al. 2006). One of the earliest
responses to dietary copper restriction is initiation and progression of cardiac
hypertrophy, primarily of a concentric nature, meaning that the walls of the
ventricle and atrium are enlarged or thickened with no increase in ventricular
lumen size (Elsherif, Ortines et al. 2003). In early stages of cardiac hypertrophy,
increased number of and an enlargement in mitochondria is observed, while in
the later stages of cardiac hypertrophy, imbalances in energy metabolism of the
tissue, decreased contractility of the muscle, and other aberrant diastolic
parameters ultimately leading to heart failure (Elsherif, Ortines et al. 2003).
Many of these indicators of progressive cardiac hypertrophy are observed in the
hearts of animals subjected to a low copper diets including ultrastructural
abnormalies, such as connective tissue damage, enlargement and disruption of
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mitochondria, distorted myocytes, disorganized myofibrils, and increased fat and
glycogen deposits (Saari and Schuschke 1999; Li, Wang et al. 2005). As implied
by the damage to mitochondria, copper-deficient hearts have impaired energy
metabolism in terms of both decreased energy production and energy utilization,
and this defect in energy metabolism can result in impaired cardiac contractility
as has been observed in some cases (Saari and Schuschke 1999). Arrhythmias,
or abnormal heart rhythms, have also been observed in animals on copperdeficient diets, although the exact nature of the arrhythmia is not consistent
between studies (Saari and Schuschke 1999). Defects in the circulatory system
are also present in copper-deficient animals with abnormal morphology of blood
vessels often resulting in aortic aneurysms and impaired angiogenesis (Saari and
Schuschke 1999). Deficiencies in copper-dependent enzyme activities are
considered the major mechanism underlying the cardiac phenotypes, and while
some enzymes have been only postulated to be involved, others have been
experimentally shown to be depressed in activity in heart tissue from copperdeficient animals (Prohaska 1990; Prohaska, Bailey et al. 1995; Saari and
Schuschke 1999). Lysyl oxidase activity is reduced in both the heart and blood
vessels of copper-deficient animals and this defect can explain some of the
cardiac and blood vessel structural abnormalities as the enzyme is needed for
collagen and elastin crosslinking in the extracellular cardiac matrix (Saari and
Schuschke 1999; Zeng, Saari et al. 2006). Cytochrome c oxidase activity
similarly has been shown to be reduced in the heart of copper-deficient animals
and may play a role in the inefficient energy metabolism defect (Lear and
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Prohaska 1997; Saari and Schuschke 1999). Cu, Zn superoxide dismutase
activity is decreased in heart from copper-deficient animals, predisposing these
animals to supraphysiological reactive oxygen species generation, which may
also be a contributing factor in the hypertrophic hearts of copper-deficient
animals (Lear and Prohaska 1997; Saari and Schuschke 1999). Increasing
evidence supports a role for superoxide generation in cardiac hypertrophy and
studies have shown that tissues, including the heart, from copper-deficient rats
are more prone to oxidative damage than those of copper-sufficient rats
(Rayssiguier, Gueux et al. 1993; Lear and Prohaska 1997; Saari and Schuschke
1999; McKinsey and Kass 2007). Finally, reduced activites of dopamine βmonooxygenase and peptidylglycine α-amidating monooxygenase in heart tissue
may also be relevant to copper deficiency-induced cardiovascular dysfunction
given the importance of neurotransmitters and neuropeptides, respectively, in
cardiac function (Prohaska, Bailey et al. 1995; Lear and Prohaska 1997;
Prohaska and Brokate 1999; Saari and Schuschke 1999; Eto and Samson 2001).
While reductions in multiple copper-dependent enzymes are likely
predominantly responsible for the cardiac abnormalities and defects observed in
copper-deficient animals, copper-deficiency also induces changes in gene
expression (Kang, Wu et al. 2000; Elsherif, Jiang et al. 2004). For example,
hearts of copper-deficient animals have increased levels of atrial natriuretic
factor, β-myosin heavy chain, and α-skeletal actin, genes commonly expressed
in hypertrophied hearts induced by pressure overload (Kang, Wu et al. 2000;
Elsherif, Jiang et al. 2004). Thus, copper-deficient hearts activate transcriptional
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responses typical of hypertrophied heart induced by other mechanisms. At this
point it is not clear whether these copper deficiency-induced changes in gene
expression in the heart are due to aberrant signaling pathway activities that
indirectly arise as a consequence of decreased activities of copper-dependent
enzymes like Cu, Zn superoxide dismutase, or if there is a more direct role of
copper in modulating signaling pathways implicated in the development and
progression of cardiac hypertrophy.
One of the limitations of the dietary-induced copper deficiency models is
that it prohibits determining the specific functions of copper within the heart in the
etiology of copper deficiency-induced cardiac hypertrophy. To address this
question, genetic models must be used where tissue-specific manipulations of
genes involved in copper homeostasis can yield an animal with copper deficiency
solely in the heart. Drosophila is the simplest genetic organism with a heart (Bier
and Bodmer 2004). The Drosophila heart or dorsal vessel (terminologies which
may be used interchangeably throughout this chapter) is a simple linear tube
along the dorsal midline of the fly that pumps hemolymph through the body cavity
in an open circulatory system (Bodmer 1995; Bodmer and Venkatesh 1998). The
Drosophila heart consists of two types of cells: the contractile cardial cells form a
row of tightly packed cells that surround the lumen of the heart and the
pericardial cells, which flank each side of the cardial cells to form two more
loosely arranged outer rows of cells (Bodmer 1995; Bodmer and Venkatesh
1998). The function of the Drosophila heart is to provide nutrients, circulation,
and possibly filtration mediated by the pericardial cells of the hemolymph; the
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oxygen supply in Drosophila is provided by the tracheal system, an elaborate
network of tubes that extend throughout the body (Bodmer 1995). Importantly, as
the Drosophila heart is not involved in oxygen delivery to peripheral tissues, the
problem of early lethality due to compromised cardiac function in vertebrates, is
less severe in flies and can facilitate studies of genes important for cardiac
function (Bodmer 1995; Bier and Bodmer 2004). Superficially, the Drosophila
heart looks very different from the vertebrate heart, however, given the
similarities in the early embryological and molecular development of the heart
between fly and human, it has been suggested that the present day vertebrate
heart evolved from a simple tubular heart, similar to that found in Drosophila,
present in primitive chordates (Bodmer and Venkatesh 1998). Besides the high
degree of conservation in genes involved in heart development between
Drosophila and humans, genes involved in cardiac function, such as contractile
machinery and ion channels, are also conserved (Bodmer 1995; Bodmer and
Venkatesh 1998; Bier and Bodmer 2004).
While the use of Drosophila in the study of heart development is welldocumented, the use of Drosophila to study cardiac function is not mostly due to
a lack of methods for measurement of cardiac parameters (Bier and Bodmer
2004). Prior studies that did investigate Drosophila cardiac function used edgemeasurement microscopy or electrical pacing methods, which while valuable for
generating data on heart rate and rhythm, do not provide direct information on
the actual functioning and state of the internal cardiac chamber (Wolf, Amrein et
al. 2006). However, recently optical coherence tomography (OCT) has been
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successfully applied to imaging adult Drosophila cardiac tissue such that the
technique can distinguish between normal cardiac function and cardiomyopathy
in the fly (Wolf, Amrein et al. 2006). OCT is an in vivo, noninvasive,
nondestructive imaging techinique that provides microscopic tomographic
sectioning of biologic tissue (Wolf, Amrein et al. 2006). Importantly, the
technique does not rely on anesthetizing agents that can confound interpretation
of cardiac-function data as anesthesia can induce arrhythmias as well as
alterations in systolic and diastolic properties (Wolf, Amrein et al. 2006). Also,
OCT provides not only data on heart rate but other parameters of cardiac
function as well, including end-diastolic dimensions (EDD) and end-systolic
dimensions (ESD). ESD and EDD provide information about the size of the heart
as well as how well the heart is pumping.
In the previous chapter, I demonstrated that Drosophila Ctr1A maternal
and zygotic mutants have a heart rate defect, which could be partially rescued by
dietary copper supplementation. Given the long-standing link between copper
deficiency and cardiac hypertrophy, Drosophila Ctr1A could be a useful model to
study the development and underlying causes of copper deficiency-induced
cardiac hypertrophy. I was grateful to find generous and helpful collaborators
here at Duke with whom I could undertake some of these studies. Dr. Howard A.
Rockman, Department of Medicine, Duke University, recently published work
where adult Drosophila hearts were imaged using OCT with the objective of
using Drosophila as a model to identify novel genes that when mutated cause
cardiomyopathy phenotypes. The data presented in this chapter are the product
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of a collaborative effort between myself, Dr. Rockman, and Michelle Casad, a
graduate student in the lab of Dr. Rockman. Some of the data presented in this
chapter will also contribute to a figure in a forthcoming manuscript from our lab.

3.2

Materials and Methods

Drosophila Stocks and Breeding. W1118 stocks were obtained from the
Bloomington Drosophila stock center. Ctr1A25/+ are the Ctr1A heterozygotes
described elsewhere (Turski and Thiele 2007). The TinCGal4 transgenic was a
generous gift from Manfred Frasch (Lo and Frasch 2001). The UAS-Ctr1ARNAi
construct was generated according to standard methods (Lee and Carthew
2003). All RNAi crosses were done and control lines kept at 290C in a humiditycontrolled incubator until OCT measurements were performed. The Ctr1A
heterozygote experiments were done at 250C.
OCT Measurements. Female flies of the appropriate genotype that were
at least one week old were used for OCT measurements. For the Ctr1A
heterozygous experiments, the wild-type flies are the W1118 stock of which three
were used in the OCT analysis in each food condition. Four Ctr1A heterozygotes
were used for OCT analysis on standard food condition and nine were used for
the low copper food condition. Fourteen W1118, twelve TinCGal4 females, and
twenty-four TinCGal4/UAS-Ctr1ARNAi females were used in the analysis. For the
heart specific knockdown of Ctr1A, two different insertion lines of the UASCtr1ARNAi construct, one on the 2nd chromosome and one on the 3rd
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chromosome, were crossed to TinCGal4 flies and subjected to OCT analysis.
Data using the 3rd chromosome insert are reported here, though similar results
were obtained with the 2nd chromosome insert (data not shown). OCT
measurements were done as described elsewhere (Wolf, Amrein et al. 2006).
Immunoblot Analysis. Flies were crudely dissected in 1xPBS by removing
the abdomen and then subsequently removing as much of the internal tissue as
possible but leaving the dorsal-most tissue attached to the cuticle untouched.
The remaining shell of dorsal abdomen was then homogenized in a mild lysis
buffer (20 mM Hepes, pH7.0, 50 mM NaCl, 1mM EDTA, 0.5 mM EGTA, 10 mM
DTT, 1.0% Triton X-100, and protease inhibitors), allowed to incubate on ice for
at least one hour, and centrifuged at 15,000 rpm, 40C, for 10 minutes.
Supernatant was subjected to protein quantification and 100 µg was loaded onto
a 10% SDS-PAGE. The membrane was probed with a Ctr1A antibody (Turski
and Thiele 2007) to assess knockdown efficiency and with a total ERK antibody
as a loading control (Cell Signaling Technologies, Inc).

3.3

Results

Initially, we sought to determine whether Ctr1A played similar role in
modulating the heart rate of adult Drosophila. We first examined heart rate in
Ctr1A heterozygous adults, as Ctr1A homozygous animals die in larval stages of
development, using the OCT technique. Using OCT, alive and awake wild-type
and Ctr1A heterozygote adult flies were imaged. The results of this imaging are
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presented in Figures 3.1 and 3.2. Wild-type and Ctr1A heterozygote flies show
no significant differences in heart rate (Figure 3.1) or in EDD (Figure 3.2). This
lack of a differing phenotype between Ctr1A heterozygotes and wild-type flies
was consistent with the fact that Ctr1A heterozygotes and wild-type flies have the
same total body levels of copper as determined by inductively coupled plasma
mass spectrometry (data not shown). As the heterozygote flies are not copper
deficient, the experiment was modified such that the flies were now reared on low
copper food to induce systemic copper deficiency. The results of these
experiments are also presented in Figures 3.1 and 3.2. Wild-type adult flies did
show a reduction in heart rate from ~6 beats per second on standard food to ~5.2
beats per second on low copper food, however this difference was not significant
due to the low sample number. Wild-type flies did not show a significant change
in EDD when reared on standard versus low copper food. Ctr1A heterozygotes,
however, demonstrated the reverse pattern, with a slightly increased, though not
significant, EDD (88.3 µm on standard food versus 96.5 µm on low copper food)
and no change in heart rate.
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Figure 3.1: Ctr1A heterozygotes do not have any heart rate defects. Wildtype flies are the W1118 stock. Average heart rates are as follows: WT, standard
food ~6.1+/- 0.49 beats per second; WT, Cu-chelated food ~5.23 +/- 0.76 beats
per second; Ctr1A25/+, standard food ~6.29 +/- 0.27 beats per second; Ctr1A25/+,
Cu-chelated food ~6.41 +/- 0.5 beats per second.
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Figure 3.2: Ctr1A heterozygotes do not have increased heart size. Average
EDDs are as follows: WT, standard food ~88.3+/- 10.7 µm; WT, Cu-chelated food
~83.5 +/- 10 µm; Ctr1A25/+, standard food ~88.3 +/- 7.9 µm; Ctr1A25/+, Cuchelated food ~96.5 +/- 15.7 µm.
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Given the mild heart phenotypes of the Ctr1A heterozygotes, we decided
to test whether Ctr1A is important for cardiac function using a tissue-specific
knockdown model. Transgenic flies carrying an inverted repeat transgene
specific for Ctr1A under the control of the UAS promoter were generated; these
flies will be referred to as Ctr1ARNAi throughout the rest of this chapter. By
crossing Ctr1ARNAi transgenic lines to flies carrying a TinC-Gal4 transgene
(TinC> Ctr1ARNAi), dorsal vessel-specific knockdown of Ctr1A is possible (Lo and
Frasch 2001). Immunoblot analysis using protein lysates derived from crudelydissected adult Drosophila abdomens verified that the TinC> Ctr1ARNAi flies had
reduced protein levels of Ctr1A in comparison to wild-type flies (Figure 3.3A).
While knockdown of Ctr1A within the dorsal vessel did not have any effect on
heart rate (Figure 3.3B), it did have a significant effect on the percent fractional
shortening, which is a measure of cardiac function that takes into account both
ESD and EDD values (Figure 3.4A and 3.4B). Dorsal vessel-specific Ctr1A
knockdown flies have a significant reduction in percent fractional shortening
(94.3% versus 76.9% for wild-type and TinC>Ctr1ARNAi, flies respectively).
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Figure 3.3: Tissue-specific knockdown of Ctr1A in the dorsal vessel does
not affect heart rate. A). Immunoblot of crudely-dissected Drosophila dorsal
vessels from w1118 and TinC>Ctr1ARNAi flies. Reduced levels of Ctr1A protein
can be observed in the heart-specific Ctr1A knockdown flies as compared to
w1118 flies. Total-ERK was used as a loading control. B). Heart rate analysis.
Wild-type flies are a standard, w1118 line; TinC is a heart-specific Gal4 driver line,
and TinC>Ctr1ARNAi flies have heart-specific knockdown of Ctr1A. Average heart
rates are as follows: WT ~5.87 +/- 0.27 beats per second; TinC ~6.09 +/- .25
beats per second; TinC> Ctr1ARNAi 5.83 +/- 0.14 beats per second.
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Figure 3.4: Tissue-specific knockdown of Ctr1A in the dorsal vessel does
affect cardiac contractility. A). EDD, ESD, and percent fractional shortening
measurements. Fly genotypes are as given for Figure 3. Mean measurements for
EDD are as follows: WT 106.4 +/-6.9 µm; TinC 83.6 +/- 4.7 µm; TinC>Ctr1ARNAi
109.9 +/- 3.8 µm. Mean measurement for ESD are as follows: WT 7.6 +/- 3.6 µm;
TinC 1.5 +/- 1 µm; TinC>Ctr1ARNAi 25.8 +/- 3.1 µm. Mean measurements for
percent fractional shortening are as follows: WT 94.3 +/- 2.7%; TinC 98.4 +/1.1%; TinC>Ctr1ARNAi 76.9 +/- 2.5%. * Denotes a statistically significant result by
one-way ANOVA (WT versus TinC>Ctr1ARNAi, p-value<0.001; TinC versus
TinC>Ctr1ARNAi, p-value<0.001). B). Representative M-mode tracing of WT and
versus TinC>Ctr1ARNAi flies.
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The decreased percent fractional shortening corresponds to decreased
cardiac function. This can also be seen in a representative M-mode OCT image
in Figure 4B. To orient these images, the M-mode can be thought of as a crosssection through a longitudinal view of the dorsal vessel. An individual contraction
of the upper and lower wall of the dorsal vessel is visualized as a ‘kissing’
between the two walls, or the points at which the two walls dip down to touch
each other, and this stage in the cardiac cycle is referred to as systole. The black
spaces in-between the kissing points are when the two walls are in a relaxed and
open state known as diastole. EDD is a measurement of the distance between
the upper and lower walls when the heart is in diastole, while ESD is a
measurement of the distance remaining between the upper and lower walls when
the heart is contracting or in systole. In the wild-type image, a regular heart
rhythm is apparent from the regular pattern of systolic kissing points and open
diastolic points. In the TinC>Ctr1ARNAi, a regular rhythm is also apparent,
however the two walls of the dorsal vessel do not completely touch during
contraction, which is quantitatively verified by the increased ESD in TinC>
Ctr1ARNAi flies and, again reflected in the decreased percent fractional shortening
(Figure 4A). The results of these experiments using tissue-specific knockdown of
Ctr1A in the dorsal vessel supports a role for Ctr1A in the contractility of the fly
heart.
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3.4

