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Abstract 
Copper is an essential element due to its unique ability to cycle between redox 

states under biological conditions. This property makes copper an ideal catalytic co-

factor for enzymes that function in energy generation, iron acquisition, oxygen 

transport, cellular metabolism, peptide hormone maturation, blood clotting, signal 

transduction and a variety of other cellular processes. However, excess copper can lead 

to free radical mediated membrane damage, protein oxidation, and DNA cleavage along 

with improper metallation of Fe-S clusters. The inability to properly acquire and handle 

copper is associated with severe genetic diseases of both deficiency and overload as 

exemplified in Menkes and Wilsons diseases, respectively. Thus, characterizing the 

acquisition, regulation, and homeostasis of this essential metal is imperative for our 

understanding of human biology. 

The studies presented here utilize a diverse array of techniques including yeast 

and mouse genetics, recombinant protein expression, purification and biochemical 

characterization of copper homeostasis proteins, evolutionary genetic analysis, in vitro 

copper transport assays, and cell culture studies to decipher novel aspects of 

mammalian copper biology.  Critical findings include the discovery of a previously 

unknown regulator of Copper transporter 1 (Ctr1), and analysis of the evolutionary 

history of mammalian Ctr proteins, the development of biochemical techniques to probe 
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copper transport mechanisms in a purified system, and the identification of a novel 

polymorphism in the human Ctr1 gene that has functional consequences. These unique 

insights lay the foundation for a greater understanding of the basic mechanisms for 

copper homeostasis in both healthy and diseased states.  
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1. Introduction to the role of copper in biology  

1.1 Significance of copper 

The simplest unit of life, the cell, is characterized by an astonishing array of 

proteins, small molecules, lipids, and nucleic acids. These components are orchestrated 

in such a way as to give rise to the beautiful phenomenon we call life. Largely speaking, 

the molecular machines that create and maintain this harmonious balance are enzymes. 

Enzymes are defined as catalysts that accelerate the chemical reaction of converting a 

substrate molecule into a product. Many enzymes harness co-factors to achieve their 

observed catalytic efficiency. With the ability to exist as two redox states, either Cu+ 

(reduced) or Cu2+(oxidized), and an exceptionally low reduction potential of 0.34eV 

copper (Cu) has the potential to be the most efficient enzymatic co-factor utilized by 

biological enzymes (1).  

As a transition metal, Cu is readily poised to donate or accept an electron during 

the course of a chemical reaction. Indeed, the most efficient enzyme known to science, 

Copper, Zinc super oxide dismutase (SOD1), is a Cu dependent enzyme (2). Many other 

essential biological processes also rely on the intrinsic properties of Cu, such as but not 

limited to mitochondrial respiration, reduction of iron, generation of norepinephrine 

from dopamine, crosslinking of collagen and elastin, and the maturation of 

neuropeptides (see Table 1)(3,4).  
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Table 1: Copper requiring enzymes 

Cu-binding Enzyme Enzyme Activity  

Cu, Zn Superoxide Dismutase Antioxidant enzyme, catalyzes the 
disproportionation of superoxide to hydrogen 
peroxide and dioxygen 

Cytochrome C Oxidase Terminal enzyme in the mitochondrial 
respiratory chain, catalyzes the reduction of 
dioxygen to water 

Ceruloplasmin Serum ferroxidase that functions in Fe3+ 
loading onto transferrin 

Lysyl Oxidase Catalyzes formation of aldehydes from lysine 
in collagen and elastin precursors for 
connective tissue maturation 

Hephaestin Transmembrane multi-Cu ferroxidase; 
involved in iron efflux from enterocytes and 
macrophages 

Peptidylglycine amidating 

monooxygenase 

Catalyzes conversion of peptidylglycine 
substrates into α-amidated products; 
neuropeptide maturation 

Dopamine hydroxylase Oxygenase, converts dopamine to 
norepinephrine 

Nitrite reductase Catalyzes the reduction of nitrite into nitric 
oxide 

Nitrous-oxide reductase Catalyzes the reduction of nitrous oxide to di-
nitrogen 

Particulate methane monooxygenase Transmembrane protein that can selectively 
oxidize methane to methanol 

Polyphenol oxidase Rate-limiting enzyme for production of 
melanin; catalyses first the o-hydroxylation 
of monophenol molecules and 
subsequently the oxidation of o-diphenols to 
produce o-quinones 

Quercetin 2,3-dioxygenase Oxidoreductase enzyme that aids in the 
degredation of the plant flavonoid quercetin 

Alcohol oxidase Diverse family of enzymes capable of oxidizing 
galactose 

Carbon-monoxide dehydrogenase Catalyzes the oxidation of carbon monoxide to 
carbon dioxide 
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Ascorbate oxidase Catalyzes the oxidation of ascorbic acid to 
dehydroascorbic acid 

Indole 2,3-dioxygenase Catalyzes the formation of 2-
formylaminobenzaldehyde from an indole and 
O2. 

Bilirubin oxidase Functions to convert bilirubin into biliverdin 

Amine oxidase Catalyzes the oxidation of amines 

Lytic polysaccharide monooxygenase Catalyze oxidative cleavage of glycosidic 
bonds 

 

Although Cu is often utilized as an enzymatic co-factor, it is also utilized as a 

structural ligand for proteins. As a complement to the vertebrate protein hemoglobin, 

several invertebrates utilize the protein hemocyanin to transport oxygen throughout 

their body (5). Rather than iron, the oxygen binding co-factor in hemoglobin, 

hemocyanin uses Cu to directly bind oxygen molecules. Also, the E3 ligase X-linked 

inhibitor of apoptosis protein (XIAP) directly binds Cu and this alters the enzymatic 

activity even though the bound Cu is not involved in the catalytic reaction (6). The 

ethylene receptor ETR1, a member of the plant receptor family, uses bound Cu as a 

bridging atom to coordinate the substrate ethylene (7). Mutants unable to bind Cu are 

also incapable of binding ethylene. Plants, dependent on photosynthesis for energy 

production, also use the Cu binding protein plastocyanin to transfer electrons from the 

cytochrome b6f complex to photosystem I (8). In this process, an electron from the 

cytochrome is transferred to the Cu atom, resulting in reduced Cu+. Plastocyanin then 

travels to the photosystem complex and the bound Cu becomes oxidized to release an 
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electron. This process repeats itself an innumerable amount to allow for transfer of solar 

energy to chemical energy. Also, the odorant receptors OR2T11 and MOR244-3, 

involved in the detection of thiol rich compounds, utilize Cu to bind directly to gaseous 

molecules and transmit this information to downstream signaling cascades (Table 2) (9).  

Table 2: Copper binding proteins 

Cu-binding Protein  Protein Function  

Hemocyanin Oxygen transport protein found in the 
hemolymph of many invertebrates such as 
arthropods and molluscs 

X-linked inhibitor of apoptosis protein  Inhibitor of apoptosis through binding and 
ubiquitination of several caspases 

Ethylene receptor Member of a plant receptor family that uses a 
Cu cofactor for ethylene binding and signaling 

OR2T11 Odorant receptor involved in sensing thiol 
containing compounds. 

MOR244-3 Odorant receptor involved in sensing thiol 
containing compounds. 

Plastocyanin Electron transfer protein that functions in 
photosynthesis  

 

Cu is bound to proteins through the use of a small subset of available amino acid 

side chains. This allows for Cu to occupy a specific binding site without disturbing other 

regions of the protein. Specifically, Cu is typically bound to cysteine, methionine, and 

histidine residues (10,11). The thiol and thioether groups of cysteine and methionine 

favor binding of Cu+, while the imazole group of histidine prefers Cu2+. Importantly, 

Cu2+ can also be bound to oxygen donors such as glutamate or aspartate as well as 

nitrogen atoms donated from peptide backbone as in the amino terminal copper, nickel 
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motif (ATCUN) (10). Although the residues used to bind Cu are known, it is not obvious 

a priori to predict if a given protein will be a Cu binding protein or not. Even knowledge 

of a three-dimensional structure of the protein in question is not sufficient to predict 

metal binding, as different cellular compartments harbor vastly differently metal 

contents that impact protein metallation inside of a cell (12). Our current lack of ability 

to predict Cu binding is evidence that much work is still required to fully grasp the 

nature of Cu as a protein co-factor.  

Although the unique redox chemistry of Cu has made it an exquisite enzyme co-

factor, these same properties also cause excess amounts of Cu to be toxic (1). Under 

conditions in which oxygen is present, unbound Cu is capable of undergoing 

uncontrolled redox cycling between Cu+ and Cu2+ and generating dangerous free 

radicals in the process. These radicals can damage cellular membranes, oxidize proteins, 

and participate in DNA cleavage (3,13). More recently several studies have shown that 

Cu can disrupt iron-sulfur clusters, potentially by directly binding to the sulfur ligands 

and displacing the iron (14). As such, cells have developed an extensive machinery to 

properly handle Cu, while preventing the toxic effects of toxic amounts. 
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1.2 An overview of copper homeostasis 

1.2.1 Copper homeostasis at the organismal level 

While Cu has long been valuable for its metallurgic properties and observational 

reports had noted connection to the role of Cu in health, it was not until the year 1928 

that Cu was definitively demonstrated to play an important role in animal biology (15). 

In this seminal study it was shown that Cu was essential for proper maturation of 

hemoglobin in a laboratory rat model, and later studies identified this was due to the 

inability to import iron under conditions of Cu scarcity. Between this initial observation 

and the dawning of the era of molecular biology it was observed that Cu deficiency was 

involved in the pathology of several animal diseases. For example, cattle feeding on Cu 

deficient grasses or foodstuffs containing high levels of molybdenum, a Cu binding 

agent that hinders the bioavailable of Cu, display many unusual characteristics (16). 

These include hind limb ataxia, a decrease in cardiac output, blood vessels susceptible to 

rupture, sudden death, and a general failure to thrive. These observations were made 

not only for cattle but also for sheep, goats, chickens, and pigs that were deficient in 

dietary Cu.  

Multiple studies have since demonstrated that Cu is absorbed from the apical 

side of intestinal epithelia cells and exported from the basolateral side for transport via 

the portal vein to the liver, which serves as the master regulator of organism Cu status 

(1,13,17-23). In times in which peripheral tissues require Cu an as of yet unidentified 
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signal is sent to the liver and results in hepatic Cu release into the blood circulation for 

uptake by the Cu deficient tissues (24). While the liver acts to store Cu this capacity is 

limited and under circumstances in which the liver senses levels in excess, Cu is 

exported into the bile for excretion. If dietary intake of Cu rises, the rate of biliary Cu 

excretion increases along with the rate urinary excretion in an effect to maintain total 

body Cu levels (Figure 1).  

 

 

Figure 1: Whole Animal Copper Homeostasis Copper is absorbed from the diet 
and absorbed through the intestine for direct transport to the liver via the portal vein. 
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The liver, serving as the copper homeostasis control organ, determines if copper should 
be distributed to peripheral tissues or excreted into the bile fluid and ultimately the 
feces.  

Many different genes have been discovered that encode for proteins specifically 

dedicated to Cu homeostasis (Figure 2). Several studies have shown that for the import 

of Cu, mammalian cells posses a single family of proteins, the Ctr family members, 

which are responsible for the vast majority of Cu import (4,25-39). This family will be 

discussed in detail in section 1.4, but it is worth noting here that deletion of the gene 

encoding a high affinity Cu importer, Ctr1, leads to a dramatic decrease in cellular Cu 

uptake and when absent from a developing fetus, results in lethality (25,40).  
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Figure 2: Cellular copper homeostasis Mammalian cells possess many proteins 
dedicated to copper homeostasis. The copper transport family of proteins is responsible 
for import of copper into the cell. Cytosolic copper is sequestered by detoxifying 
metallothionein proteins or bound to dedicated copper chaperones. These chaperones 
can deliver copper to copper-dependent enzymes or to the family of copper pumps 
capable of vesicle or Golgi sequestration or cellular export of Cu.  
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1.2.2 Cellular copper buffering 

Once Ctr1 has transported Cu past the plasma membrane, various Cu binding 

molecules function to sequester Cu. A previous study has estimated that on average 

cells contain less than 1 free Cu atom (41). This exquisite Cu buffering capacity is in part 

mediated by a family of small, cysteine-rich metal binding proteins known as 

metallothioneins (42,43). Although these proteins are largely unstructured in the apo-

form, the Cu and Ag bound three-dimensional structures of various metallothioneins 

(MTs) reveal that the peptide backbone folds around a single metal cluster in two large 

parallel loops. This, and the lack of structure in the absence of Cu, suggests that the 

overall tertiary structures of MTs are driven almost completely by metal coordination. 