Discussion

It has been well established that dietary copper deficiency leads to cardiac
hypertrophy, weakened structural integrity of the heart and blood vessels and
other impairments of cardiovascular health (Saari and Schuschke 1999).
However, the mechanisms behind these cardiac deficiencies and abnormalities,
specifically whether these phenotypes arise as a result of cell/tissue intrinsic or
cell/tissue extrinsic copper deficiencies, are unclear. In the previous chapter I
demonstrated that Drosophila Ctr1A maternal and zygotic mutants have a defect
in heart rate and became interested in pursuing the heart phenotype as
Drosophila could represent an ideal model system to address some of the
questions raised above. First, we performed initial experiments aimed at
determining the effect of Ctr1A loss on cardiac function in adult fruit flies using
Ctr1A heterozygotes. If the Ctr1A heterozygotes demonstrated defects in
cardiac function, the possibility to perform genetic epistasis experiments with
mutants in structural or signal pathway genes shown to be important for cardiac
function could be performed to begin to molecularly understand the mechanisms
behind copper deficiency-induced cardiac abnormalities. Ctr1A heterozygotes,
however, do not display any defect in cardiac function. It is interesting to note,
however, that the Ctr1A heterozygotes did show an increase in EDD on the low
copper food, although the increase was not statistically significant. Given that
OCT analysis was performed on young, one-week old adult flies, it would be
interesting to see if prolonged feeding on the low copper food would enhance the
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phenotype as similar to humans Drosophila is subject to age-related decline in
cardiac functioning (Ocorr, Perrin et al. 2007). We subsequently turned to a
heart-specific Ctr1A knockdown model, which could address the question of
intrinsic versus extrinsic modes of copper action in the heart. Heart-specific
Ctr1A knockdown flies, while not having any heart rate defects, do show a
significant reduction in percentage of fractional shortening, indicating
compromised cardiac contractility. Recently published work in our lab
demonstrated that intestinal-epithelial cell-specific Ctr1 knockout mice have
profound peripheral tissue copper deficiency, including within the heart, and
these mice develop cardiac hypertrophy as evidenced by the increased heart to
body mass ratio and ultrastructural abnormalities within the heart tissue itself
(Nose, Kim et al. 2006). We have also generated and characterized heartspecific Ctr1 knockout mice (personal communication, Kim, BE). These animals,
in addition to significant reductions in percent fractional shortening, also have
enlarged hearts and were shown to have severe reductions in cytochrome c
oxidase activity. The fact that both fly and mouse models of heart-specific Ctr1
protein loss demonstrate cardiac abnormalities speaks to the conservation for
Ctr1 function in the heart. Ultimately, the heart-specific Ctr1 knockout studies
hope to elucidate some of the molecular mechanisms by which copper deficiency
yields cardiovascular defects. In pursuit of this, microarray analysis of genes
whose expression is changed in the heart as a result of Ctr1 loss has been
conducted (personal communication, Byung, BE). One of the challenges of the
microarray analysis will be to determine which of the many genes whose
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expression changes contribute most to the heart-specific Ctr1 knockout mouse
phenotype. Here, the homology, simplicity, and tractability of Drosophila can be
used to test some of these candidate genes. The groundwork presented in this
chapter subsequently can facilitate future experimentation of this nature.
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4. Novel Interaction of Copper Transporter Ctr1 with
Ras/MAPK signaling: Implications for an involvement
of copper in cell proliferation
4.1

Background and Significance

The Ras/mitogen activated protein kinase (MAPK) signaling pathway is an
evolutionarily conserved pathway involved in the control of many fundamental
biological processes including cell proliferation, apoptosis, survival,
differentiation, motility and metabolism (Kolch 2005). This pathway was initially
described as being linear in nature, transmitting extracellular signals received
from receptors at the plasma membrane to Ras, which then distributed these
signals to numerous intracellular effectors to elicit cellular responses. Yet, it was
difficult to reconcile a linear model of Ras/MAPK signaling with the extraordinarily
diverse cellular behaviors attributed to the pathway. The current model of
Ras/MAPK signaling is quite complex, characterized by an increasing cast of
players and cross-talk between signaling pathways such that it is now pictured as
a web of interactions. The purpose of this introduction is not to provide a
comprehensive review of Ras or Ras/MAPK signaling but instead will discuss the
basics of pathway activation and regulation as well as other information pertinent
for understanding the significance of the results presented in this chapter.

111

4.1.1 Ras/MAPK Signaling Pathway

Ras proteins are small GTPases that cycle between an inactive,
guanosine diphosphate (GDP)-bound state, and an active, guanosine
triphosphate (GTP)-bound state (Schubbert, Shannon et al. 2007). Mammals
have three Ras genes that encode four highly homologous proteins, H-Ras, NRas, K-Ras4A and K-Ras4B (Schubbert, Shannon et al. 2007). The aminoterminal portion of the proteins, encoding the first 165 amino acids, are highly
conserved in sequence and is referred to as the G domain; it is within this
domain that GDP and GTP binding occur as well as binding to Ras regulators
and effectors (Schubbert, Shannon et al. 2007). The carboxy-terminal portion of
the protein, encoding the remaining ~34 amino acids, is known as the
hypervariable region and, as its name implies, is the most divergent in sequence
amongst the Ras isoforms. The hypervariable region also is the site of many
post-translational modifications of this family of proteins, which are important for
dictating localization (Schubbert, Shannon et al. 2007). All Ras isoforms are
farnesylated at a motif within the hypervariable region that target the proteins to
the cytosolic leaflet of cellular membranes (Ashery, Yizhar et al. 2006;
Schubbert, Shannon et al. 2007). N-Ras, H-Ras, and K-Ras4A are also
palmitoylated within the hypervariable region, further facilitating membrane
anchoring of these proteins (Ashery, Yizhar et al. 2006; Schubbert, Shannon et
al. 2007). While it was classically thought that Ras signaling occurred at the
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plasma membrane, growing evidence now supports Ras localization within
distinct plasma membrane microdomains, such as lipid rafts and cavaeolae, as
well as membrane-bound intracellular compartments like the Golgi complex,
endoplasmic reticulum, and the mitochondria (Ashery, Yizhar et al. 2006).
Regardless of the exact intracellular localization, Ras proteins are only known to
be biologically active when firmly anchored into a membrane (Alvarado and Giles
2007).
Upstream regulation of Ras begins with receptor activation. Classically,
Ras is activated by receptor tyrosine kinases, which upon ligand binding, induces
dimerization of the receptors leading to activation of the receptor cytoplasmic
protein kinase domains and subsequent autophosphorylation on tyrosine
residues (Margolis and Skolnik 1994; Karnoub and Weinberg 2008). The
phosphorylated tyrosine residues serve as binding sites for SH2-domain
containing adaptor proteins, such as Shc, Grb2, and Gab1 (Margolis and Skolnik
1994; Yart, Mayeux et al. 2003; Schubbert, Shannon et al. 2007; Dance,
Montagner et al. 2008). In the case of Grb2, it is constitutively associated with
SOS, a guanine nucleotide exchange factor (Margolis and Skolnik 1994; Dance,
Montagner et al. 2008). Thus receptor activation leads to Grb2/SOS recruitment
to the plasma membrane whereupon SOS can then catalyze the exchange of
GDP for GTP on Ras thereby activating Ras (Dance, Montagner et al. 2008).
Shc and Gab function in a similar capacity, being recruited to the phosphorylated
tyrosines of activated receptors and become phosphorylated themselves,
subsequently creating additional docking sites for Grb2 and other SH2 domain113

containing proteins (Margolis and Skolnik 1994; Yart, Mayeux et al. 2003; Dance,
Montagner et al. 2008). Ras proteins have a slow intrinsic GTP hydrolysis rate of
about one hydrolytic event per hour, and while this rate is sufficient to terminate
signaling, additional regulatory proteins called GTPase activating proteins
(GAPs), greatly stimulate the Ras GTPase activity, resulting in an augmented
GTP hydrolysis rate by several thousand-fold (Schubbert, Shannon et al. 2007).
Misregulation of Ras activity, either through mutations in Ras itself or mutations
in proteins that regulate Ras, can have severe consequences, a point that will be
discussed later on this chapter (Schubbert, Shannon et al. 2007; Aoki, Niihori et
al. 2008; Karnoub and Weinberg 2008).
GTP-bound Ras can interact with more than 20 different effectors,
including PI3K, RALGDS, and Raf (Schubbert, Shannon et al. 2007). It should be
noted that the diverse number of proteins Ras interacts with, the effectors of Ras,
represent one means by which Ras signaling can have so many biological
functions. For example, Ras activates the PI3K-PDK1-Akt protein kinase
signaling pathway that often determines cell survival (Schubbert, Shannon et al.
2007). At this point, however, further discussion of Ras signaling will be limited
to the Raf effector arm of Ras, which often plays a role in determining cell
proliferation (Schubbert, Shannon et al. 2007). Figure 4.1 depicts one depicts
Ras signaling via the Raf effector arm. As mentioned above, active, GTP-bound
Ras will bind and activate downstream effectors such as Raf (Dhillon and Kolch
2002; Wellbrock, Karasarides et al. 2004). Raf proteins have three conserved
domains: CR1, CR2, and CR3 (Wellbrock, Karasarides et al. 2004). CR3,
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located at the carboxy-terminus, contains the catalytic domain and CR1, located
in the amino-terminus, contains the Ras-binding domain (RBD) and the cysteinerich domain (CRD) (Wellbrock, Karasarides et al. 2004). Ras has two distinct
roles in Raf activation, one that involves binding to the RBD and the other binding
to the CRD (Dhillon and Kolch 2002). Active, GTP-bound Ras binds to the RBD
and recruits Raf to the plasma membrane, whereas Ras binding to the CRD is
independent of Ras GTP status and results in activation of Raf, presumably by
displacing or relieving inhibitory allosteric interactions between the amino- and
carboxy-terminus of Raf (Roy, Lane et al. 1997; Dhillon and Kolch 2002).
Mammals possess three Raf isoforms, A-Raf, B-Raf, and C-Raf, providing
additional complexity and diversity to this signaling pathway (Wellbrock,
Karasarides et al. 2004). The ability of Raf proteins to bind Ras is also regulated
by other signaling molecules, including 14-3-3 proteins and other
adaptor/scaffold proteins, protein kinases, and protein phosphatases (YipSchneider, Miao et al. 2000; Wellbrock, Karasarides et al. 2004; Wilker and Yaffe
2004). C-Raf is the most extensively studied of the Raf isoforms and it will be
used as an example in this introduction for discussing the regulatory mechanism
for Raf activity.
14-3-3 proteins are a family of adaptor/scaffold proteins that bind at
specific phosphorylated peptide motifs and through binding to their target, control
that target’s activity or localization (Wilker and Yaffe 2004). In the case of C-Raf,
there are at least four 14-3-3 binding sites and whereas binding by 14-3-3 at
some sites results in C-Raf inhibition, binding at other sites by 14-3-3 results in
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stimulation of C-Raf activity (Wellbrock, Karasarides et al. 2004; Wilker and Yaffe
2004). Serine residue 43, 233, and 259 are target sites for phosphorylation by
protein kinase A (PKA) and serine 233 and 259 are 14-3-3 binding sites involved
in the negative regulation of C-Raf (Dhillon, Pollock et al. 2002; Wellbrock,
Karasarides et al. 2004; Wilker and Yaffe 2004). 14-3-3 binding to
phosphorylated serine 259 within the CR2 domain of C-Raf constrains C-Raf in
an inactive conformation but upon activation of Ras, competition for binding at
this site occurs resulting in Ras displacement of 14-3-3 (Roy, McPherson et al.
1998; Wilker and Yaffe 2004). Phosphorylated serine 233 creates an additional
14-3-3 binding site, while phosphorylated serine 43 appears to sterically hinder
binding of the amino-terminus of C-Raf to Ras (Wellbrock, Karasarides et al.
2004). 14-3-3 proteins also play a positive, stimulatory role in Raf kinase
activity. In contrast to these inhibitory sites, 14-3-3 binding to phosphorylated
serine 621 at the very carboxy-terminal end of C-Raf appears to stimulate C-Raf
activity by stabilizing the kinase domain’s active conformation (Wellbrock,
Karasarides et al. 2004; Wilker and Yaffe 2004). Additional phosphorylated
residues important for C-Raf activity are serine 388 and tyrosine 341 in ‘N-region’
of C-Raf (found just amino-terminally to CR2), so-called because of the negative
charge of this region and threonine 491 and serine 494 within the activation
segment of the CR3; phosphorylation of these residues are essential for C-Raf
kinase activity (Wellbrock, Karasarides et al. 2004). PKA, in addition to the three
inhibitory sites mentioned above, appears to be the kinase responsible for
phosphorylation of serine 621 (Mischak, Seitz et al. 1996). PAK, p21-activated
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kinase, phosphorylates serine 338 (King, Sun et al. 1998; Chiloeches, Mason et
al. 2001), while SRC and SRC-family kinases phosphorylate tyrosine 341
(Wellbrock, Karasarides et al. 2004); the kinases responsible for threonine 491
and 494 phosphorylation have not yet been identified. On the flip side, protein
phosphatase 1 (PP1) and/or protein phosphatase 2A (PP2A) mediated
dephosphorylation of C-Raf serine 259 and protein phosphatase 5 mediates
dephosphorylation of serine 338 (Dhillon, von Kriegsheim et al. 2007).
Thus far the model for Ras/MAPK pathway activation is as follows: growth
factor binding to cell-surface receptors results in activated receptor complexes
that recruit factors including GEFs, which activate Ras by catalyzing the
exchange of GDP for GTP. GTP-bound Ras binds to and recruits Raf to the
plasma membrane, one of the essential steps in Raf protein activation (refer to
Figure 4.1). The next step in the pathway is activation of the dual specificity
mitogen-activated protein kinase (MAPK) and extracellular signal-related (ERK)
kinases (MEK) 1 and/or MEK2 (Wellbrock, Karasarides et al. 2004; Kolch 2005;
Dhillon, von Kriegsheim et al. 2007). The MEK1 and MEK2 structure consists of
a central catalytic kinase core domain flanked by a amino-terminal regulatory
domain and short carboxy-terminal domain containing the DVD docking domain
(Shaul and Seger 2007). Two regions in MEK have been implicated in binding to
Raf: a proline-rich motif within the kinase domain and a DVD docking domain in
the carboxy-terminal domain (Catling, Schaeffer et al. 1995; Takekawa,
Tatebayashi et al. 2005). Activation of MEKs requires phosphorylation of two
serine residues by Raf, with PP2A mainly mediating desphosphorylation of these
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residues (Shaul and Seger 2007). Activated MEK in turn phosphorylates and
activates ERK1/2 (Shaul and Seger 2007). Interestingly, although all three Raf
isoforms can activate both MEK1 and MEK2 in vitro, they differ in their ability to
do so, with B-Raf capable of binding and phosphorylating both MEK1 and MEK2
more efficiently than A-Raf or C-Raf (Wellbrock, Karasarides et al. 2004). In vivo
data all support B-Raf functioning as the main activator of MEKs, as mouse
embryonic fibroblasts from b-raf-/- mice have severely compromised ERK activity
as compared to relatively normal activation of ERK in mouse embryonic
fibroblasts from a-raf-/- and c-raf-/- mice (Wojnowski, Stancato et al. 2000; Huser,
Luckett et al. 2001; Mikula, Schreiber et al. 2001; Mercer, Chiloeches et al. 2002;
Wellbrock, Karasarides et al. 2004). However, several mutant forms of B-Raf
that occur in human cancer are unable to phosphorylate MEK in vitro yet MEK
activity is still apparent as evidenced by ERK activation; in this situation, B-Raf
seems to stimulate C-Raf which then signals to MEK followed by ERK activation
(Ikenoue, Hikiba et al. 2003; Wan, Garnett et al. 2004; Wellbrock, Karasarides et
al. 2004). The mechanisms behind this are not yet known but the possibility
does exist that B-Raf functions to activate MEK via stimulation of C-Raf.
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Figure 4.1: Diagram of Ras/MAPK signaling. Upon stimulation by mitogens,
receptor tyrosine kinases are activated, triggering dimerization and
autophosphorylation of tyrosine residues within the cytoplasmic kinase domains.
The phosphorylated tyrosine residues are binding sites for SH2-domain
containing adaptor proteins like Grb2, which is constitutively associated with
SOS, a guanine nucleotide exchange factor. SOS then activates Ras-GDP by
catalyzing the exchange of GDP for GTP. Ras-GTP is active and promotes
activation of the KSR1 complex in two ways depicted here: Ras-GTP binds to
IMP triggering self-ubiquitination and degradation of the molecule and Ras-GTP
induces dephosphorylation of serine 392 on KSR1 by activating PP2A.
Dephosphorylation at serine 392 of KSR1 results in the release of 14-3-3 from
this site with subsequent translocation of the KSR1 complex to the plasma
membrane. KSR1 constitutively binds MEK and upon activation by Ras-GTP and
translocation to the plasma membrane, KSR1 recruits and binds Raf,
subsequently facilitating Raf phosphorylation of MEK. ERKs are recruited to the
active complex and phosphorylated by MEK. Phosphorylated ERKs are
activated upon phosphorylation, dissociate from the complex and then
phosphorylate nuclear and cytosolic substrates.
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Upon activation, MEKs then phosphorylate the regulatory tyrosine and
threonine residues within the catalytic domain of ERK (refer to Figure 4.1) (Eblen,
Slack et al. 2002), their only known physiological substrate (Eblen, Slack et al.
2002; O'Neill and Kolch 2004; Wellbrock, Karasarides et al. 2004; Shaul and
Seger 2007). In addition to functioning as activators of ERK, MEKs also function
as cytoplasmic anchor proteins for ERKs, holding these proteins within the
cytoplasm when the signaling pathway in inactive, thereby adding an additional
level of pathway regulation (Shaul and Seger 2007). The degree to which
activated ERK1/2 can mediate all the functions of activated MEK1/2 is unknown,
but activated ERK1/2 phosphorylates at least 160 different targets including
nuclear transcription factors and cytosolic enzymes (Yoon and Seger 2006).
Sequences within the amino-terminus of MEK mediate binding to ERK and also
represents the most divergent region between the two MEKs sharing only ~40%
identity as compared to the almost identical sequences in their kinase domains
(Shaul and Seger 2007). This could explain the observation that MEK1 and
MEK2 differ in their activity towards ERK1; in vitro studies using recombinant
proteins demonstrated MEK2 to be the most potent ERK1 activator, with MEK1
having an activity 7 times lower than that of MEK2 (Zheng and Guan 1993).
Additionally, while definitive experiments aimed at determining whether MEK1 or
MEK2 show increased affinity for either ERK1 or ERK2 in vivo, the fact that
MEK1 knockout mice are embryonic lethal while MEK2 knockout mice are viable
and that ERK2 knockout mice are embryonic lethal and ERK1 knockout mice are
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viable does suggest signal routing may occur with MEK1 preferentially interfacing
with ERK2 and MEK2 with ERK1 (Giroux, Tremblay et al. 1999; Belanger, Roy et
al. 2003; Hatano, Mori et al. 2003; Saba-El-Leil, Vella et al. 2003; Nekrasova,
Shive et al. 2005; Bissonauth, Roy et al. 2006). While the domain within MEKs
responsible for interaction with ERKs has been determined to be a single region
in the amino-terminus of MEK proteins, it appears that multiple, distinct regions
within ERK mediate interactions with ERK (Eblen, Slack et al. 2002).
Phosphorylation of ERK by MEK induces a major conformational change in ERK
resulting in a dramatic increase in the catalytic activity of the proteins,
dissociation of ERK from MEK, and dimerization of ERK (Yoon and Seger 2006;
Casar, Pinto et al. 2008). The dimers are primarily ERK1 and ERK2 homodimers,
as heterodimers are unstable (Khokhlatchev, Canagarajah et al. 1998). The
biological significance of ERK dimerization is still not known although it has been
suggested that dimerization has an effect on ERK activity levels, that it influences
that manner in which ERKs are translocated into the nucleus to phosphorylate
targets, or that it is important for recognition of some substrates (Casar, Pinto et
al. 2008). A variety of phosphatases have been documented to mediate
dephosphorylation and inactivation of ERK, including serine/threonine
phosphatases such as PP2A and PP2C, the tyrosine phosphatases STEP,
HePTP, and PTP-SL and a variety of dual-specificity MAP kinase phosphatases
(MKPs) (Kondoh and Nishida 2007).
As stated at the beginning of this introduction, Ras signaling has diverse
biological outputs, and one means by which Ras can have an affect on so many
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different biological processes is through activation of different effectors, including
Raf. The Ras/Raf/MEK/ERK pathway also has many means of providing
specificity to elicit particular cellular responses. The existence of three Raf
isoforms in vertebrates, which based on the phenotypes of mouse knockouts as
well as on the basis of their different expression patterns in adults, clearly have
non-redundant functions and is one means of providing both diversification and
specificity in terms of breadth of pathway function (O'Neill and Kolch 2004;
Wellbrock, Karasarides et al. 2004). The only widely accepted targets of Raf are
the MEK proteins, and similarly, the only target for MEK proteins are the ERK
proteins, yet ERKs have an enormous number of targets (O'Neill and Kolch 2004;
Wellbrock, Karasarides et al. 2004; Shaul and Seger 2007). Several means of
conferring specificity to pathway activation have been proposed and include
duration and strength of signals, cross-talk with other signaling pathways,
subcellular localization, and interaction with various scaffold proteins (Shaul and
Seger 2007). In particular, scaffold proteins, through their interactions with MEKs
and ERKs, can regulate subcelluluar localization of signaling as well as strength
and duration of signaling (Kolch 2005; Dard and Peter 2006). A number of
scaffold proteins functioning within the Ras/Raf/MEK/ERK pathway have been
identified: MP-1 and β-Arrestin regulates ERK signaling at endosomes, Sef at the
Golgi complex, Paxillin at focal adhesions, and KSR at the plasma membrane
(Casar, Pinto et al. 2008). The latter scaffold will be discussed in greater detail
and is depicted in the schematic diagram of the Ras/MAPK pathway in Figure
4.1. KSR1 was originally identified in genetic screen in Drosophila melanogaster
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and Caenorhabditis elegans as a suppressor of an activated Ras phenotype
(Kolch 2005). KSR1 constitutively binds MEKs and in quiescent cells KSR1 is
found in the cytosol where it forms a complex with MEK, 14-3-3 proteins,
CDC25C-associated kinase 1 (C-Tak1), inactive PP2A, and the inhibitory E3
ubiquitin ligase, IMP1 (Muller, Ory et al. 2001; Shaul and Seger 2007). Upon
activation of Ras, Ras-GTP recruits and binds IMP1, subsequently triggering self
ubiquitination and degradation of IMP1 (Matheny, Chen et al. 2004). Ras-GTP
also induces PP2A activation, which then dephosphorylates serine 392 of KSR1
resulting in release of 14-3-3 from KSR at this site (Kolch 2005; Shaul and Seger
2007). Together, these two events result in recruitment of the KSR1 complex to
the plasma membrane where it then recruits Raf, facilitating the activation of
MEK by Raf given KSR1’s constitutive association with MEK (Shaul and Seger
2007). Simultaneously, ERKs are recruited to the activated complex,
phosphorylated by MEK, dimerized and released from the complex whereupon
they can translocate to their sites of action and mediate ERK-dependent
functions (Shaul and Seger 2007). Intriguingly, a recent publication has found
that while scaffolds serve as platforms for ERK dimerization, forming complexes
capable of interacting with ERK cytoplasmic substrates, dimerization and scaffold
association are dispensible for activation of ERK nuclear substrates (Casar, Pinto
et al. 2008). Importantly, this report also found that preventing the formation of
ERK dimers, without total ERK activation levels being altered, is sufficient to
attenuate cellular proliferation, transformation, and tumor development (Casar,
Pinto et al. 2008).
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The findings of this latter publication also must draw some attention to the
involvement of Ras/MAPK pathway signaling, in particular the misregulation of
the pathway, in cancer and other human diseases. In particular, oncogenic Ras
mutations occur in ~15% of cancers and ERK is hyperactivated in ~30% of
human cancers (Wellbrock, Karasarides et al. 2004; Dhillon, Hagan et al. 2007).
Associations between various Ras mutations and human cancers are known;
amongst the most dramatic are colon cancer (K-Ras mutated in 32% of cases),
small intestine (N-Ras mutated in 25% of cases, and pancreatic cancer (K-Ras
mutated in 60% of cases) (Wellbrock, Karasarides et al. 2004; Dhillon, Hagan et
al. 2007; Schubbert, Shannon et al. 2007; Karnoub and Weinberg 2008). While
A-Raf and C-Raf mutations resulting in human cancer are extremely rare, B-Raf
mutations occur frequently in human cancers. B-Raf is mutated in approximately
43% of melanomas, 27% of thyroid cancers, and 15% of ovarian cancers, and
while over 45 different B-Raf mutations have been described, ~90% of the B-Raf
mutation in human cancer involve substitution of valine residue 599, which
results in a hyperactive kinase domain (Schubbert, Shannon et al. 2007).
Additionally, germ-line mutations associated with aberrant Ras signaling result in
human developmental disorders. Although not specifically detailed in this
introduction, neurofibromatosis type 1 is a RasGAP; inactivating mutations in
NF1 result in hyperactive Ras signaling and cause a dominant familial cancer
syndrome, referred to as neurofibromatosis type 1 disorder (NF1), with an
incidence of 1 in 3500 (Schubbert, Shannon et al. 2007; Aoki, Niihori et al. 2008).
NF1 affected individuals show hyperpigmented skin lesions and benign
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neurofibromas; individuals also commonly present with learning disabilities as
well as vascular abnormalities (Schubbert, Shannon et al. 2007). NF1 patients
are predisposed to developing malignant tumors including neurofibrosarcoma,
astrocytoma, phaeochromocytoma, and juvenile myelomonocitic leukaemia
(JMML); the tumors often show loss of the normal NF1 allele resulting in biallelic
loss of NF1 function (Schubbert, Shannon et al. 2007). Mutations in PTPN11,
which encodes SHP2, are the cause in ~50% of patients with Noonan syndrome,
a dominant developmental disorder characterized by short stature, facial
dysmorphism, skeletal and cardiac abnormalities, learning disabilities, and a
predisposition for haematological abnormalities including JMML (Schubbert,
Shannon et al. 2007; Aoki, Niihori et al. 2008). SHP2 is an SH2-domain
containing non-receptor tyrosine phosphatase that relays signals from activated
growth receptors to Ras as well as other effectors including Grb2 and Gab (Yart,
Mayeux et al. 2003; Schubbert, Shannon et al. 2007). The mutations in PTPN11
associated with Noonan syndrome are gain-of-function in nature resulting in
deregulated phosphatase activity (Shannon and Bollag 2007). It was only with
the discovery that hypermorphic mutations in SOS1 and K-Ras are also found in
patients with Noonan syndrome (~20% and <5%, respectively) that the disease
came to be associated with hyperactive Ras signaling (Shannon and Bollag
2007). Mutations in H-Ras that result in strong gain-of-function proteins cause
Costello syndrome, a rare disorder characterized by servere failure-to-thrive,
facial dysmorphism, cardiac and neurologic abnormalities, and a predisposition
to develop certain types of cancers including rhabdomyosarcoma,
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neuroblastoma, ganglioneuroblastoma, and bladder cancer (Schubbert, Shannon
et al. 2007; Aoki, Niihori et al. 2008; Gripp, Innes et al. 2008). Finally, mutations
in K-Ras, B-Raf, Mek1 and Mek2 have been linked to Cardio-facio-cutaneous
syndrome (CFC), with most mutant proteins biochemically demonstrating a gainin-function (Schubbert, Shannon et al. 2007; Aoki, Niihori et al. 2008). CFC
affected individuals present with similar characteristics to Costello syndrome
patients having craniofacial defects, cardiac defects, ectodermal abnormalities,
developmental delay, and cognitive impairment (Schubbert, Shannon et al. 2007;
Aoki, Niihori et al. 2008).