Another powerful source of intracellular Cu buffering is provided by the tri-

peptide glutathione (GSH), synthesized from the amino acids cysteine, glutamic acid, 

and glycine in a two-step mechanism involving the enzymes glutamate cysteine ligase 

and glutathione synthetase (44). While serving as a general cellular antioxidant, GSH 

also binds metals including Cu through thiol ligands (45). Cellular fractionation studies 

have demonstrated that a significant portion of Cu is GSH-bound (46). In vitro 

experiments suggest that GSH-Cu chelate complexes can donate bound Cu to known Cu 

binding proteins such as apo-hemocyanin, MT, and the Cu chaperone Atx1, suggesting a 

potential Cu-dissemination role (47,48). 
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1.2.3 ATPase mediated copper translocation and export 

Beyond intracellular Cu buffering, it is critical to distribute Cu to physiologically 

relevant proteins and compartments to drive Cu-dependent biochemical reactions that 

take place inside cells or in their local environment. Several enzymes that traverse the 

secretory pathway, such as the multi-copper ferroxidase ceruloplasmin that is critical for 

Fe acquisition, or the polyphenol oxidase required for melanin biogenesis, or lysyl-

oxidases that are responsible for collagen cross-linking, or peptidylglycine amidating 

monooxygenase and dopamine hydroxylase enzymes that are required for neuropeptide 

maturation and norepinephrine synthesis respectively, require Cu for proper folding, 

secretion and activity (16,18,19,49,50). To accomplish direct Cu transport into the 

secretory lumen in a controlled manner, integral-membrane Cu-transporting ATPases, 

deliver Cu into the secretory compartment where it is loaded onto luminal Cu-requiring 

proteins (23).  

Baker’s yeast, Saccharomyces cerevisiae, possesses a single Cu-transporting 

ATPase, Ccc2, and has served well as a model for our understanding of Cu homeostasis 

(49). Ccc2 operates in Cu delivery to the secretory compartment using two cytosolic 

metal binding domains (MBD) that adopt a ferredoxin–like βαββαβ fold capable of 

binding Cu via a conserved Cys-X2-Cys motif in which the two cysteine residues bind 

Cu in a solvent exposed, bidentate fashion (51). The MBDs are thought to function by 

receiving Cu from an intracellular chaperone (see below) and pass Cu to the trans-
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membrane exit tunnel (52). Studies based on a crystal structure obtained from the Cu-

transporting ATPase of Legionella pneumophila, CopA, have led to a mechanistic model 

in which Cu bound to the MBDs is first transferred to a Cu binding site located on the 

cytoplasmic facing side of the trans-membrane domains comprised of a glutamic acid, 

aspartic acid, and methionine residues (52). Notably, this pore entrance forms an alpha 

helical platform that may serve as a docking station for the Cu-loaded MBD or a 

cytosolic Cu chaperone. Due to the relative low affinity of Cu binding to carboxylate 

moieties of glutamic acid and aspartic acid residues, this binding event is thought to be 

transient and results in Cu transfer to the high-affinity intra-membrane Cu binding site 

comprised of sulfur ligands contributed by two cysteines and a methionine residue. At 

this point the Cu is bound in a stable trigonal planar coordination mediated by the three 

sulfur atoms. Binding of Cu to this high-affinity site triggers ATP hydrolysis and 

subsequent Cu ion occlusion and transfer to a transient binding site comprised of two 

methionines and a glutamic acid residue before dissociation and release into the 

secretory lumen (53). Humans possess two Cu-transporting ATPases, ATP7A and 

ATP7B, which when mutated give rise to Menkes and Wilsons disease, respectively. 

These Cu homeostasis pumps and the maladies associated with them are discussed in 

more detail in section 1.3.  
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1.2.4 Copper targeting to specific recipient proteins via dedicated 
chaperones 

Since the cellular copper buffering pool sequesters free Cu, Cu needs to be 

directed to the desired compartments. For this purpose, cells have evolved highly 

specific and dedicated chaperones to direct the trafficking of Cu. Efficient Cu transfer to 

the secretory compartment, particularly under conditions of Cu limitation, requires a 

metallochaperone. The metallochaperone for the Cu-transporting ATPases is Atox1, an 

~8 kDa protein originally identified in a S. cerevisiae genetic screen as a multi-copy 

suppressor of oxygen toxicity in cells lacking SOD1 (54). Cells lacking ATX1 show 

reduced activation of secretory Cu-dependent enzymes, a phenotype that can be rescued 

by the addition of exogenous Cu (55).  

In keeping with the reactivity of Cu ions when uncontrolled, Atox1 delivers Cu 

to the Cu-transporting ATPases by directly interacting with the cytosolic MBDs in a 

fashion that allows facile, yet controlled Cu transfer (56). As in the Cu-transporting 

ATPase MBDs, Cu binds to Atox1 at an invariant Cys-X2-Cys motif, essential for this 

transfer, in which the two cysteine residues bind Cu in a solvent exposed, bidentate 

fashion (57). Additionally, Atox1 possesses a highly charged lysine-rich surface required 

for Atox1 Cu transfer. The Cu-transporting ATPase MBD possesses a patch of negatively 

charged residues that form salt bridges with Atox1, orienting the proteins for the 

formation of a metal-bridged coordination intermediate which would both facilitate Cu 

transfer and preclude nonspecific interactions with Cu (58). The thermodynamic 
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gradient for metal transfer is shallow (Kexchange ~ 1.4) allowing for bi-directional transfer 

between Atox1 and the Cu-transporting ATPase MBD, which could function in the 

regulation of Cu loading into the secretory compartment (59). 

While Atox1 serves as a Cu chaperone for the transfer of Cu to the Cu-

transporting ATPases, the Cu, Zn Sod1 enzyme requires a dedicated chaperone to 

deliver the essential Cu cofactor. The Cu chaperone for Sod1 (Ccs) is comprised of 3 

distinct domains (2,60,61). Ccs domain 1 displays striking similarity to the Atx1 and Cu-

transporting ATPase MBD ferredoxin–like βαββαβ fold. The conserved Cys-X2-Cys 

motif within this domain binds Cu but is largely required only for Cu loading of Sod1 

under Cu limiting conditions. Domain 2 forms a Greek key β-barrel fold, similar to Sod1 

itself, and this domain is responsible for direct interactions with Sod1, forming a 

pseudo-dimer. Mutations abrogating this interaction by creating charge-charge 

repulsions prevent Cu metallation and activation of the homo-dimeric Sod1 enzyme 

(61). Domain 3, bearing a critical Cys-X-Cys motif responsible for Cu binding, is 

essential for transfer to Sod1. 

 

1.2.5 Copper transport to the mitochondria  

Initially thought to reside in the cytosol, it is now recognized that a significant 

fraction of Ccs and Sod1 also exist in the mitochondrial inter-membrane space (IMS) 

(62). In contrast to its non-critical role in loading of Sod1, Ccs domain 1 plays an 
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indispensable role in targeting the protein to mitochondria. After import into the IMS 

through the TOM (translocase of the outer membrane) complex, Ccs domain 1 interacts 

with the mitochondrial disulfide relay system protein Mia40, which is anchored to the 

mitochondrial inner membrane. Mia40 contains six conserved cysteine residues that are 

maintained in an oxidized state by the flavin-linked sulfhydryl oxidase, Erv1 (63). Upon 

interaction with oxidized Mia40, a disulfide bond is transferred to the two cysteine 

residues of the Cys-X2-Cys motif from Ccs domain 1 (64). This disulfide-containing form 

of Ccs is retained within the IMS presumably due to a stable, folded conformation, as the 

TOM complex is only capable of transporting unfolded proteins across the inner 

membrane. In the absence of Ccs, Sod1 fails to accumulate in the mitochondria, 

implicating the importance of Ccs and the maturation of Sod1 in this compartment (62). 

The presence of Ccs in both the cytoplasm and IMS suggest that it could serve as a 

candidate for a mitochondrial metallochaperone providing Cu for multiple 

mitochondrial functions. However, cells lacking CCS retain wild-type mitochondria-

associated Cu levels and cytochrome c oxidase (COX) activity (65). Thus, mitochondria 

must obtain their Cu from sources other than CCS.  

A fascinating observation was made that only a fraction of total mitochondrial 

Cu is associated with Sod1 and COX, with the majority found in a soluble, anionic small 

Cu ligand complex (CuL). While the exact nature of the CuL complex awaits further 

investigation, it is resistant to protease digestion, displays anionic characteristics, and 
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has a fluorescence maximum at 360 nm, suggesting the ligand might be a metabolite or 

nucleotide (65). While CuL is found in the cytosol, the majority of Cu-bound CuL is in 

the mitochondrial matrix. By cleverly expressing matrix-localized SOD1 and CRS5 as Cu 

chelating proteins that sequester the bioavailable matrix Cu pool, it was suggested that 

matrix Cu pools, rather than those originating from the cytosol to IMS, are destined for 

loading onto COX and mitochondrial Sod1 in the IMS (66). As the inner membrane is 

impermeable to most ions, systems to import Cu from the IMS to the matrix, as well as 

to mobilize matrix Cu pools back out into the IMS, must be operational (67).  

Pic2 is a mitochondrial carrier family (MCF) protein, previously implicated in 

phosphate transport, which was recently demonstrated to transport Cu into the 

mitochondrial matrix (68). S. cerevisiae lacking PIC2 display growth inhibition and lower 

levels of Cox2 when Ag+, a metal ion that is isoelectric to Cu+, is present in the growth 

media, as well as decreased COX activity when grown on a non-fermentable carbon 

source. Also, deletion of PIC2 results in a decrease in total mitochondrial Cu and 

isolated mitochondria from pic2∆ cells show decreased rates of Cu uptake. Lactococcus 

lactis bacterial cells expressing the S. cerevisiae Pic2 protein display enhanced Cu uptake 

when the transporter is presented with either free Cu or the CuL complex isolated from 

S. cerevisiae mitochondria. Further investigation will be required to determine the nature 

by which Pic2 transports Cu, or CuL and the identity of the transporter that mobilizes 

Cu out of the matrix to the IMS. 
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1.3 The role of copper in human disease 

The discussion of Cu in human disease has largely centered around two genes 

encoding the Cu-transporting ATPases ATP7A and ATP7B. In mammals, both proteins 

reside in the trans-Golgi network (TGN) and transport cytoplasmic copper to this 

compartment for incorporation into Cu enzymes, but they relocate towards the plasma 

membrane to mediate an export of Cu from the cell in response to an increase in 

intracellular Cu concentration. After releasing the copper, the proteins return to the 

TGN (49). The most obvious difference between the two lies in their tissue expression 

profiles. ATP7A is widely expressed in most tissues and appears to function as a general 

Cu exporter (49). ATP7B expression, on the other hand, is most highly expressed in the 

hepatocytes of the liver with limited expression in other tissues (20). Because of this 

difference in expression, despite similar function, mutation of these two genes gives rise 

to dramatically different diseases.  

 

1.3.1 Diseases due to mutations in the ATP7A gene 

The most well characterized disease associated with ATP7A, Menkes disease, is a 

sex-linked disorder characterized by failure to grow, neurological disorders, kinky hair, 

and was first described in 1962 (69).  It was not until 1972 that the similarity was noted 

between the symptoms of Menkes patients’ and the brittle hair seen in sheep grazing on 

Cu deficient soils (70).  It was then shown that Menkes patients had abnormally low 
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levels of plasma Cu and ceruloplasmin in the bloodstream.  While there was now a clear 

example of a human disease of Cu homeostasis, the causative gene that is mutated in 

Menkes disease, Atp7A, was not discovered until 1993 (70,71). Furthermore, it has now 

been shown that Menkes disease is due to an inability to mobilize Cu from the 

enterocytes of the small intestine into the bloodstream as well as across the blood brain 

barrier, and this blockage in uptake results in growth abnormalities due to a peripheral 

Cu deficiency as well as drastically reduced brain Cu which results in cognitive defects 

(18).    

Infants with classic Menkes disease appear healthy until age two to three 

months, when loss of developmental milestones, hypotonia, seizures, and failure to 

thrive present (72). The diagnosis is usually suspected when infants exhibit typical 

neurologic changes and concomitant characteristic changes of the hair (short, sparse, 

coarse, twisted, and often lightly pigmented). Temperature instability and hypoglycemia 

may be present in the neonatal period. Although subcutaneous injections of copper 

histidine or copper chloride before age ten days normalizes developmental outcome in 

some children, death usually occurs by age three years. 

Individuals who possess a mutation in ATP7A that does not lead to a complete 

inactivation of Cu transport ability show a milder form of the disease that has been 

called Occipital horn syndrome (OHS) (73). OHS is characterized by “occipital horns,” 

distinctive wedge-shaped calcifications at the sites of attachment of the trapezius muscle 
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and the sternocleidomastoid muscle to the occipital bone in the back of the skull. 