4.1.2 Copper in Cancer

One of the traits of cancer is sustained angiogenesis; oxygen and
nutrients carried by the vasculature are crucial for cell function and survival such
that virtually all cells within a tissue are obligated to be within 100µM distance of
a capillary blood vessel (Hanahan and Weinberg 2000). Tumor growth and
metastasis require persistent new blood vessel growth. This was classically
demonstrated over 30 years ago in which tumor fragments or cultured tumor cells
that were placed in the cornea of a rabbit eye, an avascular site, attracted new
capillaries to the expanding tumor mass; if the capillaries were prevented from
reaching the tumor site or angiogenesis was prevented tumor growth was
dramatically impaired (Gimbrone, Leapman et al. 1972; Hanahan and Folkman
1996). Since then, numerous studies have independently confirmed these
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results and demonstrated that in the absence of access to vasculature, tumor
cells become necrotic and/or apoptotic (Brem, Brem et al. 1976; Holmgren,
O'Reilly et al. 1995; Parangi, O'Reilly et al. 1996). Furthermore, studies in
mouse models of tumorigenesis have shown that early in tumor development,
angiogenesis is switched on by precancerous, hyperplastic cells, preceding solid
tumor development, and suggests that this ‘angiogenic switch’ is a rate-limiting
step in the pathway to a solid tumor development (Hanahan and Folkman 1996;
Bergers and Hanahan 2008). The connection between copper and angiogenesis
dates back to experiments done in the early 1980’s in which treatment of
endothelial cells with copper sulfate stimulated cell migration (McAuslan, Reilly et
al. 1983) and addition of copper in the rabbit cornea was sufficient to induce new
blood vessel formation while copper-deficient rabbits were unable to mount an
angiogenic response (Raju, Alessandri et al. 1982; Ziche, Jones et al. 1982;
Parke, Bhattacherjee et al. 1988). Although the exact mechanism behind the
pro-angiogenic response of copper is not known, it is postulated that the
documented effects of copper on the secretion and/or expression of a number of
pro-angiogenic growth factors may represent potential mode of action of the
metal (Goodman, Brewer et al. 2004; Brewer 2005). For example, copper is
involved in the non-classical secretion of fibroblast growth factor 1 (FGF1) and
interleukin-1α (IL-1α) in which the assembly of FGF1 and IL-1α multiprotein
release complexes is copper dependent (Prudovsky, Mandinova et al. 2003).
Copper chelation treatment using tetrathiomolybdate (TTM) decreases the
production of vascular endothelial growth factor, fibroblast growth factor 2, IL-1α,
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IL-6, and IL-8 in an in vitro cell culture system using an inflammatory breast
cancer cell line (Pan, Kleer et al. 2002). TTM and other copper chelating agents
were subsequently tested in several animal models of cancer and demonstrated
to inhibit tumor growth (Goodman, Brewer et al. 2004). As of 2005, TTM was in
phase 2 clinical trials for the treatment of various types of advanced cancers in
humans (Brewer 2005). For the majority of these clinical trials, TTM has shown
promise for disease stabilization rather than disease eradication, although the
results are still promising for potential future use of copper chelators, perhaps
adjuvantly in combination with other chemotherapeutics (Finney, Vogt et al.
2008).
Interestingly, in addition to its pro-angiogenic effect, copper also seems to
have a positive effect on proliferation, which appears to be distinct from its effects
on growth factor secretion. Work by Hu et al. demonstrated that treatment of
human umbilical vein endothelial cells with copper sulfate in a serum- and growth
factor-free environment induced cell proliferation and [3H] thymidine incorporation
(Hu 1998). The growth stimulation induced by copper was not blocked by the
presence of antibodies to a variety of growth factors suggesting that the
proliferative activity of copper on these cells was not mediated through copperdependent secretion of known growth factors (Hu 1998). Additionally, TTMinduced copper deficiency suppresses tumor growth in several animal models of
cancer, although whether this is a secondary effect of inhibition of angiogenesis
is not clear (Goodman, Brewer et al. 2004; Brewer 2005). Given these results, it
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is clear that the entire range of functions mediated by copper that are important
for angiogenesis and cell proliferation have not yet been elucidated.
Recently, ATN-224, an orally available choline-salt derivative of TTM, has
been suggested to preferentially target Cu, Zn SOD in tumor and endothelial
cells, with the implication that SOD1 plays a stimulatory role in growth factor
signaling in cancer cells (Juarez, Betancourt et al. 2006; Juarez, Manuia et al.
2008). Cu, Zn superoxide dismutase protects cells from oxidative stress and
catalyzes the disproportionation of superoxide to hydrogen peroxide. While both
superoxide and hydrogen peroxide are potentially toxic, they have also been
established to play signaling roles in biology (Rhee 2006). In an initial report TTM
was shown to potently inhibit Cu, Zn SOD activity, thereby increasing superoxide
anion accumulation and inducing programmed cell death in multiple myeloma
cells. In parallel with these features, the phosphorylation of ERK was also
inhibited (Juarez, Betancourt et al. 2006). Based on the ability of superoxide
scavengers or exogenous SOD1 to ameliorate the antiproliferative effects of TTM
and ATN-224, it was proposed that superoxide accumulation could inhibit
processes essential for proliferation. Alternatively, the reduction in hydrogen
peroxide production, due to SOD1 inhibition, could decrease the efficacy of
mitogenic signaling (Juarez, Betancourt et al. 2006). In a follow-up investigation
the distinctions between these mechanisms was investigated. ATN-224 was
reported to inhibit growth factor stimulated phosphorylation of the EGF and IGF
receptors in parallel with an increase in superoxide and a decrease in hydrogen
peroxide accumulation (Juarez, Manuia et al. 2008). This decrease in hydrogen
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peroxide was proposed to reduce the inactivation of the PTP1B protein tyrosine
phosphatase, thereby inhibiting growth factor-stimulated receptor
phosphorylation and attenuating downstream activation of proliferation pathways
involving ERK. This is a potentially important mechanism for the action of copper
chelators, but many questions remain. It is unclear why ATN-224 is effective for
inhibiting SOD1 activity in cell culture in the nanomolar range, but exhibits potent
anti-proliferative effects at micromolar concentrations. Moreover, RNAi-mediated
knock down of SOD1 did not exhibit antiproliferative effects, nor do SOD1 knock
out mice show obvious growth defects (Reaume, Elliott et al. 1996). While Cu,
Zn SOD may be an important target for the anti-angiogenesis and anti-cancer
activity of clinically relevant Cu chelators, it is not currently clear whether other
Cu-dependent activities might play a role. Further experiments on ATN-224,
perhaps in a mouse tumor model in which the Cu, Zn SOD1 gene has been
knocked out (Elchuri, Oberley et al. 2005), will test whether additional
mechanisms contribute to the anti-cancer activity. A thorough understanding of
the anti-proliferative mechanism of Cu chelators will require a comprehensive
identification of the Cu proteome and a deeper understanding the mechanisms of
Cu homeostasis and their regulation.
There are other intriguing connections between copper and cancer
including copper-dependent metabolic changes in cancer cells. Recent exciting
work has implicated Cu handling and Cu utilizing proteins in controlling the
striking metabolic changes that have long been known to occur in cancer cells.
Otto Warburg discovered that respiratory capacity is down-regulated in many
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cancer cell types, with a concomitant dependence on glycolysis for cellular
energy generation (Warburg 1956). While this phenomenon has been known for
over 75 years, the cellular regulatory mechanisms governing this metabolic
switch are still not well understood. Matoba et al. (Matoba, Kang et al. 2006)
reasoned that this metabolic re-engineering may result from regulatory changes
that are also common to many types of cancer cells. Because mutations in the
gene encoding the p53 sequence-specific DNA binding transcription factor are
among the most common genetic changes found in a broad range of cancer
cells, they explored whether cancer cell lines harboring p53 mutations exhibit
changes in their dependence on respiration versus glycolysis. Indeed, human
colon cancer cells with p53 inactivating mutations also showed significant
reductions in oxygen consumption (a reflection of mitochondrial oxidative
phosphorylation). Furthermore, these same cells generated increased levels of
lactate, a byproduct of glycolysis, reflecting a switch from oxidative
phosphorylation to glycolysis that is typical of the Warburg effect.
Given that p53 has a well-characterized promoter DNA binding site
through which it activates transcription, and that the SCO2 gene was previously
identified as a potential p53 target, the expression of SCO2 was explored as a
function of p53 gene dosage (Hwang, Bunz et al. 2001; Matoba, Kang et al.
2006). While SCO2 mRNA and protein levels were considerably reduced in p53
+/-

and p53 -/- mouse livers compared to wild type, SCO1 mRNA levels were

unchanged. Furthermore, the p53-dependent stimulation of SCO2 expression
was dependent on a canonical p53 binding site in the SCO2 promoter,
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establishing a direct functional link between p53 and SCO2 expression levels.
Taken together this study identified a link between the p53 status of cancer cells
and metabolic reprogramming toward glycolytic energy generation first observed
by Warburg. Given the essential role for copper in cytochrome oxidase function,
it would be interesting to ascertain if p53-dependent changes in the expression of
other copper homeostasis factors might also play a role in the Warburg effect.
There are other observations of changes in copper metabolism in tumors.
In a rabbit model of cancer, ceruloplasmin levels have been shown to be 4-8
times higher than normal during the progression of tumor development, to return
to normal upon tumor regression, and to again achieve abnormal high levels
when metastasis developed (Ungar-Waron, Gluckman et al. 1978). Because
ceruloplasmin is an acute phase response protein, these changes could be due
inflammation or changes in copper. Tumors have altered copper metabolism,
accumulating higher levels of copper than other normal tissues, and serum
copper levels have been shown to be elevated in a number of tumor types
(Apelgot, Coppey et al. 1986; Coates, Weiss et al. 1989). In particular, increased
serum levels in breast cancer have been correlated to increasing severity of
disease (Gupta, Shukla et al. 1991). While the significance of these altered
patterns of copper metabolism are unknown, as are the accompanying changes
in cellular copper homeostasis to accommodate the changes in overall
metabolism, it does indicate that tumor cells have increased demand for copper.
As discussed above, angiogenesis and changes in metabolism are
features of tumorigenesis and cancer where copper, copper-binding proteins,
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and copper homeostatic proteins are involved. An additional characteristic of
cancer cells is tissue invasion and metastasis, and here again recent research
findings have unveiled the involvement of another copper-binding protein in this
process. Tissue invasion requires a loss of integrity in the target tissue’s cell-cell
junctions. The epithelial-mesenchyme transition (EMT) is a critical step in the
initiation of cell invasion as it results in the loss of cell-cell junctions due, at least
in part, to the down-regulation of E-cadherin, a protein found at epithelial cell tight
junctions which functions in cell-cell adhesion (Peinado, Portillo et al. 2005) .
Normally, the transcription of E-cadherin and other genes strongly expressed in
epithelial cells is regulated by the Snail repressor, the abundance of which
inversely correlates with E-cadherin transcription (Peinado, Portillo et al. 2005).
Snail stability is tightly regulated at the level of protein stability through its
phosphorylation by glycogen synthase kinase 3β (GSK3β), which stimulates the
nuclear export of Snail and targets it for proteasomal-mediated degradation.
While the extracellular Cu-dependent lysyl oxidase (LOX) is well established for
its role in the maturation of collagen and elastin via lysine oxidation to the
peptidyl aldehyde and its subsequent spontaneous crosslinking, four additional
members of this protein family, called Lysyl OXidase-Like proteins (LOXL1-4)
have recently been identified (Molnar, Fong et al. 2003; Lucero and Kagan 2006;
Payne, Hendrix et al. 2007). All five members of this family harbor signatures for
bound Cu and lysyl-tyrosyl quinone cofactors, but LOXL1-4 lack a typical
secretory pro-peptide found in extracellular LOX and instead contain Scavenger
Receptor Cysteine-Rich domains and are predicted to be intracellular proteins.
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Recent studies have demonstrated that LOXL2 and LOXL3, two intracellular LOX
isoforms, interact with Snail to stabilize the protein in a manner that is dependent
on two Snail lysine residues (Peinado, Del Carmen Iglesias-de la Cruz et al.
2005). These and other studies put forward a model to suggest that lysine
oxidation diminishes GSK-3β-mediated phosphorylation, thereby stabilizing Snail,
inhibiting E-cadherin expression and compromising tight junctions, a pre-requisite
to tumor cell invasion (Peinado, Portillo et al. 2005). Interestingly, LOXL2
expression is strongly elevated in highly invasive forms of metastatic breast,
colon and esophageal cancers (Fong, Dietzsch et al. 2007; Payne, Hendrix et al.
2007), consistent with a more general role in cancer cell invasion.
Signaling pathways, specifically misregulation of signaling pathways, are
mechanistically what underlies many of the acquired features of cancers
(Hanahan and Weinberg 2000). Despite the longstanding pro-angiogenic function
of copper, the identification of a copper homeostatic component as a target of
tumor suppressor protein, the involvement of copper-dependent enzymes in
processes relevant to cancer cell development and progession and the use of
copper chelators as cancer treatments, a direct link between the copper
homeostasis pathway and signaling pathways has not been described. The data
presented in this chapter begin to address the involvement of copper
homeostasis pathway members, and copper, in cell signaling. This work may
provide insights into essential functions of copper in development and other ways
in which copper is used by cancer cells for further development into increasingly
malignant forms of cancer. In a final discussion of the involvement of copper in
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cancer that is particularly relevant for the results presented in the chapter, work
demonstrating an interaction between Ctr1 and Ras/MAPK signaling is
summarized below.
Recently, Xenopus Ctr1 (Xctr1) was identified in a protein interaction
screen as a factor that physically interacts with Laloo, a Src-related tyrosine
kinase required for fibroblast growth factor (FGF)-mediated mesodermal
induction (Haremaki, Fraser et al. 2007). Given the interaction of Xctr1 with a
protein required for mesoderm induction, mis-expression of Xctr1 promoted
mesodermal and neural ectoderm differentiation, while conversely, loss of XCtr1
through morpholino injection inhibited these processes. Knockdown of Xctr1 also
had an effect on pathway activation dynamics as evidenced by partial inhibition
of FGF-dependent ERK phosphorylation. Interestingly, knockdown of Xctr1 at
later stages of development only modestly inhibited induction of mesoderm
markers, suggesting that Xctr1 is required either before or during gastrulation for
mesoderm development, a time window that parallels the developmental arrest of
Ctr1-/- mutant embryos. In fact, the generated from this study in Xenopus are
highly reminiscent of the mouse Ctr1 knock-out phenotypes; both animal systems
show a failure to properly develop mesodermal and neural tissues, and both
show an acute requirement for Ctr1 around the beginning of gastrulation.
Furthermore, this study provides a potential explanation for the developmental
abnormalities seen in mouse Ctr1-/- mutant embryos and forges a new
intersection between the Cu homeostasis pathway and a cell signaling pathway.
To date, no other components of the Cu homeostatic machinery have been
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implicated to have a direct role in and interaction with canonical signaling
pathway components, however, the role of Xctr1 in mesoderm development and
FGF-signaling is suggested to be independent of its Cu-transporting activity; this
conclusion was made based upon the observation that mis-expression of Xctr1
carrying mutations in conserved residues required for Cu transport gave the
equivalent phenotype as misexpression of wild-type Xctr1. The model presented
by these authors is that Ctr1 functions more as a scaffold protein, facilitating
Laloo-mediated phosphorylation of SNT-1.
The results presented below also demonstrate a functional interaction
between Ctr1 and Ras/MAPK signaling. However, the data support an
interaction that requires the copper transporting activity of Ctr1 proteins and
places the interaction at a point further downstream of receptor activation.
Furthermore, data is presented that suggests a canonical member of Ras/MAPK
signaling may be a copper-binding protein. A different model for the role of Ctr1
and copper in Ras/MAPK signaling will be put forward as well.