Occipital horns may be clinically palpable or observed on skull radiographs. Individuals 

with OHS also have lax skin and joints, bladder diverticula, inguinal hernias, and 

vascular tortuosity. Intellect is normal or slightly reduced. Affected individuals typically 

live to at least mid-adulthood.  

The final clinical phenotype associated with mutations in this Cu-transporting 

ATPase is a known as ATP7A-related distal motor neuropathy (DMN). Little data exists 

regarding DMN but it is apparent that ATP7A still retains a degree of functionality (74).  

The age of onset ranges from 5 to 60 years, and is typically during the second or third 

decade of life. Findings include atrophy and weakness of distal muscles in hands and 

feet, foot drop with steppage gait, sometimes mild proximal weakness in the legs, with 

normal deep tendon reflexes or absent ankle reflexes. Sensory examination may be 

normal or show mild loss in the fingers and toes. The index case of the largest family 

reported had slow progression over 25 years, requiring ankle foot orthotics at age 38 

years.  

 

1.3.2 Diseases due to mutations in the ATP7B gene 

In contrast to the several diseases that result from mutation of ATP7A there is 

only one known disease associated with mutations in ATP7B, Wilsons disease. This 

disease was first described in the 19th century as a neuropsychiatric disease with severe 
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pathology of both the brain and liver. It was not until 1948 that a link between the liver 

and brain pathology of Wilsons disease and Cu hyper‐accumulation in each of these 

organs was described (21).  It was then shown in 1993 that Wilson’s disease results from 

mutation of ATP7B (75-77).  This gene is strongly expressed in the liver and mutation 

results in the inability to excrete Cu from the liver into the bile, causing elevated and 

toxic levels of Cu trapped in the liver.  

Wilsons disease can present with hepatic, neurologic, or psychiatric disturbances, 

or a combination of these, in individuals ranging from age 3 years to older than 50 years; 

symptoms vary among and within families (78). Liver disease includes recurrent 

jaundice, simple acute self-limited hepatitis-like illness, autoimmune-type hepatitis, 

fulminant hepatic failure, or chronic liver disease (17). Neurologic presentations include 

movement disorders (tremors, poor coordination, loss of fine-motor control, chorea, 

choreoathetosis) or rigid dystonia (mask-like faces, rigidity, gait disturbance, 

pseudobulbar involvement). Psychiatric disturbance includes depression, neurotic 

behaviors, disorganization of personality, and, occasionally, intellectual deterioration. 

Kayser-Fleischer rings, frequently present, result from Cu deposition in Descemet's 

membrane of the cornea and reflect a high degree of Cu storage in the body. More than 

800 pathogenic variants have been identified including nonsense, missense, frame shift, 

and splice site variants as well as large deletions (79). 
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1.4 The Ctr family of copper transporters 

The cellular plasma membrane is largely impermeable to Cu, creating the need 

for a Cu uptake system that facilitates the import of Cu across the lipid bilayer and into 

the cytosol. An ideal Cu transporter would have both high affinity and high specificity 

for Cu, so as to acquire Cu when it is scarce, respond to changing needs for Cu, and 

ignore other charged ions. Given that Cu can engage with multiple biological ligands, a 

Cu transporter should outcompete other ligands in the local environment to coordinate 

to Cu, yet release Cu once it has been transported to the desired destination. A primary 

means for mammalian cellular Cu uptake is the family of proteins known as Copper 

Transporters (Ctr) (25,26,35,36). Ctr family transporters are characterized by the 

presence of three transmembrane domains per polypeptide, with a characteristic Met-

X3-Met motif located in the second transmembrane domain that is absolutely necessary 

for Cu transport. Biochemical, genetic, and structural studies demonstrate that three Ctr 

protein monomers assemble as a homotrimer to form a functional transporter unit 

(Figure 3) (80-83). Mammalian Cu uptake is accomplished primarily via a single 

member of the Ctr family, Ctr1 (25). 
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Figure 3: Ctr family of copper transporters Plasma membrane Ctr proteins 
mediate high-affinity copper transport. Inset shows a detailed view of Ctr transporter 
organization as a homo-trimer. M and G denote methionine and glycine residues, 
respectively. N and C denote amino- and carboy-termini, respectively. Red rings 
represent potential layers of Cu coordination, forming a selectivity filter at the mouth of 
the pore. 

Mammalian Ctr1 possesses an extracellular domain with methionine- and 

histidine-rich motifs that are proposed to concentrate Cu at the transmembrane pore (84-

88). Although the extreme amino termini of these metal-binding regions are dispensable 

for Cu transport, a conserved Met-X-Met motif near the first transmembrane domain 

forming the pore is strictly required for function (26). These residues have been 

proposed to form a thiol-rich track, along with the Met-X3-Met motif of the second 

transmembrane domain, which funnels Cu+ into the pore formed by the homotrimeric 

transporter. The ability of Ag+, a metal ion that is isoelectric to Cu+, to compete for 

uptake supports the notion that Ctr proteins transport Cu+. 
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Underscoring the importance of Ctr1 for Cu import into mammalian cells, 

genetic ablation of the Ctr1 gene in mice results in a severe developmental defect with 

death at around embryonic day 9.5 (25,40).  Furthermore, the creation of a conditional 

knockout of Ctr1 in only the intestinal epithelial cells of mice leads to a severe 

impairment of growth followed by death at around three weeks of age (34).  However, 

this phenotype can be rescued by an intra-peritoneal injection of Cu, which bypasses the 

need for intestinal Cu absorption. Experiments performed on mouse embryonic 

fibroblasts derived from either wild-type or Ctr1-/- embryos indicate that Cu uptake by 

the Ctr1 protein has a Km of approximately 1µM. 

Ctr1 undergoes several post-translational regulatory events that may play an 

important role in trafficking and function of the protein.  First, it has long been known 

that a large proportion of human Ctr1, a 190 amino acid protein with an expected 

monomer molecular weight of approximately 21 kDa, migrates with an apparent size of 

approximately 34 kDa by SDS-PAGE and immunoblot analysis.  It has been 

demonstrated that this additional “bulk” is due to the addition of both N-linked and O- 

linked glycans to the extracellular amino terminus of the polypeptide (29). N-linked 

glycosylation at Asn-15 adds approximately 10 kDa of mass to the protein, and 

prevention of this glycosylation allows trafficking of a Ctr1 species to the plasma 

membrane that retains only about 75% of its Cu uptake capacity (89).  O-linked 

glycosylation of Ctr1 at Thr-27 adds approximately 1-2 kDa of mass to the protein, and 
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this glycosylation is involved in prevention of cleavage of the protein.  Substitution of 

this threonine with alanine or expression of human Ctr1 in CHO cells which are unable 

to add O-linked sugars results in an increased cleavage of the extracellular amino 

terminus of the protein.  This roughly 17 kDa cleaved form of the protein is trafficked to 

the plasma membrane and transports Cu at approximately half the rate as the full length 

glycosylated protein (90). Thus, studies regarding the glycosylation and cleavage of Ctr1 

uncovered a new regulatory mechanism for Ctr1. 

The mammalian genome also encodes a second Ctr family member, denoted 

Ctr2.  The Ctr2 gene encodes for a protein that shares many structural features with the 

Ctr1 Cu importer.  Like Ctr1, Ctr2 is predicted to have three transmembrane domains 

(TMDs), and the TMDs of both mouse Ctr1 and mouse Ctr2 are approximately forty 

percent identical.  This includes a precise conservation of the Met-X3-Met motif as well 

as a loose conservation of the glycine zipper.  However, outside of the transmembrane 

domains, the conservation between the two proteins drops off significantly.  The 

mammalian Ctr2 proteins have a significantly shorter extracellular amino terminus than 

their Ctr1 counterparts, and in Ctr2 this shorter domain is notably lacking in the Cu- 

coordinating methionine and histidine residues compared to Ctr1 (91).  While the 

intracellular carboxyl terminus of Ctr1 is approximately fifteen amino acids long, the 

Ctr2 protein is predicted to have a cytosolic carboxyl terminus of only three amino 

acids.  This cytosolic portion of Ctr2 does not contain the cysteine-histidine motif that is 
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typical of the Ctr1 family of proteins and has been demonstrated to be involved in 

efficient Cu uptake by Ctr1 (32). 

The gene encoding the human Ctr2 protein, which has approximately twenty-

five percent identity to human Ctr1, was initially discovered more than ten years ago in 

a database search for human gene homologous to Ctr1 (92).  In humans, both of these 

genes are found on chromosome 9 and are separated by a distance of only 30 

kilobases.   Recent advances in genomic sequencing data have shown that the Ctr2 gene 

is conserved in all mammals sequenced to date.  It is interesting to note that in the 

referenced publication human Ctr1 was identified from a cDNA library as a protein 

capable of restoring Cu transport in yeast, however Ctr2 was not identified in this 

screen.  Since this time, multiple reports have been published regarding the role of 

Ctr2.  Two of the initial publications suggest that mammalian Ctr2 functions much like 

Ctr1 to transport Cu into the cytosol of the cell, however these authors fail to agree on 

whether this occurs at the plasma membrane or from within an intracellular storage 

vesicle, probably the lysosome (91,93).  More recent data suggested that the Ctr2 protein 

is involved in the uptake of the chemotherapeutic drug cisplatin by the cell, and might 

also affect macropinocytosis in the cell (94,95).  However, while informative, none of 

these reports explored the effect of Ctr2 at the whole organism level or the mechanism 

by which Ctr2 might function in copper transport. 
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1.5 Ctr2 dependent Cathepsin L mediated regulation of Ctr1 

In 2013 the Thiele laboratory created and characterized a Ctr2 knockout mouse, 

the most in depth analysis regarding the physiological function of Ctr2 performed to 

date (96). Although there were no obvious developmental defects, Cu levels are 

significantly elevated in brain, kidney, spleen, muscle, and testes in 5- to 7-month old 

Ctr2−/− mice and this accumulation was exacerbated in brain tissue from 20- to 22-month 

old mice. These data demonstrated that Ctr2 plays a role in Cu accumulation in a 

physiological context and that mice lacking Ctr2 accumulate Cu to levels significantly 

above that of wild type animals. 

This was an unexpected finding, especially since previous results had suggested 

that when over-expressed in cultured cells, Ctr2 mediates increased Cu accumulation 

(93). This would be consistent with a function for Ctr2 in Cu import Cu and would 

predict that deletion of Ctr2 would result in lower Cu levels. However, this prediction is 

inconsistent with the experimental observations in Ctr2-/- mice and required an 

alternative explanation. Localization experiments revealed that Ctr2 resides in the 

membrane of intracellular vesicles and very little is present at the plasma membrane. 

Thus, it was apparent that Ctr2 was not functioning as a plasma membrane Cu importer 

in the canonical way that Ctr1 functions.  

Further studies revealed that the accumulated Cu observed in the absence of Ctr2 

was located predominantly inside intracellular vesicles. Although the exact nature of 
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these vesicles awaits further characterization they are enriched in Rab9 and Rab11, 

suggesting that these vesicles are part of the late endosome/recycling endosome family. 

Furthermore, these vesicles also co-purify with Ctr1 and thus place Ctr1 and Ctr2 in a 

situation in which these two proteins may interact with each other. 

Indeed, co-immunoprecipitation and bimolecular fluorescence complementation 

experiments confirmed that Ctr1 and Ctr2 interact with each other, directly or indirectly, 

in a complex in vivo. Interestingly, loss of Ctr2 expression results in a diminution of the 

levels of the truncated version of Ctr1. This occurs with either gene deletion or siRNA 

mediated silencing and suggests Ctr2 levels are important for the generation or stability 

of truncated Ctr1 and that abundance of truncated Ctr1 inversely correlates with Cu 

accumulation in both specific mouse tissues and in cultured cells. 

A truncated form of human Ctr1 has previously been shown to have significantly 

reduced Cu import activity (97). Mass spectrometry analysis revealed predominant 

cleavage sites within the mouse Ctr1 ectodomain after Met residues at positions 47, 48, 

and 51. Notably, cleavage of mouse Ctr1 at these positions results in the removal of all 

11 His residues and 10–13 Met residues in the Ctr1 ectodomain, many of which have 

been shown to serve as Cu ligands in model peptides (85,86). Interestingly, Met 49 and 

51, which remain in the truncated Ctr1 protein, are essential for human Ctr1 function in 

Cu+ transport (26,29,32). Although both the mouse and human Ctr1 proteins harbor Met- 

and His-rich ectodomains, and both have been observed as full-length and truncated 
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forms, their sequences are not identical within the ectodomain. However, similar mass 

spectrometry sequencing experiments using human Ctr1 show cleavage predominantly 

within the run of Met residues in the ectodomain at positions 40, 41, 42, and 45 (96). 