4.2

Materials and Methods

Drosophila Stocks and Crosses. W1118, RasDN, Ras64Bv14 , Ras85Dv12,
Eyeless Gal4/CyO , and Apterous Gal4/CyO were all obtained from the
Bloomington Stock Center. Phantom Gal4, UAS mCD::GFP/TM6, Tb was a kind
of Michael O’Connor, University of Minnesota (Mirth, Truman et al. 2005). The
UASCtr1ARNAi construct was made and transgenic lines generated as described
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elsewhere (Roberts 1998; Lee and Carthew 2003). Two independent lines were
used for all fly crosses; UAS-Ctr1ARNAi /CyO [twist Gal4, UAS-EGFP] on the
second chromosome and UAS-Ctr1ARNAi /TM3, Sb,Ser, [twist Gal4, UAS-EGFP].
The prothoracic gland experiments present the results of both UAS-Ctr1ARNAi
transgenic lines. For the wing and eye experiments, recombinant stocks were
generated such that UAS- Ras64Bv14, UAS-Ctr1ARNAi /CyO [twist Gal4, UASEGFP] and UAS- Ras85Dv12 , UAS-Ctr1ARNAi /TM6, Tb were created and verified
for the presence of both transgenes via PCR. While only the UAS- Ras64Bv14 ,
UAS-Ctr1ARNAi /CyO [twist Gal4, UAS-EGFP] line is shown for the wing and eye
experiments; similar results were obtained with the UAS- Ras85Dv12 , UASCtr1ARNAi /TM6, Tb line. All crosses were performed at 250C. All fly work
including the pupal measurements were done at the Duke University Model
Systems Unit.
Pupal length experiments. Wandering 3rd instar larvae were genotyped
and sexed and placed in separate vials according to genotype and sex for
pupariation. Genotyping was based on the lack of whole body GFP signal
(indicator of balancer chromosome) but presence of GFP signal within the
prothoracic gland. Additionally, the absence of Tubby was also used in the
selection of animals carrying the prothoracic gland driver. Once larvae pupated,
they were removed from vials and individual images of them taken using a Leica
MZFL III fluorescence stereomicroscope mounted with a Qimaging Retiga Exi
digitial camera. Images were also taken at the same magnification settings as
the pupae of a micrometer. The micrometer image was used to build a ‘ruler’ in
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Photoshop. To determine actual length of a given pupae, the image of a pupae
was opened on Photoshope, the micrometer image aligned along the length of
the pupal case at defined points, and then the length of the animal was assessed
and recorded.
Indirect Immunofluorescence and SEM Images. Brains from wandering
3rd instar Drosophila larvae of the desired genotype were dissected and fixed in
4% paraformaldehyde for 30 minutes. Staining of tissue was performed as
described elsewhere (Turski and Thiele 2007). Images were taken on a Zeiss
LSM 410 confocal at the Duke University Light Microscopy Core Facility. For
SEM images, adult flies of the desired genotype were subjected to a graded
ethanol series. Flies were given to the Duke University Biological Sciences
Scanning Electron Microscope Facility for critical point drying and sputter coating.
SEM images were also taken at the Duke University Biological Sciences
Scanning Electron Microscope Facility.
dsRNA treatment of S2 cells. The entire Ctr1A coding sequence and
~500bps of coding sequence from Fs(1)Yb were subcloned into pCR 2.1 and are
referred to as pCR 2.1-Ctr1A and pCR 2.1-Fs(1)Yb, respectively. The amplified
sequences cloned into the vector were destined to be used as templates for
generation of dsRNA; as such they were blasted to ensure the target sequences
did not contain 21-mer homology to other sequences, per recommendation of the
Drosophila RNAi screening center protocol. Primers containing sequences
annealing to the vector only plus the T7 promoter sequence at the 5’ end were
generated and used to amplify template DNA from pCR 2.1-Ctr1A and pCR 2.1138

Fs(1)Yb. The PCR products were cleaned using Qiagen QIAquick PCR
purification kit and used as templates for production of dsRNA. Ambion
MEGAscript T7 kit was used for the in vitro transcription reaction; manufacturer’s
instructions were followed. dsRNA was purified using phenol:chloroform
extraction followed by isopropanol preciptation and resuspension in nucleasefree water provided with the MEGAscript T7 kit. The Drosophila RNAi screening
center protocol for treatment of S2 cells with dsRNA was followed. Briefly, S2
cells were counted and seeded at a density of 1x106 cells per milliliter in serum
free Schneider’s media; 1 milliliter of cells were plated per well of a 6-well plate.
15 µg of dsRNA was added to each well of cells, vigorously shaked for ~5-10
seconds, and allowed to incubated for 30 minutes. After incubation, 3 milliliters of
Schneider’s media containing 10% fetal bovine serum was added to the cells.
Insulin stimulation experiments were carried out 3 days later. Prior to addition of
insulin, time 0 samples were taken. Human insulin was then added at a
concentration of 25 µg per milliliter of media and samples were taken at 5, 10, 15
and 30 minutes post-addition of insulin. Cells were lysed in a Phosphorylation
Lysis Buffer, pH 7.6, which is essentially a modified RIPA buffer containing
phosphastase inhibitors (10 mM Tris, pH 7.5, 50 mM NaCl, 1% triton-X100, 0.5%
deoxycholic acid, 30 mM sodium pyrophosphate, 50 mM sodium fluoride, 5 mM
EDTA, 100 µM sodium orthovanadate, 25 mM β-glycerophosphate, and standard
protease inhibitors).
S2 chelation and silver treatment experiments. The no treatment and
insulin only S2 cell samples were in basal media (Schneider’s media with 10%
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fetal bovine serum) during the pre-incubation. The other samples were preincubated for 1 hour with chelator or silver as follows: 10 µM TTM and 250 µM
BCS for copper chelation experiments, 10 µM ferrozine and 250 µM BPS for iron
chelation, and 10 µM silver nitrate. Following pre-incubation, cells were washed
with PBS and resuspended in 5 milliters of PBS. One milliliter of cells was taken
for time 0. Chelators or silver nitrate were re-added to those samples subjected
to that treatment regimen followed by addition of human insulin at a
concentration of 25 µg per milliliter of media. The remainder of the experiment
was conducted as described above for the dsRNA treatment of S2 cells.
Ctr1+/+ and Ctr1-/- Mouse Embryonic Fibroblast Cells and Insulin
Stimulation Experiments. Isolation and culture of Ctr1+/+ and Ctr1-/- cells are
described elsewhere (Lee, Petris et al. 2002). Insulin stimulation experiments
were carried using 100 x 20 mM plates with one plate per time point. Cells were
allowed to reach ~95% confluency and then serum-starved for 24-48 hours.
Human insulin was added at a final concentration of 200 nM with the exception of
the time 0 plate. At the appropriate time point, media was suctioned off, cells
washed with ice-cold PBS, scraped and collected by pelleting into a test tube and
lysed using the Phosphorylation Lysis Buffer described above.
Immunoblots. Protein was quantified using the Bio-rad DC protein assay.
Samples were run on pre-cast Criterion Tris-HCL polyacrylamide gradient gels
from Bio-Rad and transferred to nitrocellulose membranes. The membranes
were blocked for at least 1 hour in 5% skim milk/TBST and allowed to incubated
overnight in primary antibody. Primary antibodies used are as follows: Raf
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antibody sampler kit, mouse anti-Mek1, rabbit anti-Mek2, rabbit anti-phosphoMek1/2 (Ser217/221), rabbit anti-p44/42 Kinase, mouse anti-phospho-p44/42
MAPK (Thr202/Tyr204) (E10), rabbit anti-Akt, rabbit anti-phospho-Akt (Ser473),
which were all obtained from Cell Signaling Technology and used at 1:1000
dilution; rabbit anti-CCS (FL-274) from Santa Cruz Biotechnology (1:200); rabbit
anti-KSR from abcam (1:500); the rabbit anti-human Ctr1 antibody, described
elsewhere, was used at 1:1000 (Nose, Kim et al. 2006). Secondary antibodies
were donkey anti-rabbit and anti-mouse conjugated with horseradish peroxidase
from Amersham Biosciences (1:5000).
Metal Pull-down Experiments. Performed as described elsewhere (Mufti,
Burstein et al. 2006)

4.3

Results

Knockdown of Drosophila Ctr1A can suppress constitutively active Ras
phenotypes. Transgenic flies carrying an inverted repeat transgene specific for
Ctr1A under the control of the UAS promoter were generated; these flies will be
referred to as Ctr1ARNAi throughout the remainder of this dissertation. In the
course of knocking down Ctr1A in different tissues, an interesting observation
was made when Ctr1ARNAi flies were crossed to flies carrying the phantom-Gal4
transgene (phmGal4), which is a prothoracic gland specific driver line (Mirth,
Truman et al. 2005). Flies carrying both Ctr1ARNAi and phmGal4 transgene were
larger than their siblings carrying only the Ctr1ARNAi transgene or the phmGal4
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transgene (Figure 4.2A). Quantitative measurements of pupae confirmed the
increased size in animals with prothoracic gland-specific Ctr1A knockdown
(Figure 4.2B; WT male versus Phm> Ctr1ARNAi(II) male or Phm> Ctr1ARNAi(III)
male; WT female versus Phm> Ctr1ARNAi(II) female or Phm> Ctr1ARNAi(III)
female), and tissue dissection and immunofluorescent staining of prothoracic
glands confirmed knockdown of Ctr1A as evidenced by the dramatic reduction in
Ctr1A signal at the plasma membrane (Figure 4.2C).
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Figure 4.2: Knockdown of Ctr1A or expression of dominant negative Ras in
the prothoracic gland results in a similar, large fly phenotype. A). Images of
adult Drosophila. Phm is the phantom-gal4 prothoracic gland driver line.
Phm>Ctr1ARNAi genotype corresponds to flies with knockdown of Ctr1A in the
prothoracic gland while the Phm/+ genotype corresponds to flies carrying only
the phantom-gal4 driver line. Note that the Phm>Ctr1ARNAi flies are larger than
the Phm/+ flies. B). Quantitative measurements of pupae. The average length of
pupae for each genotype is given above the bar. Comparisons of pupal length
must be made within a given sex as female flies are larger than male flies. WT
refers to the W1118 stock. Phm>RasDN represents the genotype of flies expressing
a dominant negative allele of Ras in the prothoracic gland. Phm>Ctr1ARNAi (II)
refers to phantom-gal4 driving expression of the second chromosome Ctr1ARNAi
transgenic line while Phm>Ctr1ARNAi (III) refers to phantom-gal4 driving
expression of the third chromosome Ctr1ARNAi transgenic line. Phm/+ genotype
corresponds to flies as described in A. * indicates a P-value of less than 0.02
when that genotype is compared to WT of the same sex. ** indicates a P-value
of less than 0.05 when that genotype is compared to WT of the same sex. N=10
for all genotypes except for Phm/+ where N=8. C). Indirect immunoflourescent
detection of Ctr1A in dissected prothoracic glands. Genotype of each panel is
indicated to the left of each panel. Phantom gal4 line also has a UAS-mcd8GFP
recombined onto it (see material and methods) such that membrane-localized
GFP is expressed in the prothoracic gland. Knockdown of Ctr1A is observed as a
loss of plasma membrane staining of Ctr1A in the prothoracic gland.
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Published work has shown that expression of a constitutively active Ras
transgene in the prothoracic gland yields small adults and pupae and dominant
negative Ras transgene expression in the prothoracic gland yields large adults
and pupae (Caldwell, Walkiewicz et al. 2005). Crossing phmGal4 flies to flies
carrying a dominant negative Ras allele under the control of the UAS promoter
and subsequently performing quantitative measurements of pupae carrying both
transgenes recapitulates the published data and importantly demonstrates that
knockdown of Ctr1A in the prothoracic gland yields pupae comparably or even
larger sized than those animals expressing dominant negative Ras (Figure 4.2B).
These data suggest that Ctr1A and copper may be positive effectors of Ras
signaling at least within the Drosophila prothoracic gland.
If Ctr1A is a positive effector of Ras signaling then it is hypothesized that
loss of Ctr1A would result in down-regulation of pathway activation. This
prompted us to test whether knockdown of Ctr1A in other tissues could
ameliorate constitutively active Ras phenotypes. Expressing a UAS-RasV14
transgene in the eye using an eyeless-gal4 driver yields a rough-eye phenotype
characterized by fused ommatidia and disorganized bristles (Bishop and Corces
1988; Halder, Callaerts et al. 1995) (Figure 4.3, compare panel A to panel C).
Simultaneous expression of both the UAS-RasV14 and UAS-Ctr1ARNAi transgenes
using the eyeless-gal4 driver results in an almost complete suppression of the
rough-eye phenotype (Figure 4.3, compare panel C to panel D), although some
disorganization of the bristle is often observed in the posterior margin of the eye
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(indicated by white arrow head in Figure 4.3E). Knockdown of Ctr1A in the eye
did not have any noticeable effect on eye development (Figure 4.3B). The same
experiment was also performed to evaluate constitutively active Ras phenotypes
and the effect of knockdown of Ctr1A on those phenotypes in the wing using an
apterous-gal4 driver, which drives expression in the dorsal compartment of the
wing (Blair, Brower et al. 1994). Expression of UAS-RasV14 in the wing is lethal
(data not shown) presumably because apterous is also expressed in portions of
the central and peripheral nervous system (Cohen, McGuffin et al. 1992;
Lundgren, Callahan et al. 1995), while expression of both UAS-RasV14 and the
UAS-Ctr1ARNAi transgene yields viable adults flies with normal wings (Figure 4.3,
compare panel F and I). Interestingly, the wings of some of the eclosed flies had
an ectopic vein in the posterior portion of the marginal cell (Figure 4.3, compare
panel G and J, also H and K); this phenotype is reminiscent of Ellipse mutants,
which is a hyperactive allele of the epidermal growth factor receptor (EGFR), that
leads to ectopic vein differentiation (Blair, Brower et al. 1994). Thus, some
ectopic Ras activity, activated by the upstream EGFR receptor, is visible and not
suppressed in flies bearing expression of both the UAS-RasV14 and the UASCtr1ARNAi transgene in the wing, as was also observed in the eye experiments
(Figure 4.3E). While knockdown of Ctr1A can robustly suppress the active Ras
phenotypes examined here, the suppression is not complete. This may be due
to residual Ctr1A protein present in these tissues. Experiments were also
performed in which flies with constitutively active Ras expression in either the
eye or wing were reared on copper-chelated food, however, diet-induced copper
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restriction did not result in suppression of eye or wing phenotypes (data not
show). This could suggest a copper-transport independent function for Ctr1A in
Ras signaling. However experimental results presented later in this chapter do
not support this notion. Instead, it is possible that despite a low copper diet,
physiological and molecular mechanisms are in place to respond and
compensate for this copper loss. Ctr1B expression is known to be upregulated in
animals developing under low copper conditions, and larval development is
delayed under low copper conditions, giving the animals more time to forage and
obtain sufficient levels of copper to support subsequent developmental
processes (Balamurugan, Egli et al. 2007). Thus, the lack of suppression on the
copper-chelated food may be a result of the activity of Ctr1B compensating for
loss of Ctr1A-mediated copper transport.
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Figure 4.3: Knockdown of Ctr1A suppresses constitutively active Ras
phenotypes. A-E). SEM images of adult Drosophila female eyes. Genotype
given to the left of each panel. Arrowhead in panel E indicating incomplete
suppression of rough-eye phenotype caused by expression of constitutively
active Ras in the eye; not disorganized interommatidial bristles.
F-K). Brightfield images of adult Drosophila wings. F-H are W1118 wings, sex
indicated in lower right of panel. I-K are wings from adults with apterous-gal4
driving the simultaneous expression of a UAS-Ctr1ARNAi transgene and
constitutively active Ras transgene (UAS-Rasv14) in the ventral compartment of
the wing, sex indicated in lower right of panel. Arrow in K pointing to the
presence of an ectopic vein not present in W1118 wings, indicated by arrow in
panel H.
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Ctr1 is a specific, positive modulator of Ras/MAPK signaling. The genetic
interaction data presented above, suggests that Ctr1A is a positive effector of
Ras signaling. Ras has many effector proteins through which it signals, making
the determination of which pathway Ctr1A might be interacting challenging
(Schubbert, Shannon et al. 2007). However, a search of the Drosophila RNAi
screening center database fortuitously resulted in a hit for Ctr1A in the MAPK
signaling pathway. The results of the screen were published in a paper where
the object of the screen was to identify novel regulators of receptor tyrosine
kinase and ERK signaling (Friedman and Perrimon 2006). Knockdown of Ctr1A
in S2 cells using double-stranded RNA resulted in down regulation of pathway
activation as measured using a Z-score, determined first by dividing
phosphorylated ERK values by total ERK values to obtain a normalized phosphoERK score which could then be converted to a Z-score, the relative number of
standard deviations from the plate mean. Interestingly, knockdown of Ctr1A
yielded a comparable Z-score value as compared to knockdown of canonical
pathway members like the Insulin receptor and Ras. Thus, the results of this
screen were consistent with the in vivo interaction phenotypes I observed, with
Ctr1A functioning as a positive effector of the pathway. To confirm the effect of
knockdown of Ctr1A on insulin-stimulated Ras/MAPK pathway activation
observed by Friedman and Perrimon, S2 cells were first treated with dsRNA
specific for Ctr1A or dsRNA for a Fs(1) Yb, an unrelated gene serving as a
negative control. After incubation with the dsRNA for 3 days, baseline (time 0)
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samples were taken followed by addition of insulin and another sample taken 5
minutes after insulin addition. Insulin was selected as the growth factor for
pathway activation on the basis of this being the growth factor used in the MAPK
screen described above (Friedman and Perrimon 2006). Also, S2 cells
endogeneously express the insulin receptor and activate the MAPK pathway as
well as other Ras effectors in response to insulin treatment (Clemens, Worby et
al. 2000; Friedman and Perrimon 2006). The protein samples were then
subjected to immunoblot analysis and probed for phospho-ERK and total ERK.
As shown in Figure 4.4, at time 0, very little phospho-ERK can be detected in any
of the samples, however at 5 minutes post-insulin addition, robust induction of
phospho-ERK is apparent in the no treatment and negative control samples.
Little phospho-ERK induction was detected in the S2 cells with knockdown of
Ctr1A in comparison to the no treatment and negative control samples, despite
having equivalent levels of total ERK. Probing the blot for Ctr1A verified the
efficacy of the dsRNA treatment in knockdown of Ctr1A. Thus, the in vivo
genetic data and the in vitro cell biological data support the hypothesis that Ctr1A
plays a positiv role in the Ras/MAPK signaling pathway. However, while the in
vitro experiments show an interaction with the Raf/MAPK/ERK effector arm of
Ras, the only deduction that can be made from the genetic interaction data is that
Ctr1A interacts with either Ras or a downstream effector of Ras.

151

Figure 4.4: Knockdown of Ctr1A in Drosophila S2 cells affects Ras/MAPK
signaling but not Ras/PI3K signaling. Knockdown of Ctr1A in S2 cells results
in reduced induction of phospho-ERK in response to insulin treatment, while
phospho-Akt induction in not affected. Total ERK, total Akt, and actin used as a
loading control.
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To determine whether Ras effectors other than Raf are affected by loss of
Ctr1A, phospho-Akt levels in response to insulin treatment were examined in S2
cells with knockdown of Ctr1A. In response to insulin stimulation Ras can
activate Raf, which then initiates the Raf/MEK/ERK signal transduction cascade
resulting in phosphorylation of ERK (Werner and Le Roith 1997; Schubbert,
Shannon et al. 2007). However, Ras can also activate the catalytic subunit of
PI3K, which initiates PI3K/PDK1/Akt pathway activation resulting in
phosphorylation of Akt (Yamamoto, Altschuler et al. 1992; Schubbert, Shannon
et al. 2007). As shown in Figure 4.4, while knockdown of Ctr1A does affect
phospho-ERK induction, phospho-Akt induction is not affected in response to
insulin stimulation. Two important conclusions can be drawn from these results.
One is that Ctr1A likely functionally interacts with the Ras/Raf/MEK/ERK pathway
and is specific, therefore, to the Raf effector arm of Ras. The second is that as
Ras is able to activate PI3K in cells with knockdown of Ctr1A, it is unlikely that
Ras itself is the point of interaction with Ctr1A.
At this point, an interaction between Ctr1A and Ras/MAPK signaling has
been established but an interaction between copper and Ras/MAPK signaling
has not been clearly shown. Recently, a copper transport-independent function
of Xenopus Ctr1 (Xctr1) in Ras/MAPK signaling has been proposed, which is in
contrast to my observation. In order to begin to address whether copper is
important in Ras/MAPK signaling or whether a copper transport-independent
function for Ctr1 is supported, S2 cells were depleted of copper for one hour
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using both intracellular and extracellular copper chelators, after which and in the
continued presence of the chelators, insulin was added to the cells, and
phospho-ERK levels assayed. As shown in Figure 4.5A, there is a clear reduced
induction of Ras/MAPK signaling by insulin in the presence of copper chelators
as evidence by the reduced phospho-ERK levels. Ctr1A protein levels were not
affected by copper chelation treatment (data not shown), and thus the effect on
phospho-ERK induction in response to insulin was not due to a reduction in
Ctr1A protein levels, but rather through chelation of copper. This effect is specific
for copper chelation, as chelation of iron had no effect on phospho-ERK induction
in response to insulin treatment (Figure 4.5B). Interestingly, incubation of S2
cells for one hour with silver followed by insulin stimulation in the continued
presence of silver also resulted in reduced phospho-ERK induction (Figure 4.5C).
Silver is isoelectric to Cu1+ and as such can compete for Cu1+ transport by Ctr1
(Lee, Pena et al. 2002). Silver competition for transport by Ctr1A, in addition to
the copper chelation experiments, suggest that the copper-transporting activity of
Ctr1A, as well as intracellular copper, is important in Ras/MAPK pathway
activation. In the next section, more definitive experiments using copper
transport defective Ctr1 mutants will further clarify the importance of copper in
Ras/MAPK pathway activation.
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Figure 4.5: Specific chelation of copper or competition for transport by
Ctr1A also results in compromised Ras/MAPK signaling in Drosophila S2
cells. A). Copper chelation does compromise Ras/MAPK signaling as indicated
by the reduced induction of phospho-ERK by insulin the presence of copper
chelators. S2 cells either received no copper chelation or insulin (no txment),
received copper chelation only (Cu chelation), received insulin only (insulin), or
received both copper chelation and insulin (Cu chel + insulin). Total ERK is used
as a loading control. B). Iron chelation does not affect Ras/MAPK pathway as
indicated by normal induction of phospho-ERK in the presence of iron chelators.
S2 cells either received no iron chelation or insulin (no txment), received iron
chelation only (Fe chelation), received insulin only (insulin), or received both iron
chelation and insulin (Fe chel+ ins). Total ERK used as a loading control. C).
Competition for Ctr1A-mediated transport by silver compromises Ras/MAPK
signaling as indicated by reduced induction of phospho-ERK by insulin in the
presence of silver. S2 cells received either insulin only (insulin) or insulin and
silver (Ins +Ag). Total ERK used as a loading control.
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Mammalian Ctr1 shows a conserved role in Ras/MAPK signaling that is
dependent upon its copper transport activity. To address whether the role of
Drosophila Ctr1A and copper in the activation of Ras/MAPK signaling is a
conserved function, mouse embryonic fibroblasts that are either genetically wildtype (Ctr1+/+) or null for Ctr1 (Ctr1-/-) (Lee, Petris et al. 2002)) were tested for
pathway activation in response to insulin treatment as measured by phosphoERK1/2 induction. As shown in Figure 4.6A, Ctr1-/- cells were severely
compromised in their ability to induce phospho-ERK1/2 in response to insulin
treatment, although by 15 minutes post-insulin stimulation, phospho-Erk1/2 levels
were comparable between Ctr1+/+ and Ctr1-/- cells. It should be noted that insulinstimulation of both Ctr1+/+ and Ctr1-/- cells yielded variable effects on phosphoERK1/2 induction. For the Ctr1+/+ cells, induction of phospho-ERK1/2 sometimes
peaked within 5 or 10 minutes and then decreased and other times it was
observed to peak by 5 minutes and maintain those phospho-ERK1/2 levels up to
15 minutes post-insulin stimulation. For Ctr1-/- cells, often no induction of
phospho-ERK1/2 could be discerned while other times a reduction in the
magnitude of phospho-ERK1/2 was apparent. For both cell lines, there was also
variability in terms of baseline levels of phospho-ERK1/2, which in some cases
could not be detected at all at time 0 and in others could be detected. The
reasons for this variability are not clear, but given the hypothesis put forward in
this chapter that copper is a positive modulator of Ras/MAPK signaling, it may
have to do with variable levels of copper within the cell lines (Lee, Petris et al.
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2002)). However, the trend can conservatively be described as Ctr1-/- cells
demonstrated reduced or compromised phospho-ERK1/2 induction in response
to insulin stimulation. Mouse Ctr1 also seems to interact specifically with the
Raf/MEK/ERK pathway, as was observed for the Drosophila S2 cells, as
phospho-Akt induction was unaffected in Ctr1-/- cells in response to insulin
stimulation (Figure 4.6A). Thus, mouse Ctr1 behaves in the same fashion as
Drosophila Ctr1A in functioning as a positive modulator of Ras/MAPK signaling.
These data also demonstrate the evolutionary conservation of this interaction
and importantly suggests a highly conserved mechanism for copper and Ctr1
proteins in Ras/MAPK signaling.
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Figure 4.6: Ctr1 proteins have a conserved role in Ras/MAPK signaling that
is dependent upon their copper-transporting activity. A). Mouse embryonic
fibroblasts genetically wild-type for Ctr1 (Ctr1+/+) or null for Ctr1 (Ctr1-/-) were
treated with insulin and time points were taken for protein extraction and western
blot analysis. Ctr1-/- cells show reduced induction of phospho-ERK1/2 in
comparison to the Ctr1+/+ cells, however induction of phospho-Akt is not affected.
B). Ctr1-/- cells stably expressing either wild-type human Ctr1 (Ctr1-/-: CMVhCtr1WT) or transport-defective mutants of human Ctr1 (Ctr1-/-: CMV-hCtr1M150A
and Ctr1-/-: CMV-hCtr1M154A) were analyzed for Ras/MAPK activity in response to
insulin treatment. Transport-defective mutants express human Ctr1 yet are still
copper-deficient as indicated by the increased levels of CCS in comparison to the
wild-type expressing cell line. While the rescued cell line expressing wild-type
human Ctr1 shows normal phospho-ERK1/2 induction in response to insulin, the
transport-defective human Ctr1 cell lines are still compromised in phosphoERK1/2 induction. Total ERK used as a loading control.
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To further test whether copper is key in the observed interaction between
Ctr1 proteins and the Ras/MAPK, mutant isoforms of human Ctr1 were
expressed in Ctr1-/- cells. Previous work published by our lab identified key
methionine residues within the 2nd transmembrane domain that were essential for
the transport activity of Ctr1 proteins yet did not affect Ctr1 oligomerization or
localization to the plasma membrane |(Puig, Lee et al. 2002). By expressing
these Ctr1 mutant isoforms, it is possible to dissect whether the coppertransporting activity of Ctr1, and therefore copper, is important for Ras/MAPK
pathway activity or whether the role of Ctr1 is via a copper transport-independent
function. Ctr1-/- mouse embryonic fibroblast cell lines stably expressing either
wild-type human Ctr1 (Ctr1-/-: CMV-hCtr1WT) or transport-defective mutants of
human Ctr1 (Ctr1-/-: CMV-hCtr1M150A and Ctr1-/-: CMV-hCtr1M154A) were subjected
to insulin stimulation and assessed for their ability to induce phospho-ERK1/2 in
response to insulin. While a rescued Ctr1-/- cell line expressing wild-type human
Ctr1 showed induction of phospho-ERK1/2, the transport-defective cell lines were
compromised in their ability to transduce Ras/MAPK activity in a manner similar
to the original Ctr1 mutant parental cell line as evidenced by the low level of
phospho-ERK induction (Figure 4.6B). Importantly, while both the wild-type and
transport defective cell lines showed expression of human Ctr1, the transport
defective cell lines were still copper deficient as indicated by the higher levels of
CCS, the copper chaperone for Cu, Zn Sod1, present in these cells. CCS protein
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levels are considered sensitive biomarkers of intracellular copper status and
inversely related to intracellular copper status as under high copper the
chaperone undergoes ubiquitin-mediated proteasomal degradation (CaruanoYzermans, Bartnikas et al. 2006)). If a copper-transport independent role for Ctr1
in Ras/MAPK signaling was the mechanism behind the observed interactions
between Ctr1 proteins and the signaling pathway, then the Ctr1 copper transport
defective cell lines should show a comparable rescue in phospho-ERK1/2
induction in response to insulin stimulation as compared to the wild-type Ctr1
expressing cell line. These data, in combination with the copper chelation and
silver experiments in Drosophila S2 cells, support a Ctr1 copper-transport
dependent function in Ras/MAPK signaling and suggest that copper plays a role
in Ras/MAPK signaling.