These data suggested that Ctr2 is important for the accumulation of truncated 

Ctr1 and modulates Cu accumulation in the endosomal compartment. Furthermore, by 

mutating the conserved M-X3-M motif in Ctr2, a motif strictly required for Cu transport 

by all Ctr family members, it was shown that Ctr2 stimulates the formation of truncated 

Ctr1 and is able to prevent endosomal Cu accumulation. This suggests that the truncated 

form of Ctr1, rather than Ctr2, is responsible for vesicular Cu efflux. This was further 

validated by transfecting Ctr2-/- cells with a plasmid containing a truncated Ctr1 and 

observing that this completely rescues the Cu overload phenotype. However, a rigorous 

confirmation of this hypothesis will require evaluation utilizing in vitro vesicular 

reconstitution assays.  

Taken together, these results support a model in which Ctr1 truncation, via the 

action of Ctr2, is important for both the modulcation of Ctr1-mediated Cu uptake at the 

plasma membrane and for the mobilization of Cu from endosomes. Although a detailed 

biochemical mechanism for the Ctr1 ectodomain regulating Cu export from an 

endosomal compartment was not elucidated, structural studies suggest that the Ctr1 

ectodomain could occlude the Cu pore formed at the homo-trimeric interface. It was 

hypothesized that the structure of the Ctr1 ectodomain or its interactions with other 
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proteins is distinct when Ctr1 is localized to the cell surface, compared with the acidic 

endosomal compartment (96). Cleavage of this ectodomain could provide a mechanism 

to alleviate this inhibitory function and allow for vesicular Cu efflux. Although not 

identified, the authors hypothesized that Ctr2 enhances the abundance of truncated Ctr1 

by the recruitment of a protease. 

 

1.6 Overview of this work 

An extensive amount of work over the past several decades has laid the 

foundation for understanding the molecular basis for Cu homeostasis in bacteria, fungi 

and mammals. However, as more reports are published on novel aspects of Cu biology 

such as posttranslational modifications, disease specific alleles, novel regulation of 

enzymes and pathways by Cu, it is becoming apparent how much there is still to learn 

in the field of Cu homeostasis. This understanding will provide society with 

foundational basic science to understand life, and allow us to more accurately predict, 

diagnose and treat Cu related human disorders. The results presented in this work 

contribute to our scientific understanding of Cu biology and continue to build upon the 

results of pioneers in the field.  

Chapter 2 of this work builds upon the observation that Ctr2 stimulates the 

formation of a truncated variant of Ctr1 (tCtr1). A small molecule screen of known 

protease inhibitors revealed a cysteine protease inhibitor, E64d, capable of inhibiting the 
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ability of Ctr2 to stimulate formation of tCtr1. Further pharmacological investigation 

coupled to genetic analysis demonstrated that Ctr2-stimulated Ctr1 proteolytic cleavage 

is mediated by a member of the cysteine Cathepsin protease family. Ctr1 cleavage is 

predominately and directly mediated by Cathepsin L, with a minor contribution in vivo 

by Cathepsin B. These results, consistent at both the cellular and tissue level, and in 

vitro, identified a novel modulator of Cu homeostasis and were published in the Journal 

of Biological Chemistry (98).  

Chapter 3 examines the origins of Ctr2 through the lens of gene evolution. An 

unexpected complication in the field of Cu biology arose due to an unfortunate 

nomenclature attribution. Baker’s yeast, Saccharomyces cerevisiae, contains a Cu 

transporter denoted Ctr2 that mediates Cu export from the vacuole. As described above, 

mammalian cells also possess a gene named Ctr2 and it was supposed that, given the 

same name, the protein encoded by these two genes function in Cu homeostasis in a 

similar fashion. However, S. cerevisiae Ctr2 functions to directly transport Cu, which is in 

stark opposition to the mammalian Ctr2, which does not transport Cu (96,99,100). 

Through multiple evolutionary analysis approaches it was revealed that the mammalian 

Ctr2 and the S. cerevisiae Ctr2 are not homologous. The mammalian Ctr2 gene likely 

arose through a Ctr1 gene duplication event that occurred approximately 550 million 

years ago. Subsequent mutations in Ctr2 resulted in the loss of ability to transport Cu 

but a gain in the ability to induce cleavage of Ctr1. An unbiased mutagenetic screen 
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generated Ctr2 mutants that conferred the ability to transport Cu but retained their 

ability to stimulate Ctr1 cleavage. These mutants could represent an important  

intermediate during the evolution of metazoan Cu biology and shed light on the 

differences between Cu homeostasis in metazoans and fungi. These results have been 

published in the Journal of Biological Chemistry (101). 

Chapter 4 focuses on understanding the biochemical nature of Cu transport that 

is utilized by the family of Ctr1 Cu transporters. Originally named as “transporters” it is 

unclear whether the Ctr1 family of proteins act as transporters or ion channels. The 

reported rate of transport determined from Ctr1-expressing cells in culture would 

suggest that this family indeed acts as a transporter, but this conclusion is complicated 

by the fact that Cu induces the endocytosis of Ctr1 and would thus result in artificially 

slow kinetics. Indeed, electron crystallography of 2D protein crystals in a native 

phospholipid bilayer led to a model of Ctr1 that depicts the protein as having a solvent 

exposed channel, reminiscent of ion channels (81,82). To resolve this issue and shed light 

on the mechanism of Cu transport utilized by Ctr1 proteins, purification and in vitro 

transport assays were developed utilizing Ctr proteins from the thermophilic eukaryotic 

fungus Chaetomium thermophilum. These proteins display the stability necessary for 

rigorous biochemical purification and characterization and will be a valuable resource to 

the field of Cu biology.  
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Chapter 5 addresses one of the most profound phenotypes associated with 

mammals that are starved for Cu, cardiac hypertrophy. Mice systemically lacking Ctr1 

are embryonic lethal, and mice lacking cardiac Ctr1 only die three weeks after birth. By 

feeding wild type mice a Cu deficient diet the severity of cardiac hypertrophy was 

characterized, and through the use of Ctr1 heterozygous mice it was observed that even 

moderate reduction in Ctr1 levels results in cardiac hypertrophy. This led to the search 

for polymorphisms in the human Ctr1 gene that could potentially alter Ctr1 function 

and cardiac Cu homeostasis. One such polymorphism is enriched in individuals of 

African descent, a population at risk for cardiac disease, and causes an increased 

cleavage of the Ctr1 ectodomain. Studies from human derived cell lines and laboratory 

created mouse fibroblasts expressing this polymorphism show lower levels of Cu, which 

would be expected from cells with less full length Ctr1. These data could contribute to 

the discovery of the first known Ctr1-associated human disease. 
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2. The cysteine protease Cathepsin L controls copper 
accumulation via cleavage of the Ctr1 metal-binding 
ectodomain 

2.1 Introduction 

Copper (Cu) is essential for key biological processes including electron transfer, 

iron acquisition, dopamine hydrolysis, and superoxide disproportionation and defects 

in Cu metabolism are associated with cardiomyopathy, anemia, peripheral neuropathy 

and neutropenia (3,18,50,102-104). While many proteins involved in the acquisition and 

intracellular distribution of Cu have been identified, little is known about the regulation 

of Cu import. The transport of Cu from the extracellular environment is accomplished 

by the evolutionarily conserved homo-trimeric integral membrane protein, Copper 

transporter 1 (Ctr1) (25,35,40,105-108), which resides on the plasma membrane and in 

endosomal compartments (27,29,36,109,110). High-affinity Cu+ import via Ctr1 requires 

a methionine and histidine-rich metal binding extracellular domain (ectodomain) that is 

thought to concentrate extracellular Cu+ near the ion trans-membrane pore 

(26,82,84,86,111). Additionally, Ctr1 binds the chemotherapeutic agent cisplatin via the 

ectodomain methionine ligands and imports cisplatin, and other platinum-based 

chemotherapeutic agents, via an endocytic mechanism (112-116). Despite a critical role 

for the Ctr1 ectodomain in both Cu and cisplatin import, both a full-length and a 

truncated form of Ctr1 (tCtr1) is present in cultured cells and tissues (36,90,117). The 
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latter lacks the ectodomain and drives ~50% of the Cu uptake as compared to full length 

Ctr1 (89).  

Previously, an integral membrane protein similar to Ctr1, denoted Ctr2, was 

shown to both interact with and regulate the ratio of full-length Ctr1 to tCtr1 in mouse 

embryonic fibroblasts (MEFs) and in specific tissues in Ctr2 knock out mice (96). In the 

absence of Ctr2, MEFs possess dramatically lower levels of tCtr1, while simultaneously 

expressing high levels of full-length Ctr1 and accumulating Cu and cisplatin. A large 

fraction of the Cu accumulated in Ctr2-/- MEFs and mouse tissues is found in endosomal 

compartments (96). The mechanism by which Ctr2 governs the abundance of tCtr1, 

thereby controlling Cu and cisplatin accumulation, and the subcellular location in which 

this process occurs, have not been elucidated.   

Here we report that Ctr2 stimulates the proteolytic processing of full length Ctr1 

to yield tCtr1, and that this process is due to direct Ctr1 ectodomain cleavage by the 

endo-lysosomal cysteine proteases, cathepsins L and B. Both proteases co-purify with 

endo-lysosomes harboring Ctr1 and Ctr2, consistent with ectodomain processing 

occurring in the acidic endo-lysosomal compartment. Pharmacological or genetic 

inhibition of cathepsins L and B results in the accumulation of full length Ctr1 and 

drives increased Cu accumulation both in MEFs and in cathepsin knock-out mice. 

Similarly, treatment of cells with cisplatin, in combination with a cathepsin L/B inhibitor, 

enhances cisplatin accumulation and sensitizes cells to cisplatin toxicity. These findings 
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identify a regulatory mechanism for modulating Ctr1-mediated Cu and cisplatin uptake 

and identify the cathepsin L and B proteases as new components of the metal 

homeostasis machinery that are amenable to pharmacological manipulation. 

 

2.2 Materials and methods  

Chemicals - Protease inhibitors including TIMP-2, -3 (R&D Systems), TAPI-2, 

cathepsin L Inhibitor III (Z-FY(t-Bu)-DMK)  (Calbiochem, EMD), BB-94 (Batimastat, 

Tocris Biosciences), E64d ((2S,3S)-trans-Epoxy-succinyl-l-leucylamido-3-methylbutane 

ethyl ester), CA074Me (Sigma-Aldrich) were purchased from the indicated vendors.   

Animals and Ethical Statement - Wild type (WT) and cathepsin L-/- mice were 

euthanized by CO2, perfused with PBS, selected tissues dissected, snap frozen in liquid 

nitrogen and stored at -80˚C until use. All procedures were approved by the Ethical 

committee at the Albert-Ludwigs-Universität in Freiburg, Germany. 

Cell culture, generation of cell lines and transfections - Wild type and cathepsin 

L-/-, cathepsin B-/-, cathepsin L-/-B-/- mouse embryonic fibroblasts (MEFs) were cultured in 

Dulbecco’s Modified Eagle Medium (DMEM, Gibco) supplemented with 10% (v/v) heat-

inactivated fetal bovine serum, 1x MEM Non Essential Amino Acids, and 1x Antibiotic-

Antimycotic. Wild type (Ctr2+/+), Ctr2-/-, and doxycycline inducible Ctr2-/- MEFs were 

cultured in DMEM supplemented with 10% (v/v) heat-inactivated fetal bovine serum, 1x 

MEM Non Essential Amino Acids, 2 mM HEPES, 1x Antibiotic-Antimycotic, 55 µM β-
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mercaptoethanol, and 100 µg/ml hygromycin B. Wild-type, Ctr1-/-, and Ctr1-/-Ctr2-/- 

MEFs, and derivates harboring a TetON-Ctr2 allele, were cultured in DMEM (Gibco) 

supplemented with 20% (v/v) heat-inactivated FBS, 1× MEM non- essential amino acids, 

50 µg/mL uridine, 100 U/mL penicillin/streptomycin, and 55 µM β-mercaptoethanol. 

HEK293T cells were cultured in DMEM supplemented with 10% (v/v) heat-inactivated 

fetal bovine serum and 100 U/ml Penicillin/Streptomycin. Chinese hamster ovary (CHO) 

cells were cultured in F-12K medium supplemented with 10% (v/v) heat-inactivated fetal 

bovine serum. A doxycycline regulated Ctr2 cell line was generated using the pTRIPZ 

vector (GE Healthcare). Briefly, the RFP gene in this plasmid was replaced with a mouse 

Ctr2 cDNA by standard cloning methods. Lentiviral particles were used to infect Ctr2-/- 

MEFs and stable clones selected via Puromycin treatment and purified. MEFs lacking 

both Ctr1 and Ctr2 were generated by transfecting Ctr1-/- MEFs with a plasmid 

expressing Cas9 and a guide RNA specific for Ctr2. Clones were screened via PCR and a 

single clone lacking an intact Ctr2 reading frame was selected and cultured under 5% 

CO2 at 37 ˚C. For cell viability assays Ctr1+/+ and Ctr1-/- MEFs were seeded at a density of 

20,000 cells/well in a transparent 96-well plate. Cells were pre-treated with E64d for 2 h 

before 50 µM cisplatin was added and cells incubated for 12 h. CellTiter Blue (Promega) 

was used to measure cell viability according to the instructions of the manufacturer, 

analyzing the metabolic capacity in living cells by recording the reduction of the 

dye resazurin into the fluorescent end product resorufin at 560Ex/ 590Em nm. 
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Transfection into MEFs was carried out by electroporation using Amaxa Nucleofection 

MEF2 kit (Lonza) according to the manufacturer’s instructions. The vector pcDNA3.1(+) 

backbone was used when transfecting human Ctr1 into Ctr1-/- MEFs. The smartpool 

siRNA for mouse Ctr2 (SLC31A2) (Dharmacon) was used to knock down Ctr2 

expression in cathepsin L-/- MEFs. MEFs were seeded in 6 well plates at a density of 1 x 

106 cells/well. The following day siRNA or scRNA (non targeting RNA) were added and 

incubated for 72 h before collection for analysis. 

Protein extraction and immunoblotting - For the isolation of protein extracts 

mouse tissues or cell pellets were homogenized in ~10 volumes of ice-cold lysis buffer 

[phosphate-buffered saline (PBS, pH 7.4), 1% Triton X-100, 0.1% SDS and 1 mM EDTA, 

proteinase inhibitors (Halt Protease Inhibitor Cocktail, Thermo Scientific)], homogenates 

incubated in ice for 30 min, centrifuged at 16,000 x g at 4˚C for 20 min, and supernatants 

collected. Protein concentrations were measured with the BCA Protein Assay Kit 

(Thermo Scientific). SDS-PAGE and immunoblotting were carried out by standard 

protocols. Anti-Ctr1 and anti-Ctr2 antibody has been described previously. Antibodies 

against cytochrome c oxidase (CoxIV; MitoSciences, Eugene OR), cathepsin L (Santa 

Cruz Biotechnology, Santa Cruz, CA), cathepsin B, glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) (abcam), β-tubulin, Lamp1 (Cell Signaling Technology, 

Danvers, MA), Cu/Zn superoxide dismutase (SOD1; Stressgen, Ann Arbor, MI). 
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Horseradish peroxidase (HRP) conjugated anti-mouse or -rabbit IgG (GE Healthcare 

Bio-Sciences, Piscataway, NJ) were used as secondary antibody for immunoblotting.  

Tissue and cell metal measurements - Tissue and whole cell Cu and Zn 

concentrations were measured by ICP-MS. Briefly, tissues were collected into acid-

washed 1.5 ml microcentrifuge tubes and weighed. The cultured cells were rinsed once 

with PBS, harvested into ice-cold PBS, and divided into 2 tubes. One tube was used to 

measure protein content and the other sample was collected by centrifugation at 400 x g 

for 5 min at 4˚C. Tissues or cell pellets were suspended in 10 times volume/weight 

(µl/mg wet weight) of trace-analysis grade nitric acid (Sigma-Aldrich, St Louis, MO), 

heated at 85 - 95˚C for  ~1 h and subjected to ICP-MS analysis. For cisplatin 

accumulation, Ctr1-/- cells were transfected with either empty vector or human Ctr1 and 

pretreated with DMSO or 10 µM cathepsin L inhibitor prior to treatment with 200 µM 

cisplatin (American Pharmaceutical Partners, Inc., Los Angeles, CA) in Opti-MEM for 2 

h and digested in HNO3:HCl (3:1) followed by ICP-MS. The analyses were performed 

by Environmental and Agricultural Testing Service, Department of Soil Science, North 

Carolina State University, Raleigh, NC. Values were normalized by protein 

concentration or tissue wet weight. 

Discontinuous density gradient fractionation - Ctr2+/+, Ctr2-/-, and WT MEFs 

were cultured in 15 cm diameter dishes until confluent, rinsed twice with ice cold PBS, 

scraped and pelleted at 900 x g for 2 min at 4˚C. The 200-250 mg (wet weight) pellets 
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were dissolved by gentle vortexing in 800 µl lysis buffer with protease inhibitors, 

incubated in ice for 2 min, and subjected to sonication with 10 bursts in ice with a 

precooled probe. Lysates were centrifuged at 500 × g for 10 min 4°C to pellet the nuclear 

fraction and supernatants fractionated by discontinuous iodixanol density gradient 

centrifugation (Thermo Scientific) at 145,000 × g for 2 h at 4°C in a swing rotor. Three 

fractions were collected and each fraction was divided into three aliquots for protein 

quantitation, ICP-MS analysis and immunoblotting.  

Ctr1 ectodomain purification and cleavage - Recombinant human Ctr1 

ectodomain (residues 1-55) was expressed as an amino-terminal SUMO fusion followed 

by a FLAG tag, Ctr1 ectodomain, and a carboxyl-terminal Strep II tag. This coding 

region was sub-cloned into the pET-15b vector, transformed into E. coli BL21 (DE3) cells 

and expressed at 37 °C for ~ 4 h with 1 mM IPTG. Cells were lysed via sonication in 100 

mM Tris, 150 mM NaCl, 1 mM EDTA, centrifuged to remove debris and the lysate 

loaded onto a 5 ml StrepTrap FPLC column (GE Healthcare), washed with lysis buffer, 

and eluted with lysis buffer supplemented with 5 mM d-Desthiobiotin. Fractions 

containing Ctr1 ectodomain were pooled, treated with SUMO Protease (Invitrogen) and 

the ectodomain was separated from the SUMO moiety by size fractionation over a 

Superdex 75 26/60 FPLC column (GE Healthcare). Fractions were pooled and 

concentrated to 40 µM.  Purified recombinant cathepsin L prepared as described (118) 

was activated by a 30 min incubation in Activation Buffer (25 mM NaOAC pH 5.5, 150 
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mM NaCl, 1 mM EDTA, 2 mM DTT), diluted to appropriate concentrations in Reaction 

Buffer (100 mM MES pH 6.0, 150 mM NaCl, 1 mM EDTA) and mixed in a 1:1 (v/v) ratio 

with recombinant Ctr1 ectodomain. Reactions were incubated at 37°C for 1 hour, 

terminated by the addition of SDS-PAGE loading buffer and resolved by SDS-PAGE. 

Samples subjected to peptide analysis were treated as above with reactions terminated 

by a 5 min incubation at 95°C prior to analysis by LC-MS/MS performed by the Duke 

University Proteomics Core.  

 

2.3 Results 

2.3.1 Ctr2 stimulates Ctr1 ectodomain cleavage by cysteine proteases 

In mouse and human cells Ctr1 and tCtr1 differ by the presence or absence of a 

histidine- and methionine-rich glycosylated ectodomain, in which tCtr1 initiates at a 

small cluster of sites previously identified by mass spectrometry. Ctr2 forms a complex 

with Ctr1 in vivo and positively influences the abundance of the tCtr1 species. To 

ascertain the role of Ctr2 in regulating the biogenesis of tCtr1, the temporal effect of Ctr2 

expression on the appearance of the two Ctr1 species was investigated in a Ctr2-/- MEF 

line in which Ctr2 expression is controlled by doxycycline. Ctr2 expression was 

paralleled by a time-dependent increase in the appearance of tCtr1. Notably, the 

formation of tCtr1 was accompanied by a corresponding reduction in the full length 

Ctr1, suggesting that the formation of the tCtr1 may be due to proteolytic processing of 
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full length Ctr1, rather than stabilization of the tCtr1 protein by Ctr2. Although this 

precursor-product relationship between full-length and tCtr1 is often observed, in some 

experiments the reduction in tCtr1 is not accompanied by an increase in full-length Ctr1 

and could reflect differences in stability. To determine the nature of this putative 

proteolytic process involved in tCtr1 generation, a collection of protease inhibitors was 

evaluated for their effect on the abundance of the tCtr1 species in wild type (WT) MEFs. 

A broad range of protease inhibitors was tested, including the matrix metalloprotease 

(MMP) inhibitors TIMP2, TIMP3, BB-94 (Batimastat) and the ADAM17, 15, 8, 10, and 12 

inhibitor TAPI2. However, none of these or other inhibitors influenced the abundance of 

tCtr1. In contrast, MEFs treated with the cysteine cathepsin/calpain protease inhibitor 

E64d displayed a striking reduction in the levels of tCtr1, suggesting that one or more 

E64d-inhibitable proteases are involved in the proteolytic processing of the Ctr1 

ectodomain. A reduction in tCtr1 levels is also observed when Chinese hamster ovary 

cells (CHO) or human embryonic kidney cells (HEK 293T) were treated with E64d, 

suggesting that Ctr1 truncation occurs via a proteolytic mechanism that is conserved 

among these species. The robust increase in tCtr1 levels caused by induced expression of 

Ctr2 can be abrogated by incubation with E64d. Together, these results suggest that the 

generation of tCtr1 is a conserved proteolytic process mediated by an E64d-inhibitable 
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protease activity that acts downstream of Ctr2.  
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Figure 4: Ctr1 ectodomain cleavage occurs in a Ctr2-stimulated, cysteine 
protease-dependent manner. (A) model showing monomeric full-length Ctr1 and tCtr1, 
with Met and His residues in the ectodomain indicated in blue and red, respectively, 
and glycans indicated with branches. (B) cells containing a doxycycline-inducible Ctr2 
(Tet-On Ctr2) were treated with 100 ng/ml doxycycline for the times indicated, 
harvested, and immunoblotted with anti-Ctr2, anti-Ctr1 (T, truncated; F, full-length), 
and anti-tubulin antibody. (C) MEFs were treated with DMSO, 2 µg/ml TIMP-2, TIMP-3, 
and TAPI-2 or 5 µm BB-94 for 16 h, and protein extract was analyzed by 
immunoblotting with anti-Ctr1 (T, truncated; F, full-length) and anti-tubulin antibody. 
(D) MEFs were treated with 10 µm E64d, and CHO and HEK cells were treated with 50 
µm E64d for 16 h before immunoblot analysis as in B. (E) Tet-On Ctr2 cells were 
cultured with or without 100 ng/ml doxycycline for 24 h before treatment with either 
DMSO or E64d (50 µm), and protein extracts were analyzed with immunoblotting as in 
(B). 

 

2.3.2 Cathepsin inhibition decreases tCtr1 levels and increases 
copper accumulation 

The cell permeable and irreversible protease inhibitor E64d inhibits cysteine 

cathepsin proteases, with a preference for cathepsin L and B at the doses used in our 

experiments, as well as the calcium-dependent calpain proteases (119). To explore which 

of these protease families is relevant for the formation of tCtr1, proteases were evaluated 

for co-localization with Ctr1 and Ctr2. Ctr1 has been shown to continuously cycle 

between the plasma membrane and endocytic vesicles, where it localizes to endo-

lysosomal compartments that also harbor Ctr2 (27,90,96,120).  Since Ctr1 cleavage has 

previously been suggested to occur at an endosomal compartment (90), subcellular 

fractionation was carried out in an attempt to localize Ctr1 with the appropriate 

protease. The Ctr1 ectodomain faces the intra-luminal space and thus any protease 
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involved in Ctr1 cleavage must be present inside the vesicular lumen. Because calpain 

proteases are localized to the cytosol, our studies focused on cathepsin L and B as they 

are known to primarily localize to endo-lysosomal compartments. Analysis of 

subcellular fractions by immunoblotting revealed that Ctr1, Ctr2, and cathepsin L and B 

co-fractionated together with the lysosomal marker Lamp1, indicating that they are all in 

endo-lysosomal compartments. 