The protein kinase activity of Raf and MEK is unaffected by loss of Ctr1
and reduced intracellular copper levels. As an initial investigation into the
potential mechanism behind Ctr1 and copper modulation of Ras/MAPK signaling,
the activities of Ras, Raf, and MEK in response to insulin stimulation were
assessed in Ctr1+/+ and Ctr1-/- mouse embryonic. As discussed in the
introduction, upon growth factor stimulation, inactive, GDP-bound Ras is
converted to active, GTP-bound Ras through the activity of GTPase exchange
factors |(Schubbert, Shannon et al. 2007). Active GTP-bound Ras binds Raf,
recruiting the protein to the plasma membrane, where it can be activated
|(Schubbert, Shannon et al. 2007). While the regulation of Raf proteins is
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complex, one marker of activation is phosphorylation at serine residue 338
(Wellbrock, Karasarides et al. 2004)). Active Raf binds to and phosphorylates
two serine residues within the activation domains of MEK1 and/or MEK2,
activating the proteins (Shaul and Seger 2007)). Activated MEK1/2 in turn then
binds to and phosphorylates ERK1/2 on regulatory tyrosine and threonine
residues, which results in the activation of ERK1/2 (Shaul and Seger 2007)) .
Thus one aspect of Ras/MAPK pathway activation is the phosphorylation of each
component of the pathway at specific sites. Using both phospho-specific and
total protein antibodies, the activating phosphorylation status and total protein
levels of each component of the Ras/MAPK pathway was determined in mouse
embryonic fibroblasts wild-type or null for Ctr1 in response to insulin stimulation
(Figure 4.7A). Activation of C-Raf was somewhat enhanced in the Ctr1+/+ cells
as compared to the Ctr1-/- cells using a phospho-specific antibody that detects
phosphorylation at serine 338 in C-Raf. However, activation of A-Raf in Ctr1-/cells was slightly enhanced in comparison to Ctr1+/+ cells using a phosphospecific antibody that detects phosphorylation at serine 299, the analogous
residue to serine 338 in C-Raf. Total protein levels for C-Raf and A-Raf did not
differ between the wild-type and mutant cell lines; while B-Raf is in these cell
lines, an antibody that cleanly detects the active, phosphorylated form of B-Raf
has remained elusive precluding an assessment of B-Raf activity in these cells.
The slight differences in phosphorylation levels of C-Raf and A-Raf between
Ctr1+/+ and Ctr1-/- cells is not a repeatable result; in other experiments equal
phospho-protein is detected between the two different cell lines. Interestingly, a
163

Figure 4.7: Ras/MAPK pathway activation is intact up to MEK1/2
phosphorylation of ERK1/2 in Ctr1 deficient cells. A). Ctr1+/+ and Ctr1-/- cells
were stimulated with insulin and induction of phosphorylated Raf, MEK1/2 and
ERK1/2 were assessed as well as the total protein levels. Phospho-MEK1/2
appears to be up-regulated in Ctr1-/- cells despite showing little phospho-ERK1/2
induction. MEK1 protein levels are also observed to be up-regulated in Ctr1-/cells, while MEK2 protein levels are consistently observed to be down-regulated
in Ctr1-/- cells. B). The low levels of MEK2 in Ctr1-/- cells can be rescued in Ctr1/: CMV-hCtr1WT cells.
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significant and repeatable difference is the phosphorylation status of MEK1/2,
with Ctr1-/- cells showing enhanced phosphorylation of MEK1/2 as compared to
the Ctr1+/+ cells, again using a phospho-specific antibody that detects
phosphorylation at the two key serine residues needed for activation of MEK. It
should be noted, however, that the phospho- specific antibody used in these
experiments does not discriminate between the phosphorylated form of MEK1 or
MEK2 but recognizes both species. The inverse was observed with respect to
the phosphorylation of ERK1/2 at the key residues for protein activation, with
Ctr1+/+ cells showing induction of phospho-ERK1/2 in response to insulin and the
Ctr1-/- cells showing compromised induction. Also interesting is the total protein
levels of MEK1 and MEK2. Total MEK1 protein is sometimes increased in the
Ctr1-/- cells, although this observation is not consistent, and in other experiments
the amount of total MEK1 between Ctr1+/+ and Ctr1-/- cells is the same. MEK2,
however, is consistently difficult to detect and found at much lower levels in the
Ctr1-/- cells. Interestingly, the Ctr1-/- cells expressing wild-type human Ctr1 show
a restoration in MEK2 protein levels (Figure 4.7B). These data suggest that
copper may play a role in the Ras/MAPK signal transduction cascade at the level
of MEK1/2, given that Raf proteins are able to phosphorylate MEK1/2, while
MEK1/2 proteins show a compromised ability to phosphorylate ERK1/2 in Ctr1-/cells. Also and intriguingly, these data suggest that at least MEK2 protein levels
are regulated by intracellular copper status, with low copper resulting in low
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MEK2 protein, and that MEK1 protein levels may be upregulated to compensate
for this.

MEK1 may bind copper. The hyperaccumulation of the phosphorylated
and active form of MEK1/2 in Ctr1 deficient cells suggests the protein might be
‘caught’ in an activated state. However, the reduced levels of phosphorylated
ERK1/2, the substrate of MEK1/2, within Ctr1 deficient cells suggests that
despite being phosphorylated at activating sites MEK1/2, either the catalytic
activity of MEK1/2 is negatively affected by low intracellular copper levels, or as
observed for MEK2, protein levels are regulated by copper levels. While many
potential molecular mechanisms can be formulated to explain these results, the
most parsimonious explanation is that MEK1/2 directly binds copper and copper
binding regulates protein activity and/or stability. To test this hypothesis, I
attempted to pull-down MEK1 and MEK2 using copper-chelated beads. In Figure
4.7A, Ctr1+/+ and Ctr1-/- cell lysates were incubated with glutathione sepharose
beads (GSH) that were pre-incubated with copper allowing for copper binding to
the GSH beads. While GSH beads alone were not able to pull-down MEK1,
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Figure 4.8: MEK1 and MEK2 might be copper-binding proteins. A). GSH
beads pre-incubated and loaded with copper can pull down MEK1. XIAP is used
as a positive control. B). Pentadentate chelated beads complexed with no metal,
zinc, or copper were incubated with lysates from Ctr1+/+ and Ctr1-/- cells and used
to pull-down proteins. MEK1 is efficiently precipitated in both Ctr1+/+ and Ctr1-/cells, while MEK2 is precipitated less efficiently and only in the Ctr1+/+ and Ctr1-/cells. XIAP is again used as a loading control. KSR1 is not able to be
precipitated by copper-chelated beads.
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copper-coupled GSH beads were able to bind to and pull-down MEK1. As a
positive control, XIAP, a protein that binds copper and in which copper binding
destabilizes the copper-coupled beads, while the negative control, GAPDH, was
only detected in the input lanes. A similar experiment using beads coupled with
the metal chelator pentadentate (PDC) in complex with various metals were used
to precipitate protein. As shown in Figure 4.8B, metal free and zinc complexed
beads could not pull-down MEK1 or MEK2. However, the copper complexed
beads were able to pull-down MEK1; MEK2 could also bind to the coppercomplexed beads but only in the Ctr1+/+ cells and much less efficiently. It is
possible that MEK1 and MEK2 are not binding to the copper-complexed beads
directly but instead, through interaction with other proteins and is indirectly
precipitated. As KSR1 is constitutively associated with MEK (Shaul and Seger
2007)) , this seemed to be a good candidate scaffold protein to test for ability to
bind copper. As shown in Figure 4.8B, while KSR1 could be detected in the input
lanes and is expressed in these mouse embryonic fibroblast cell lines, it could
not be pulled-down by copper-chelated beads. These data support MEK1 as a
copper-binding protein, although at this point the role of copper binding by MEK1
is not clear; MEK2 also appears to bind copper and copper binding appears to be
important for protein stability as MEK2 protein levels were severely reduced in
Ctr1-/- cells. Future in vitro work with purified proteins will be important to further
establish copper binding by MEKs as well as the role of copper binding by these
proteins. These experiments will be discussed in chapter five of this dissertation.
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4.4

Discussion

Beginning from the 1920’s, copper has been recognized as an essential
trace element (McHargue JS 1928)). Since then, it has also been recognized
through human genetic disorders like Menkes and Wilson’s disease that
regulation of copper uptake, distribution, and storage is also important for proper
development, proper organ function, and overall viability |(Mercer 2001; Kim,
Nevitt et al. 2008). Less understood, however, are the biological reasons behind
living organisms’ requirement for copper to support development and sustain life.
Plant, microorganism, and animal models have all helped to address this
question and have shown copper to be involved in a wide variety of biological
processes, including cellular respiration, free radical detoxification, and
connective tissue maturation.
Ctr1 proteins are highly conserved, high affinity copper transporters that
are essential for development in metazoan organisms (Kim, Nevitt et al. 2008)).
The generation of a mouse knockout for Ctr1 elegantly illustrated the essentiality
for copper and Ctr1 proteins in the development of a metazoan animal. From the
mutant mouse phenotype, specific stages in development and specific tissues
exquisitely sensitive to low copper levels could be identified; Ctr1-/- mutant mice
began to show growth retardation at E7.5, a stage in development when
gastrulation approximately begins, with embryonic lethality by E12.5.
Homozygous mutants histologically demonstrated poorly developed neural
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ectoderm and mesoderm and a failure in neural tube closure |(Kuo, Zhou et al.
2001; Lee, Prohaska et al. 2001). While the exact mechanisms underlying the
mutant phenotype have yet to be understood, it seems likely that defects in
multiple copper-dependent proteins is responsible.
The data presented here in conjunction with other published work
suggests that impaired Ras/MAPK signaling might also be an underlying cause
of the Ctr1-/- mouse phenotype. Ctr1 proteins in both Drosophila and mouse
function as positive effectors of Ras/MAPK signaling as knockdown or genetic
loss of the protein results in impaired Ras/MAPK activity indicated by reduced or
absent induction of phospho-ERK1/2 in response to growth factor stimulus.
Importantly, copper plays a role in this interaction as chelation of copper or
competition for Ctr1-mediated copper uptake by silver also reduces the induction
of phospho-ERK1/2. Furthermore, while Ctr1-/- mouse embryonic fibroblasts
expressing wild-type human Ctr1 are rescued in their ability to activate the
pathway, Ctr1-/- mouse embryonic fibroblasts expressing a transport-defective
isoform of human Ctr1 retain the impaired pathway activation phenotype. In the
course of investigating the potential mechanism for the involvement of Ctr1 and
copper in Ras/MAPK signaling, it was discovered that MEK1/2 could represent
novel copper binding proteins. Monitoring the individual tiers of Ras/MAPK
pathway activation demonstrated that the pathway appears to be intact, under
conditions of copper deficiency, up until the point where MEK1/2 phosphorylates
ERK1/2. Subsequently, MEK1 was shown to be able to bind copper and MEK2
appears to bind copper as well, although to a much lesser extent. MEK2 protein
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levels, however, do seem to be regulated by intracellular copper levels, being
destabilized under low copper. Thus, at this point a connection between copper
and each MEK protein exists, although the nature of the connection may be
different between the two proteins.
In evaluating the amino acid sequence of MEK1 and MEK2, a putative
copper-binding motif of CMX2M within the catalytic domain of the proteins has
been identified (Figure 4.9). Importantly this motif is conserved in several
divergent metazoan organisms within the animal phyla. Currently, experiments
are underway where the copper-binding ligands within this motif are mutated;
tagged, mutant forms of the protein will then be expressed in mouse embryonic
fibroblasts and tested for their ability to be precipitated by copper-chelated
beads. Specific details of the planned experiments aimed at testing copper
binding by MEKs as well as the role of copper binding by these proteins will be
discussed in chapter five. It will be crucial, however, to map the region
responsible for copper binding to ensure that MEK proteins bind copper directly
and that the results of the pull-down experiments presented above (see Figure
4.8) are not an artifact.
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Figure 4.9: Alignment of MEK1/2 orthologues from human, mouse,
zebrafish (D. rerio), D. melanogaster (Dsor1), and S. cerevisaie (Ste7).
Putative copper-binding motif indicated by red asteriks above residue.
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One puzzling aspect the sequence presents is that while both MEK1 and
MEK2 possess the same putative copper-binding motif, MEK1 protein levels are
unaffected by intracellular copper levels, at least as dictated by the presence or
absence of Ctr1, while MEK2 proteins levels are reduced under low copper
conditions. Additionally, MEK1 was more amenable to pull-down by copperchelated beads than was MEK2. It may ultimately be shown that the CMX2M
motif indicated in Figure 4.9 is not the copper-binding motif in MEK1/2 and
subsequent experiments may demonstrate that copper-binding is mediated in
different regions for MEK1 and MEK2. While MEK1 and MEK2 are highly
homologous (~85%), there are regions where the two proteins differ, most
notably in their amino-termini (sharing only 40% identity) (Shaul and Seger
2007)). Also, despite their overall sequence homology, there are clearly enough
differences in sequence to dictate difference in protein function as MEK1
knockout mice die in embryogenesis while MEK2 knockout mice are viable
|(Giroux, Tremblay et al. 1999; Belanger, Roy et al. 2003; Shaul and Seger
2007). However, if the CMX2M motif does prove to be responsible for copper
binding in MEK1 and MEK2, how can the differences in protein levels and
binding to copper-chelated beads be reconciled? One possibility is that there are
differences in the three dimensional structures of the proteins such that the
environment in which the CMX2M motif lies in MEK1 is different than the
environment present in MEK2. These differences may give rise to differences in
affinity for copper and conformational structures of the proteins. MEK2 may bind
173