To test the involvement of cathepsin L/B in generating tCtr1, the extent of Ctr1 

truncation was evaluated in WT MEFs and those lacking cathepsins L or B.  Cells lacking 

cathepsin L exhibit low levels of tCtr1 and elevated levels of both the full-length and a 

potential intermediate form of Ctr1 as compared to wild-type and cathepsin B-deficient 

cells. However, the simultaneous absence of both cathepsins L and B caused a more 

severe reduction in Ctr1 ectodomain processing as compared to the absence of cathepsin 

L alone. The introduction of cathepsin L into cathepsin L-/-/B-/- cells rescued the Ctr1 

processing activity. In agreement with these genetic validation experiments, WT MEFs 

treated with a cathepsin L-selective inhibitor (cathepsin L inhibitor III) were 

compromised for the generation of tCtr1, whereas cells treated with the cathepsin B-

selective inhibitor (CA074Me) or DMSO did not affect Ctr1 truncation. These results 

indicate that cathepsin L plays a prominent role in the processing of Ctr1 to form tCtr1 

in MEFs, with a minor contribution by cathepsin B. 
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Previous results demonstrated that MEFs or mouse tissues lacking Ctr2 have 

increased levels of full length Ctr1, decreased tCtr1, and a corresponding increase in 

intracellular Cu+ levels (96). Hence, to assess whether the increase in intracellular Cu+ 

observed in Ctr2-deficient cells and tissues is imposed by inhibition of cathepsin-

mediated Ctr1 processing, MEFs were incubated with E64d and cell-associated Cu 

measured. Indeed, MEFs treated with E64d exhibited elevated cell-associated Cu levels 

and MEFs treated with a cathepsin L-specific inhibitor showed a similar increase in Cu 

accumulation. In contrast, zinc levels were not affected by treatment with E64d or the 

cathepsin L inhibitor, indicating that cathepsin L inhibition does not influence the 

accumulation of all metal ions. Taken together, these data demonstrate that inhibition or 

loss of cathepsin L reduces Ctr1 ectodomain cleavage, which results in more full-length 

Ctr1 and elevated Cu accumulation. Moreover, these results identify cathepsins L and B 

as critical components for Ctr1 ectodomain processing that play an important role in 

Cu+ uptake in cultured cells. 
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Figure 5: Cathepsin L inhibition results in decreased Ctr1 ectodomain cleavage 
and increased copper accumulation. (A) MEFs were harvested and processed for 
endolysosomal isolation (see “Experimental Procedures”). Samples were resolved via 
SDS-PAGE and analyzed by immunoblotting with anti-Ctr2, anti-Ctr1 (T, truncated; F, 
full-length), anti-cathepsin L, anti-cathepsin B, anti-Lamp1, and anti-Cox IV. N, nuclear 
fraction; S, soluble fraction; 1, 2, and 3 represent fractions collected from the iodixanol 
gradient after ultracentrifugation. (B) total protein extracts were isolated from wild type 
(WT); cathepsin B−/− and cathepsin (Cath) L−/− MEFs were analyzed by immunoblotting 
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as in A. (C) cathepsin L−/−B−/− cells were transfected with a plasmid expressing cathepsin 
L and cultured for 48 h. Total protein extracts were resolved by SDS-PAGE and 
analyzed by immunoblotting alongside WT, cathepsin L−/−, and cathepsin L−/−B−/− cells. 
(D) MEFs were treated with DMSO, 10 µm cathepsin B (CA074Me), or 10 µm cathepsin 
L inhibitors (Inhib) for 16 h and analyzed by immunoblotting as in (B). Shown are lanes 
cut from the same membrane with the same x-ray film exposure time. (E) and (F) cells 
were treated with 30 µm indicated inhibitor and 100 µm bathocuproinedisulfonic acid 
for 16 h before switching to media containing 5 µm copper and fresh inhibitor before 
harvesting and ICP-MS analysis of total cellular copper. Data are presented as mean ± 
S.D. from four biological replicates. *, p ≤ 0.05. 

 

2.3.3 Contribution of Cathepsin B and Ctr2 to the processing of Ctr1 

Data presented here demonstrate that the Ctr2 integral membrane protein 

stimulates Ctr1 ectodomain cleavage in a cysteine protease-dependent manner and we 

have identified cathepsin L as having a major role in this process. To further decipher a 

potential role for cathepsin B, or other E64d-inhibitable proteases in the processing of 

Ctr1, WT and cathepsin L-/- MEFs were treated with E64d. Indeed, cathepsin L-/- MEFs 

treated with E64d showed higher levels of full-length Ctr1, suggesting that cathepsin B 

contributes to Ctr1 ectodomain processing. However, cathepsin L represents the 

majority of the proteolytic activity involved in biogenesis of tCtr1 in MEFs. 

To gain insight into how Ctr2 regulates the processing of Ctr1 to tCtr1, in concert 

with cathepsins, Ctr2 expression was knocked down in both WT and cathepsin L-/- 

MEFs. As has been previously observed, silencing of Ctr2 in WT MEFs reduced the 

levels of tCtr1 and increased full-length Ctr1. Notably, in cathepsin L-/- cells, where the 

steady state levels of tCtr1 levels are low, silencing of Ctr2 caused a further reduction in 
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the levels of truncated Ctr1. This indicates that, although cathepsin L has a major role in 

Ctr1 processing, Ctr2 also stimulates formation of tCtr1 via means other than cathepsin 

L. This observation is supported by data showing that residual tCtr1 is observed in cells 

lacking cathepsin L. Interestingly, cells lacking cathepsin L show increased levels of 

cathepsin B. This suggests that cathepsin B might also contribute to Ctr1 processing, a 

notion supported by the observed lower levels of tCtr1 in cathepsin L-/-, cathepsin B-/- 

double-deficient cells compared to cathepsin L-/- cells. This observation is in agreement 

with a previous study showing that cathepsin B levels increase in mice and cells lacking 

cathepsin L and by genetic studies showing that cathepsins B and L functionally 

compensate each other (121,122).  

To assess whether Ctr2 regulates Ctr1 ectodomain cleavage by recruiting Ctr1 or 

cathepsin L to endo-lysosomes, subcellular fractionation was performed to compare the 

localization of these proteins in WT and Ctr2-/- MEFs. Immunoblot analysis revealed that 

Ctr1, Ctr2, and cathepsin L were all found in the same fraction, together with the 

lysosomal marker Lamp1, in both WT and Ctr2-/- cells. We noted that the levels of pro-

cathepsin L were modestly increased in MEFs lacking Ctr2, suggesting that Ctr2 could 

promote cathepsin L processing of the Ctr1 ectodomain by mechanisms other than 

affecting its subcellular localization or expression. Taken together, these data suggest 

that Ctr1 ectodomain processing occurs in endo-lysosomal compartments containing 
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both Ctr2 and the cysteine cathepsins, but Ctr2 is not necessary for their recruitment to 

this compartment. 

 

Figure 6: Contribution of cathepsin B and Ctr2 to the processing of Ctr1. (A) 
wild type (cathepsin L+/+) and cathepsin L−/− MEFs were treated with DMSO or 10 µm 
E64d inhibitor for 16 h. Total protein extract was resolved by SDS-PAGE and 
immunoblotted with anti-Ctr1 and anti-tubulin antibody. (B) wild type (cathepsin L+/+) 
and cathepsin L−/− MEFs were treated with 25 nm scrambled (Sc) RNA or siRNA directed 
against Ctr2 for 72 h. Total protein extracts were immunoblotted with anti-Ctr1, anti-
Ctr2, and anti-tubulin antibody. (C) total protein extracts from wild type (cathepsin L+/+) 
and cathepsin L−/− MEFs, resolved by SDS-PAGE, and analyzed by immunoblotting with 
anti-cathepsin B antibody. Cath, cathepsin. GAPDH as loading control. (D) 
immunoblotting of wild type (Ctr2+/+) and Ctr2−/− MEF protein extracts derived from 
endolysosomal enrichment (see “Experimental Procedures”). Blots were analyzed by 
probing with anti-Ctr2, anti-Ctr1 (T, truncated; F, full-length), anti-cathepsin L, anti-
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cathepsin B, anti-Lamp1, and anti-CoxIV. N, nuclear fraction; S, soluble fraction; 1, 2, 
and 3 represent fractions collected from the iodixanol gradient after ultracentrifugation. 

 

2.3.4 Cathepsin L cleaves the Ctr1 ectodomain in vitro and primes 
further processing 

Although cathepsin L functions in Ctr1 ectodomain cleavage and in the 

regulation of Cu+ uptake in MEFs, it is not known whether cathepsin L plays a direct or 

indirect role in this process. To address this question, an in vitro substrate-processing 

assay was developed using recombinant cathepsin L and recombinant Ctr1 ectodomain. 

Incubation of the purified Ctr1 ectodomain with cathepsin L at a range of 

concentrations, followed by SDS-PAGE and Ponceau S staining revealed the formation 

of two lower molecular weight protein species in a cathepsin L dose-dependent manner.  

Mass spectrometry analysis identified the species as Ctr1 ectodomain fragments 

generated as the result of cleavage between residues 8 and 9 from the amino-terminus. 

The cathepsin L-mediated Ctr1 ectodomain cleavage site is conserved among 

mammals raising the possibility that Ctr1 cleavage by this enzyme may be a common 

feature among mammals. However, the amino-terminus generated by cathepsin L 

cleavage in vitro is not synonymous with the amino-terminus of the tCtr1 generated in 

vivo, previously identified to begin within the methionine-rich region of both the mouse 

and human Ctr1 proteins. This suggests that post-cathepsin L processing of Ctr1 occurs 

to yield the fully processed tCtr1. To assess this possibility, and ascertain a potential role 

for Ctr2 in this mechanism, a Ctr1-/- Ctr2-/- MEF cell line was generated in which Ctr2 
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expression is induced by doxycycline. In the absence of Ctr2, the abundance of tCtr1 is 

low and is further diminished by incubation with E64d (Figure 4D, compare lanes 2 and 

3). In agreement with previous results, cells lacking Ctr2 show increased full-length Ctr1 

levels and decreased tCtr1 levels (compare lanes 2 and 7), and treatment with E64d 

decreased tCtr1 levels (compare lane 2 vs lane 3 and lane 7 vs lane 8). Expression of a 

Ctr1 variant (Ctr1∆1-8), to mimic the post-cathepsin L cleavage form, was further 

processed to yield a Ctr1 species that electrophoretically co-migrates with tCtr1 (Figure 

4D, lane 4).  Interestingly, processing of the Ctr1Δ1-8 variant proceeded in the absence of 

Ctr2, although expression of Ctr2 further enhanced the production of tCtr1 (compare 

lanes 4 and 9). While treatment with E64d gave rise to slightly higher levels of uncleaved 

Ctr1Δ1-8, tCtr1 was still present (compare lanes 4 and 5). Notably, the contribution of 

Ctr2 to the processing of Ctr1Δ1-8 is abrogated by addition of E64d (compare lanes 4 

and 5 to lanes 9 and 10), suggesting that the formation of tCtr1 is initiated by cathepsin L 

and proceeds via both E64d-sensitive and E64d-resistant proteases, with Ctr2 

stimulating the E64d-sensitive proteases. Taken together these results suggest that 

proteases other than cathepsin L participate in Ctr1 ectodomain processing, but they 

function downstream of the rate-limiting cathepsin L cleavage. 
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Figure 7: Cathepsin L cleaves the CTR1 ectodomain in vitro and primes further 
ectodomain processing. (A) diagram of the CTR1 ectodomain purified for in vitro 
cathepsin cleavage studies and SDS-PAGE of purified ectodomain (Ctr1 ecto). Lane M, 
molecular mass marker. (B) CTR1 ectodomain was incubated with recombinant 
cathepsin L at the indicated enzyme concentration, and products were resolved by SDS-
PAGE and Ponceau S staining. The products generated by cathepsin L cleavage are 
indicated as 1 or 2. (C) site of cathepsin L cleavage (red arrowhead) determined by mass 
spectrometry and the previously identified amino termini of tCtr1 (blue arrowhead). 
Asterisks indicate residues within the cathepsin L cleavage site found in several 
mammalian Ctr1 proteins. (D) Ctr1−/−Ctr2−/− cells containing a Dox-inducible Ctr2 gene 
were transfected with either an empty vector (V), a vector containing wild type Ctr1 
(WT), or Ctr1 lacking the first 8 residues (Ctr1Δ1–8) before being treated with 100 ng/ml 
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doxycycline for 48 h. Cells were then harvested and processed for immunoblotting with 
the indicated antibodies. 

 

2.3.5 Cathepsin L-/- mice are defective in Ctr1 processing and 
accumulate copper 

Data presented here demonstrate a direct and rate limiting role for cathepsin L in 

Ctr1 ectodomain cleavage and in the modulation of cellular Cu accumulation. To 

investigate a potential physiological role for cathepsin L in Ctr1 ectodomain cleavage 

and Cu accumulation in animals, cathepsin L-/- mice were evaluated. Cathepsin L-/- mice 

exhibit increased Cu accumulation in brain, lymph nodes and testis in comparison with 

wild type littermates. However, cathepsin L-deficiency did not affect Cu levels in liver, a 

finding that is in agreement with the lack of impact of Ctr2-deficiency on liver Cu levels 

(96). Zinc levels were not different between wild type and cathepsin L-/- mice. Moreover, 

lower levels of tCtr1 were observed in lymph nodes and kidneys from cathepsin L-/- mice 

as compared to wild type mice, along with elevated levels of full length Ctr1 in brain, 

spleen, lymph nodes and testis. Indeed, the tissue types that exhibited increased Cu 

accumulation and decreased Ctr1 cleavage in cathepsin L-/- mice paralleled the tissues 

demonstrating similar defects in Ctr2-/- mice. The considerable amount of tCtr1 in 

cathepsin L-/- mouse tissues suggests a discrepancy between the Ctr1 processing in mice 

compared to MEFs. Hence, in the cathepsin L-/- mice, cathepsin B may be more 

dominant, whereas at in the MEFs cathepsin L may be the prime protease.  Taken 
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together these observations support a physiological role for cathepsin L, working in 

concert with Ctr2, in Ctr1 ectodomain cleavage. Additionally, these studies establish 

cathepsin L as a novel physiological regulator of mammalian Cu homeostasis. 
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Figure 8: Cathepsin L−/− mice exhibit defects in Ctr1 ectodomain cleavage and 
accumulate copper. (A) 2-month-old wild type (cathepsin L+/+) and cathepsin L−/− mice 
were analyzed for copper levels by ICP-MS in brain (Br), liver (Li), kidney (Ki), spleen 
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(Sp), lymph nodes (Ly), and testis (Te). Note different scales for copper levels in 
different tissues. (B) tissue zinc analysis as in (A). Data are presented as means ± S.D. 
from three to four mice, *, p ≤ 0.05; **, p ≤ 0.01. (C) protein extracts from the indicated 
tissues from WT (+/+) and cathepsin L−/− (Cath L−/−) littermates were immunoblotted with 
anti-Ctr1 and anti-SOD1 antibody, with cathepsin L genotypes indicated. Shown are the 
full-length (F) and truncated (T) forms of Ctr1. A short exposure shows the abundance 
of tCtr1 and a longer exposure reveals the expression of both full-length and truncated 
Ctr1. 

 

2.3.6 Cathepsin inhibition enhances cisplatin accumulation and cell 
death  

Cisplatin and related derivatives are platinum-based chemotherapeutic agents 

widely used for cancer types including ovarian, colon, lung, testicular and head and 

neck (123). Previous studies demonstrated that mammalian Ctr1 functions in cisplatin 

uptake, that cisplatin binds directly to methionine residues within the Ctr1 ectodomain 

and that the ectodomain and its methionine residues play a critical role in cisplatin 

uptake (112-114,117,124,125). Consistent with these observations, Ctr2-/- MEFs, which 

express more full-length Ctr1, accumulate significantly higher levels of cisplatin 

compared to WT MEFs (96). To test whether preservation of the Ctr1 cisplatin-binding 

ectodomain by inhibiting the rate-limiting step in cleavage augments cisplatin 

accumulation, Ctr1-/- MEFs were transfected with an empty vector or a vector expressing 

human Ctr1 and treated with either vehicle or cathepsin L inhibitor, in combination with 

cisplatin.  Ctr1-/- MEFs transfected with the Ctr1 expression plasmid accumulated more 

platinum as compared to vector transfected cells. Moreover, when Ctr1-expressing cells 
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were treated with the cathepsin L inhibitor, platinum accumulation strongly increased 

over untreated cells. These results demonstrate that cisplatin uptake is stimulated by co-

administration of a cathepsin L inhibitor and, further, that the stimulation of cisplatin 

accumulation is dependent on Ctr1. Given the results presented here, this likely occurs 

via inhibition of Ctr1 ectodomain cleavage mediated by cathepsin L. To investigate 

whether the increased cisplatin accumulation provoked by inhibition of cysteine 

cathepsins enhances cisplatin-mediated toxicity, cell viability was measured after 

addition of E64d, in combination with cisplatin, to WT and Ctr1-/- MEFs. Cisplatin 

treatment alone reduced cell viability by 28%, while a combination of cisplatin and E64d 

reduced cell viability further to 43%. MEFs lacking Ctr1 displayed no additional 

reduction in cell viability when cells were treated with E64d, demonstrating that the 

decreased cell survival following treatment with cisplatin in combination with E64d is 

dependent on Ctr1-mediated cisplatin uptake.   
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Figure 9: Cathepsin L inhibition of Ctr1 ectodomain cleavage enhances 
cisplatin accumulation and efficacy in vitro. (A) Ctr1−/− MEFs were transfected with 
vector control (v) or vector containing human Ctr1 (hCtr1) and treated either with 
DMSO or 10 µm cathepsin L inhibitor for 16 h followed by a pulse of 200 µm cisplatin 
for 2 h. Cells were harvested and total cellular platinum (Pt) levels measured by ICP-MS 
and normalized to protein concentrations. (B) wild type or Ctr1−/− MEFs were pre-treated 
with DMSO or 10 µm E64d for 2 h followed by DMSO or 50 µm cisplatin for 12 h, and 
cell viability was assessed by recording the formation of the fluorescent product 
resorufin, with normalization against vehicle-treated cells. Data are presented as mean ± 
S.D. from three to four biological replicates. *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001. (C) 
model for the Ctr2 and cathepsin L (Cath L)-mediated cleavage of the Ctr1 ectodomain 
to generate tCtr1, within an endolysosomal compartment. In this model, we envision 
two mechanisms by which Ctr2 and cathepsin L/B cooperate in Ctr1 ectodomain 
cleavage; [1] binding of Ctr2 to Ctr1 may provoke a conformational switch in the Ctr1 
ectodomain, providing access by cathepsin L/B, or [2] Ctr2 may recruit cathepsin L/B 
and deliver the protease to the ectodomain cleavage site. 

 

2.4 Discussion 

The Ctr1 high-affinity Cu transporter exists as two species, full-length and tCtr1, 

at varying levels in different cell lines and tissues (36,89,96). We previously 

demonstrated that MEFs and specific mouse tissues lacking the Ctr2 integral membrane 

protein have lower levels of tCtr1, increased levels of full-length Ctr1 and a 

corresponding increase in Cu accumulation (96). Here we demonstrate that tCtr1 is 

generated by proteolytic cleavage of full-length Ctr1, which is initiated by the cysteine 

cathepsins L and B, and that this cleavage occurs in a Ctr2-dependent manner. We also 

demonstrate that truncation of Ctr1 by these cathepsins has a functional impact on 

cellular accumulation of both Cu+ and cisplatin, both of which bind directly to the metal 

ligand-rich ectodomain (112,114,115,117). Our results establish cathepsin L/B cleavage as 



 

60 

a direct and rate-limiting step in the generation of tCtr1. Moreover, these observations 

establish a new mechanism for the regulation of Ctr1-mediated Cu+ accumulation and 

identify cathepsin L, and to a lesser extent cathepsin B, as important regulators of the 

mammalian Cu homeostasis machinery. In line with our findings, proteolytic 

ectodomain processing of Zip4 has been proposed to be a regulatory mechanisms 

controlling zinc uptake by Zip4 (126). 

We previously demonstrated that Ctr1 and Ctr2 form a complex in vivo and co-

purify in the same endo-lysosomal enrichment fraction (96). Cathepsin L and B are 

classical proteases of the endo-lysosome that also co-purify with the Ctr1- and Ctr2-

containing vesicular fraction, potentially placing these components in proximity for their 

involvement in Ctr1 ectodomain cleavage. We envision distinct mechanisms whereby 

Ctr2 and cathepsins L/B could function in concert to initiate Ctr1 ectodomain removal. 

Upon endocytosis from the plasma membrane into an endo-lysosomal compartment, 

Ctr1 could interact with Ctr2 in a manner that stimulates cleavage by cathepsin L/B. This 

could occur either by Ctr2-mediated recruitment of cathepsin L/B [1] or by a Ctr2-

induced conformational change in the Ctr1 ectodomain such that the cleavage site for 

cathepsin L/B becomes accessible. Since Ctr1 undergoes constitutive endocytosis and 

recycling to the plasma membrane (27,109,120,127), ectodomain cleavage within the 

endo-lysosomal compartment would result in population of the plasma membrane with 

tCtr1 molecules, thereby reducing Cu+ import relative to a Ctr1-enriched plasma 
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membrane. Interestingly, blocking Ctr1 ectodomain O-linked glycosylation by mutating 

Thr27, increased the abundance of tCtr1 (89). Although Thr27 is distal to the cathepsin L 

cleavage site within the ectodomain, glycosylation could sterically hinder cleavage at 

position 8 within the ectodomain. This raises the possibility that ectodomain cleavage, 

and therefore Cu+ transport, could also be regulated by cellular glycosylation/ de-

glycosylation enzymes. As Cu concentrations near or above the apparent Km stimulate 

Ctr1 endocytosis (109), it is possible that this trafficking event serves as a regulatory step 

to reduce Cu+ uptake via enhancing cleavage of the Ctr1 ectodomain cleavage, thereby 

locating a lower efficiency Cu+ transporter at the cell surface, without the wholesale 

removal of Ctr1 from the plasma membrane. Additional studies will be required to 

decipher whether and how Ctr1 cleavage is regulated as a function of cellular Cu status. 

It is also intriguing that in both Ctr2-/- and Cathepsin L-/- mice, the same tissue-specific 

pattern of diminished Ctr1 ectodomain cleavage, and increased Cu accumulation, are 

apparent (96). This could be due to differences in the expression or activity of Ctr2, 

cathepsin L/B or other as yet unknown components of this pathway, to Ctr2/cathepsin-

independent Ctr1 ectodomain cleavage mechanisms, or to differences in Ctr1 trafficking, 

as has been observed in distinct mouse tissues (33,79,128).  

The cysteine cathepsins have historically been thought of as quite non-specific 

proteases involved in bulk degradation of lysosomal content (129,130). However, recent 

evidence has shown that several cathepsins have specific biological functions by 
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cleaving substrates at specific sites, thereby acting as convertases to modulate the 

production or activity of peptide hormones, histones, complement factors, proteases, 

and vesicular transporters, and even as sheddases by cleaving ectodomains of several 

membrane-anchored adhesion proteins and receptors (131-141). Cathepsin L cleavage 

specificity is primarily guided by P2 preference for aromatic, and to lesser extent 

aliphatic, amino acids downstream of the cleavage site (127,142,143). The cleavage site in 

Ctr1 identified by mass spectrometry revealed that there is a conserved Met at the P2 

site in Ctr1, offering a good substrate – protease fit.  Interestingly, the cathepsin L 

cleavage site within the Ctr1 ectodomain is conserved across a variety of mammalian 

genomes that also encode a Ctr2 homologue.  

Ctr1 plays a significant role in cisplatin import in mammalian cells (113,116,144). 

Similar to Cu, platinum binds to Met-rich motifs within the Ctr1 ectodomain (115), but 

studies using Ctr1 mutants that are defective in Cu transport, but competent for cisplatin 

acquisition, suggest that Ctr1 delivers platinum into cells via receptor mediated 

endocytosis rather than acting as a membrane channel as it does for Cu (109,114). Cancer 

patient survival after treatment with platinum-based drugs is associated with high levels 

of Ctr1 expression and lower Ctr1 levels associate with decreased survival to cisplatin 

(145,146). Intriguingly, and in contrast to Ctr1, low levels of Ctr2 positively associate 

with patient survival after cisplatin therapy (146,147). In agreement with this 

observation, cultured cells lacking Ctr2 exhibit increased whole-cell platinum 
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accumulation (96,148). Also, low Ctr2 levels correlate with an increased sensitivity to 

platinum treatment in several cancer cell lines (94). Low Ctr2 levels would be expected 

to give rise to increased Ctr1 harboring the platinum-binding ectodomain, thereby 

increasing uptake. Interestingly, high cathepsin B and L expression levels have been 

associated with poor prognosis for multiple cancer entities, while knock-out or 

inhibition of cathepsins attenuates cancer progression and enhances the efficacy of 

chemotherapies (149,150). Taken together these results support a concept in which 

cathepsin L/B, together with Ctr2, modulate both Cu and platinum accumulation via a 

Ctr1-dependent mechanism involving Ctr1 ectodomain cleavage. The discovery that 

cathepsin L/B function in the modulation of Ctr1-dependent Cu transport identifies 

these proteases as new components of the Cu homeostasis machinery and potentially 

provide a new point for the regulation of Cu transport. Perhaps the pharmacological 

modulation of this pathway could enhance cisplatin efficacy in resistant tumors or 

decrease the therapeutic dose needed for clinical efficacy. 

 

3. Gene Duplication and neo-functionalization in the 
evolutionary and functional divergence of metazoan 
copper transporters Ctr1 and Ctr2 

3.1 Introduction 

Copper (Cu) is a critical metal for all forms of eukaryotic life due to its ability to 

shuttle electrons and cycle between oxidation sates, Cu+ and Cu2+, under biologically 
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relevant conditions. As such, this redox property has been harnessed during the 

evolution of Cu-containing enzymes to participate in many diverse functions such as 

respiration, superoxide disproportionation, pigmentation, connective tissue maturation 

and neuropeptide biogenesis (1,18,23). Because of the critical importance of Cu, life has 

evolved methods to ensure appropriate acquisition, distribution and storage. Defects in 

Cu metabolism are linked with pathologies that include neutropenia, cardiomyopathy, 

Menkes and Wilson’s disease and peripheral neuropathy (15,19,151,152). 