copper more tightly if copper is important for its stability or if copper stabilizes the
conformation of the protein. The crystal structure of human MEK1 and MEK2
have been determined and while the structures were highly homologous, there
were regions within MEK2 described as being more disordered than MEK1
|(Ohren, Chen et al. 2004). Importantly, the crystal structure of MEK1 and MEK2
were determined by using amino-terminally truncated versions of the protein,
thus additional differences in the three dimensional structures of the proteins may
exist.
In terms of how copper binding to MEK influences pathway activation
dynamics, for MEK2 the fact that there is reduced protein levels in the Ctr1-/- cells
can explain the compromised induction of phospho-ERK1/2 in response to insulin
stimulation. For MEK1, it may be that copper is important for the catalytic activity
of the protein, although there are no precedents for a copper co-factor in protein
kinases. Alternatively, copper binding by MEK1 might be important for interaction
with ERK1/2 or KSR1 or it might be important for establishing an active
conformation of the protein. As mentioned in the introduction, the non-classical
secretion of FGF1 and IL-1α involves the copper-dependent formation and
release of a multiprotein complex |(Landriscina, Bagala et al. 2001; Prudovsky,
Mandinova et al. 2003), while the copper-bound status of XIAP and CCS affects
protein stability |(Caruano-Yzermans, Bartnikas et al. 2006; Mufti, Burstein et al.
2006).
The data presented in this chapter support the hypothesis that MEK1 and
MEK2 either bind copper or are regulated by copper. While this may represent
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the mechanism behind the interaction between copper and Ctr1 with Ras/MAPK
signaling, other possible mechanistic scenarios can be envisioned. While Rafs
activate MEK1/2 by phosphorylating the proteins at two conserved serine
residues, and this phosphorylation event was detected in Ctr1-/- cells (Figure 4.7),
the activity of MEKs is regulated by additional phosphorylation and
dephosphorylation processes as well (Shaul and Seger 2007)). It could be that
the protein kinases and phosphatases that mediate these processes bind copper
and copper-binding regulates their activities towards MEK1/2. However, this
latter hypothesis would not explain the ability of MEK1 to bind copper-chelated
columns.
In conclusion, it is interesting to note that suppression of ERK signaling via
the use of a MEK inhibitor promotes self-renewal versus differentiation of
embryonic stem (ES), which included prolonged expression of Oct4, a gene
important for maintaining ES cell pluripotency |(Burdon, Stracey et al. 1999).
Similarly, Ctr1-/- embryoid bodies (EBs) maintain an undifferentiated phenotype
including prolonged expression of Oct4, suggesting that the propensity for Ctr1-/EBs to remain undifferentiated may be a result of impaired MEK activity in these
cells (Haremaki, Fraser et al. 2007)). Furthermore, when zebrafish were treated
with a MEK1/2 inhibitor, U0126, the animals manifested both notochord and
pigmentation defects, phenotypes similar to what has been observed for
zebrafish treated with a copper chelator, neocuprione |(Mendelsohn, Yin et al.
2006; Hawkins, Cavodeassi et al. 2008). While U0126 was shown specifically to
inhibit MEK1/2-mediated phosphorylation of ERK1/2, given the similarity in
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phenotypes to the neocuprione-treated zebrafish and the data presented here, it
is tempting to speculate that U0126 is actually a copper-chelating agent and
inhibits MEK1/2 activity by preventing copper-binding to MEK1/2 |(Favata,
Horiuchi et al. 1998). The data presented in this chapter also suggests another
mechanism by which TTM elicits its anti-angiogenic and anti-proliferative effects.
Ras/MAPK signaling, while important for cell proliferation, has also been shown
to be important in angiogenesis, thus an additional potential mechanism for TTM
action is inhibition of MEK1/2 activity |(Eliceiri, Klemke et al. 1998; Kolch 2005).
Continued work on the involvement of copper and Ctr1 proteins in Ras/MAPK
signaling promises to further knowledge in not only the copper and Ras/MAPK
fields but also potentially for medical fields studying human diseases
characterized by aberrant Ras signaling.
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5. Future Directions and Other Observations

The purpose of this chapter is to discuss future planned experiments
aimed at further investigating the mechanism behind the interaction of copper
with Ras/MAPK signaling as well as some observations made in conjunction with
the previously discussed experimental data.
It should be noted that the experiments discussed below are based on the
current hypothesis that the observed interaction between copper and Ctr1
proteins and Ras/MAPK signaling is mechanistically explained by MEK1 and
MEK2 functioning as copper-binding proteins.

1. In vivo genetic epistasis experiments to corroborate in vitro findings. Initial
work demonstrating an interaction between Ctr1 proteins and Ras/MAPK
signaling came from studies in Drosophila, with the suppression of constitutively
active Ras phenotypes being the most compelling data to support this interaction.
In vitro work subsequently identified a point within the Ras/MAPK pathway where
copper might be important for signal transduction. I plan on performing genetic
epistasis experiments with constitutively active mutants of Ras/MAPK signaling in
Drosophila looking for suppression or amelioration of their phenotypes by
knockdown of Ctr1A in order to corroborate and lend more support to my in vitro
findings. Given the findings presented in the previous chapter, I predict that
knockdown of Ctr1A should ameliorate hyperactive EGFR and Dsor1 (Drosophila
MEK1 orthologue), but will not be able to suppress hyperactive ERK mutants.
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2. Further testing of the copper binding properties of MEK1 and MEK2. As
presented in the previous chapter, MEK1 has been demonstrated to bind copper
in metal pull-down assays where glutathione sepharose beads were coupled to
copper and through pentadentate chelated beads complexed with copper. MEK2
was able to bind copper-chelated beads though much less efficiently than MEK1,
however MEK2 protein levels appear to be sensitive to intracellular copper levels,
being reduced in cells that are copper deficient. While KSR1, a protein that is
constitutively bound to MEKs (Shaul and Seger 2007)), was not precipitated by
copper-chelated beads, the possibility still exists that other proteins to which
MEK1 and MEK2 are complexed with may bind copper and be responsible for
the precipitation of MEK1 and MEK2 by copper-chelated beads. This can
especially be argued for the case of MEK2, which weakly binds copper-chelated
beads yet shows reduced expression in copper-deficient cells that can be
rescued by restored expression of human Ctr1 in the cell line. In order to further
test that MEK1 and MEK2 are copper-binding proteins, it will be important to
identify residues or domains responsible for copper binding. Specific amino
acids are typical ligands for copper: cysteine and methionine for Cu1+ and
histidine, glutamate, and aspartate for Cu2+ (Lippard and Berg 1994)). Specific
motifs have also been identified in a number of copper-binding proteins: MXM,
MX2M, and MX3M in Ctr1 proteins, CX3C in Cox17, CX3C/H in Sco1 and Sco2,
MXCX2C in CCS and Atx1 |(Rosenzweig 2001; Field, Luk et al. 2002; Puig and
Thiele 2002). Inspection of the amino acid sequence for similar copper-binding
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motifs identified a putative site within the kinase domain of the protein that is
conserved amongst MEK, in the animal phyla: the exact sequence being CMX2M
with a histidine preceding the second methionine in vertebrates. Current
experiments are aimed at mutating the cysteine and methionine residues to
alanine, expressing the mutant versions of the protein in mouse embryonic
fibroblasts, and testing whether the mutant proteins can still bind copper-chelated
beads. The mutant proteins will be distinguished from the endogeneous wildtype isoforms by a HA tag at the N-terminus of the protein. If the mutant isoforms
can still bind to copper-beads, truncation experiments will be attempted in which
only a portion of the protein will be tagged, expressed and tested for binding to
copper-beads.
A caveat to these types of truncation experiments is that the tertiary
structure of the protein might be required for copper binding by MEKs, in which
case expressing the protein in pieces and parts will result in a failure of the
protein to adopt a copper-binding competent structure. A more unbiased
experimental method to test for copper binding is to use absorbance and
luminescence spectroscopy or extended X-ray absorption fine structure (EXAFS)
on purified protein, which in the case of the latter could provide details on metalcoordination geometries (Lippard and Berg 1994)). Alternatively, copper
incorporation studies can be performed in which cells are labeled with a
radioactive isotope of copper, the protein harvested and then subjected to
polyacrylamide electrophoresis, with the gel exposed to a PhosphoImager and
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then subsequently transferred to nitrocellulose membranes and used for
immunoblot analysis (Wang, Caruano-Yzermans et al. 2007)).
One problem the CMX2M motif presents is that while it is present in both
MEK1 and MEK2, the copper signature between the two proteins appears to be
different at this juncture; MEK1 binds copper-chelated beads well with protein
levels unaffected by intracellular copper status, MEK2 binds copper-chelated
beads poorly with protein levels affected by intracellular copper status. The
simplest explanation for this potential conundrum is binding of copper at this site
yields distinct protein conformations for MEK1 and MEK2 resulting in different
protein characteristics in response to intracellular copper levels. Nuclear
magnetic resonance spectroscopy (NMR) analysis of the two proteins would
show whether there were different conformations of the proteins either in the
copper-bound or copper-free form (Lippard and Berg 1994)). An indirect
experiment that would also support different protein conformational structures
between MEK1 and MEK2 is domain swapping experiments; given that the Nterminus is the most divergent region of the proteins, the experiment would be to
swap the N-terminus of MEK1 for MEK2 and see if MEK1 would behave like
MEK2 in terms of its copper characteristics, specifically the regulation of protein
levels by intracellular copper levels.

3. Determining the function of copper binding by MEK proteins. As discussed in
the introduction, proteins that bind copper use the metal as a co-factor for their
catalytic activities, to stabilize or destabilize protein conformations, or to
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assemble multiprotein complexes. Copper might be performing a similar function
in MEK proteins. For MEK2, an observation has already been made that would
support a function for copper in controlling the stability of the protein. One
concern is that decreased MEK2 protein levels is an artifact of the Ctr1-/- mouse
embryonic fibroblast line, although this does seem unlikely given the rescue of
MEK2 protein by expression of wild-type human Ctr1 in the cells. However, to
further test this observation, various different cell lines can be treated with copper
chelators like TTM and BCS to induce intracellular copper deficiency, and MEK2
protein levels can be assessed in these cells. Half-life of apo-MEK2 experiments
can also be performed with various cell lines.
For MEK1, current data would support a model where copper is important
for either binding ERK1/2 or for the kinase activity of MEK1. Coimmunoprecipitation experiments can determine if copper is important for MEK1
binding to ERK1/2, while in vitro kinase activity assays can be performed with
purified MEK1 and ERK1 proteins. For both of these experiments it will be
important to map the copper-binding motif of MEK1 as the mutant form of the
protein will be used in the experiments although alternatively copper chelators
may be added to the in vitro reaction to remove copper from MEK1.

4. What copper chaperones are responsible for delivering copper to MEKs.
Cytosolic copper-binding proteins like Cu, Zn Sod1 and copper amine oxidase 1
obtain their copper via copper chaperones like CCS and Atx1, respectively
|(Culotta, Klomp et al. 1997; Laliberte and Labbe 2006). It is predicted, therefore,
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that a copper chaperone might be important for copper delivery to MEKs.
Furthermore, loss or knockdown of this chaperone may result in a similar
phenotype as the insulin stimulation experiments done with Ctr1+/+ and Ctr1-/mouse embryonic fibroblasts. I have performed some of the experiments and will
summarize some of my findings. First, for CCS, I utilized siRNAs specific for
mouse CCS and used these oligomers to reduce expressed protein levels of
CCS in mouse embryonic fibroblasts cells. CCS-knockdown cells do not have
reduced induction of phospho-ERK1/2 in response to insulin stimulation,
although some CCS protein can still be detected within the cells. Cox17 was
tested for an effect again using siRNAs specific for the transcript. Interestingly,
an effect on insulin-stimulated phospho-ERK1/2 induction is noted in Cox17knockdown cells. Cox17-knockdown cells do not phenocopy Ctr1 knockout cells,
however a delay in phospho-ERK1/2 induction is observable; wild-type cells
typically within 5 minutes show robust phospho-ERK1/2 levels, while Cox17knockdown cells usually show comparable levels of phosoho-ERK1/2 at 10 or 15
minutes. Unfortunately, Cox17 knockout cell lines are not available to test
whether complete loss of protein would result in a phenotype more similar to the
Ctr1 knockout cell lines. Additionally, interactions between copper chaperone
and target protein are transient and often difficult to detect by coimmunoprecipitation experiments. Direct interactions between copper
chaperones and their target have been detected via yeast two-hybrid analyses
and these types of studies might be useful for testing whether Cox17 interacts
with MEKs for copper delivery (Pufahl, Singer et al. 1997)). As discussed in the
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introduction, Cox17 does not need to traffic between the cytosol and
mitochondria to facilitate copper deliver to mitochondrial targets, yet almost 40%
of the protein can be found within the cytosol |(Beers, Glerum et al. 1997;
Maxfield, Heaton et al. 2004). It is interesting to speculate that the cytosolic
function of Cox17 is to deliver copper to cytosolic copper binding proteins
including MEK1 and MEK2 potentially.
Atox1 knockout cells were available and a generous gift of Dr. Jonathon
Gitlin, Vanderbilt University |(Hamza, Prohaska et al. 2003). Atox1 knockout
cells demonstrated a different phenotype in response to insulin stimulation with
hyper-induction of phospho-ERK1/2 indicated by increased phopho-ERK1/2
induction at the 5 and 10 minutes time points as compared to the wild-type cell
line. One possible explanation for this result is that Atox1 knockout cells have
significantly increased levels of intracellular copper, as ATP7A is unable to traffic
to the plasma membrane for copper efflux |(Hamza, Faisst et al. 2001; Hamza,
Prohaska et al. 2003). I speculate that the increased intracellular copper levels
may result in increased reactive oxygen species (ROS) generation leading to
protein tyrosine phosphatase 1B inactivation and a subsequent shift in the active
versus inactive equilibrium of receptor tyrosine kinases towards prolonged
receptor activation |(Barrett, DeGnore et al. 1999). However, experiments aimed
at addressing whether Atox1 deficient cells actually create more ROS are
currently lacking to support my speculation. Paradoxically, however, Atp7A
mutant cells derived from a skin biopsy of a patient with classical Menkes
disease |(La Fontaine, Firth et al. 1998), also demonstrated to have increased
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intracellular copper levels |(Hamza, Prohaska et al. 2003), do not show hyperinduction of phospho-ERK1/2 in response to insulin stimulation but instead
phenocopy Ctr1 knockout cells with compromised phospho-ERK1/2 induction.
Currently, it is difficult to formulate a unified hypothesis that would explain the
results obtained with the Atox1 and Atp7A mutant cell lines and their opposing
effects on insulin-induced phospho-Erk1/2 production. It could be that there are
other copper-dependent proteins that traverse the secretory pathway important
for Ras/MAPK signaling, explaining the Atp7A knockout cell line results.

5. Other final thoughts. As detailed in the previous chapter, there is much
evidence for an involvement of copper in the progression of tumors. Copper, in
addition to its pro-angiogenic effects, also may be important for the epithelialmesenchyme transition (EMT), and in signal transduction pathways relevant for
tumor progression |(Goodman, Brewer et al. 2004; Brewer 2005; Peinado, Del
Carmen Iglesias-de la Cruz et al. 2005; Juarez, Betancourt et al. 2006;
Haremaki, Fraser et al. 2007; Juarez, Manuia et al. 2008). Furthermore, copper
seems to be involved in early stages of tumor development, angiogenesis, as
well as in later stages of tumorigenesis, EMT, leading to tumor metastasis. It
might be predicted then that tumors may up-regulate expression of Ctr1, and
expression levels of Ctr1 might be indicator for stage of tumor development and
subsequently the prognosis of the disease. It would be interesting to assess Ctr1
protein levels in a variety of cell lines derived from different tumor types as well
as different tumor grades. Another interesting question is what are the
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consequences of copper deprivation on ERK1/2-mediated activation of targets.
The studies described in the previous chapter used phospho-ERK1/2 as a readout of Ras/MAPK pathway activation, but active ERK1/2 has over 160 targets
that it can activate (Yoon and Seger 2006)). It would be interesting to conduct
microarray analyses and determine if there is a specific subset of genes that are
still up-regulated or activated by ERK1/2 in response to copper deprivation and
conversely whether there are a subset specifically down-regulated in response to
copper deprivation. This may yield insights into other process or pathways
where copper is important and may define a network of gene regulation wherein
copper metabolism is coordinated with cellular proliferation, differentiation
(Haremaki, Fraser et al. 2007)), and survival |(Mufti, Burstein et al. 2006).
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