The baker’s yeast Saccharomyces cerevisiae has yielded numerous insights into the 

biology of Cu acquisition. For example, S. cerevisiae was instrumental in the discovery of 

Copper Transproter 1(Ctr1), a homo-trimeric plasma membrane-spanning protein 

expressed in eukaryotes and responsible for the uptake of extracellular Cu (10,105). Ctr1 

contains a large extracellular amino-terminal metal-binding domain rich in methionine 

residues that facilitates high-affinity Cu+ transport through the transmembrane pore 

(26). Lining the transmembrane pore is an M-X3-M motif present on transmembrane 

domain two that is proposed to function as a Cu+ selectivity filter (81,153). Mutation of 

these residues to leucine results in a protein incapable of Cu transport. The third 

transmembrane domain contains a glycine zipper motif that is required for 

multimerization of Ctr1 monomers into functional Cu transporting homo-trimers 

(80,83). Due to the high selectivity of Cu+, Ctr1 requires a cell surface reductase to reduce 

extracellular Cu2+ to Cu+ for transport (154,155). Loss of Cu2+ reductase activity results in 
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diminished Ctr1 mediated Cu transport. S. cerevisiae also expresses a redundant high 

affinity Cu+ transporter, Ctr3 (106). While Ctr3 also possesses a critical M-X3-M motif 

and glycine zipper, the amino-terminal metal-binding domain is significantly smaller 

than that of Ctr1. Also, while the amino-terminal domain of Ctr1 contains several 

methionine-rich regions, the Ctr3 amino-terminal domain lacks these and instead relies 

on cysteine residues for Cu+ transport. Other fungi also posses redundant high affinity 

Cu+ transporters such as Ctr4 and Ctr5 from Schizosaccharomyces pombe and Ctr1 and Ctr4 

from the distantly related Cryptococcus neoformans (156,157). Once in the cytosol Cu is 

inserted into Cu-dependent enzymes for which it serves as a co-factor, shuttled to the 

secretory compartment or mitochondria, stored inside the vacuole or bound to the Ace1 

metalloregulatory transcription factor where it activates expression of the Cu+-binding 

and detoxifying metallothioneins. In S. cerevisiae vacuolar Cu+ is mobilized to the cytosol 

by Ctr2, an integral membrane protein structurally similar to Ctr1, in concert with a 

vacuolar-localized metalloreductase (99,100). 

Multiple organisms, including, the fission yeast S. pombe, the algae 

Chlamydomonas reinhardtii, the woodlouse Oniscus asellus, and the American lobster 

Homarus americanus store Cu in a vacuolar-like compartment (158-162). Indeed, 

lysosomal/endosomal Cu stores have been identified in hepatocytes of a mouse model 

for Wilson’s disease, a genetic disorder characterized by increased hepatic Cu levels (79). 

Presumably this Cu is trapped in storage vesicles due to the inability to export Cu into 
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the bile. While there is widespread evidence for vesicular Cu stores in metazoans, it is 

currently unclear how endosomal Cu stores are mobilized to the cytoplasm.  A protein 

related to the mammalian Ctr1 high affinity Cu transporter, Ctr2, was originally 

identified based on its sequence homology to Ctr1 (92). Like Ctr1, the Ctr2 protein 

possesses three membrane-spanning domains, assembles into a homo-multimer and 

possesses an M-X3-M motif in trans-membrane domain two that is absolutely required 

for Cu transport by all bona fide Ctr1-like Cu transporter proteins.  Moreover, Ctr1 and 

Ctr2 associate in a complex in vivo, show a similar tissue-selectivity for high expression 

levels and the Ctr1 and Ctr2 genes are genetically linked in the mouse and human 

genome (163).  However, Ctr1 and Ctr2 have distinct functions in copper metabolism 

based on a number of features.  While initially proposed to function directly as a low 

affinity Cu importer at the plasma membrane, or as a lysosomal Cu exporter, work in 

our laboratory suggests that Ctr2 does not function as a direct Cu transporter, but rather 

functions as a regulator of Ctr1 Cu transport activity (91,93,95). First, while Ctr1 localizes 

to both the plasma membrane and intracellular vesicles, endogenous Ctr2 is confined to 

an endosomal compartment (27,29,97,109,120).   Second, in contrast to loss of Ctr1 which 

causes a reduction in Cu accumulation, loss of Ctr2 in mouse tissues and in isolated 

mouse embryonic fibroblasts (MEFs) results in increased cell-associated Cu. Third, Ctr2 

expression modulates cellular Cu accumulation even when both methionine residues of 

the essential M-X3-M motif, are mutated to L-X3-L (98). Fourth, unlike all other Ctr1-like 
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proteins analyzed from fungi, plants, reptiles and mammals, expression of the mouse or 

human Ctr2 protein fails to complement the Cu deficiency phenotype of S. cerevisiae cells 

lacking a functional Cu transporter (28,164).  

Consistent with the loss of Ctr2 resulting in increased cellular and tissue Cu, Ctr2 

stimulates the cleavage of the Ctr1 Cu-binding ectodomain, in a mechanism involving 

an initial, rate limiting ectodomain cleavage by the Cathepsin L endosomal protease (98). 

Cleavage of the Ctr1 ectodomain results in a truncated form of Ctr1 (tCtr1) that supports 

reduced cellular Cu accumulation as compared to full-length Ctr1. Therefore, loss of 

Ctr2 maintains full-length Ctr1, thereby driving increased Cu uptake at the plasma 

membrane. In MEFs and some cell types the increased cell-associated Cu is 

preferentially localized to endosomal compartments, suggesting a role for Ctr2 in the 

mobilization of endosomal Cu stores.  The observation that tCtr1 is capable of mediating 

the release of vesicular Cu stores, while the full length Ctr1 is not, suggests that Ctr2-

mediated generation of tCtr1 functions to regulate both Cu uptake at the plasma 

membrane and endosomal Cu mobilization by modulating the cleavage of the Ctr1 

ectodomain (4,39). Given the requirement for both Ctr2 and Cathepsin L for Ctr1 

ectodomain cleavage, and the Cu-hyper-accumulation phenotypes due to loss of either 

component, these observations support an indirect role for Ctr2 in regulating Ctr1-

mediated Cu transport at the plasma membrane and from endosomal compartments. 

Together these observations raise the question of the origin of metazoan Ctr2. 
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Here we report a biochemical and molecular phylogenetic analysis of eukaryotic 

Ctr1 and Ctr2 proteins suggesting that metazoan Ctr2 arose ~550 million years ago 

through a gene duplication event involving the Ctr1 genomic locus. The resulting Ctr2 

has since experienced a more rapid exploration of mutagenic space, a hallmark of neo-

functionalization, losing the ability to transport Cu but gaining the ability to regulate 

Ctr1 cleavage. By performing an unbiased mutagenic screen, followed by biochemical 

analyses, we isolated single point mutants of mammalian Ctr2 that restore Cu transport 

activity without loss of its function in Ctr1 ectodomain cleavage. Interestingly, these 

point mutations change Ctr2 residues that are highly conserved among metazoan Ctr2, 

into the corresponding highly conserved Ctr1 residues, thus reversing the direction of 

evolution. These studies define key residues involved in Cu transport and shine light on 

the evolutionary biochemical history of metazoan Cu homeostasis.  

 

3.2 Materials and methods 

Yeast Strains and Plasmids - All Saccharomyces cerevisiae strains have been 

previously described. Cells were routinely grown in selective media with agitation at 30 

°C. All yeast plasmids were created by cloning into the p413GPD backbone at SpeI and 

XhoI restriction sites. The plasmid containing mouse Ctr2 used for random mutagenesis 

has been previously described. For the creation of plasmids containing GFP-tagged 

variants, codon optimized gBlocks (Integrated DNA Technologies) were synthesized for 
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human Ctr1-EGFP, human Ctr2-EGFP, mouse Ctr2-EGFP, sea urchin Ctr1-EGFP, and 

sea urchin Ctr2-EGFP. Point mutations were created using the QuikChange II Site-

Directed Mutagenesis Kit (Agilent Technologies). 

Phylogenetic Analysis - Ctr protein sequences from indicated species were 

identified and retrieved from the NCBI Protein database by iterative BLAST searches. A 

Multiple Sequence Alignments (MSA) was created using MUSCLE. A species tree was 

created and downloaded from the NCBI Taxonomy database. MSA and species tree 

were then subjected to TreeBeST analysis under standard parameters. 

Ctr2 random mutagenesis - A mouse Ctr2 expression plasmid was transformed 

into XL1-Red mutagenic E. coli (Stratagene), a strain deficient in three of the primary 

DNA repair pathways which is typically used to introduce relatively conservative single 

nucleotide mutations in genes.  Mutagenesis was performed per standard protocol, and 

plasmid DNA was extracted from a pooled culture of cells.  Mutated plasmid DNA was 

transformed into ctr1Δctr3Δ yeast cells and cells were grown on selective 

media.  Colonies were then replica plated on YPEG, and colonies showing good growth 

were purified on fresh YPEG before plasmid rescue and sequencing to determine the 

nature of the Ctr2 mutation. 

Growth inhibition assay - S. cerevisiae ctr1Δctr3Δ cells were transformed with 

indicated plasmid and grown to exponential phase in selective media with agitation at 

30 °C. Cells were then transferred to a 96-well plate with to a final concentration of metal 
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as indicated. Cells were grown with agitation at 30 °C for 24 hours before OD600 was 

measured.  

Functional complementation spot assays - ctr1Δctr3Δ or ctr1Δctr3Δfre1Δ cells 

were transformed with indicated plasmid and grown to exponential phase in selective 

media with agitation at 30 °C. 10-Fold serial dilutions were spotted on YPD, ethanol 

(2%) and glycerol (3%) media (YPEG), YPEG containing 50 µM copper, YPEG containing 

10mM ascorbic acid and containing 1.5% agar and incubated for 5–7 days at 30 °C. 

Fluorescence Microscopy - The ctr1Δctr3Δ strain was transformed with indicated 

plasmid and grown in selective media to exponential phase at 30°C, washed, and 

resuspended in PBS before being pipetted onto a microscope slide containing an agar 

pad. Slide was then covered with a No 2 cover slip and sealed with vasoline before 

being imaged on a Zeiss Axio Imager. 

Rates of non-synonymous and synonymous changes - Multiple Sequence 

Alignments (MSAs) were created from either Ctr1 or Ctr2 amino acid sequences via 

alignment with MUSCLE. Amino acid MSAs were then upload to the PAL2NAL web 

server along with the DNA sequences of either Ctr1 or Ctr2, respectively, to create a 

codon alignment (165). This codon alignment was then uploaded to the Datamonkey 

webserver for subsequent analysis (166). Non-synonymous/synonymous mutation ratio 

(dN/dS) was calculated using single-likelihood ancestor counting (SLAC) analysis under 

standard parameters. Global negative selection was calculated by summing the number 
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of positions in which dN<dS (p=0.1) and dividing by the total number of MSA positions. 

Normalized dN-dS values were obtained as previously described.  Amino acid 

alignments for both Ctr1 and Ctr2 were uploaded to the ConSurf Server for conservation 

analysis with the human sequence used as the query sequence and all other parameters 

default (167). Sequence scored 1-3 were indicated as variable, 4-6 indicated as neutral, 

and 7-9 indicated as conserved. Sequence was then visualized using Protter in order to 

infer amino acid positions. 

Genomic DNA Analysis - ChIP-Seq data from the ENCODE Consortium 

visualized on the UCSC genome browser was manually inspected for the presence of 

bound factors. DNA regions between the transcriptional start site and 1000 base pairs 

upstream were investigated. For transcription factor binding site predictions, the 

ConTra web server was used (168). Briefly, human Ctr1 or Ctr2 sequences were selected 

and 500 bases upstream of the transcriptional start site was queried under standard 

parameters for the presence of predicted transcription factor binding sites. Transcripts 

from indicated species were downloaded from Ensembl genome browser 87 and 

examined for location of 5’ UTR, introns, exons, and 3’UTR. 

Metal Analysis - Mammalian and yeast total cell copper concentrations were 

measured by ICP-MS (Agilent Model 7500cs, Santa Clara, CA). Briefly, log-phase yeast 

cells were grown in SC-His media (MP Biomedicals) normalized to cell number, washed, 

and harvested into acid-washed 1.5-ml micro-centrifuge tubes. Yeast pellets were 
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dissolved 1:10 weight/volume with trace analysis grade nitric acid (Sigma). Mammalian 

cells were treated with 100 ng/ml doxycycline for 24 hours and harvested at ~80% 

confluency. Cell pellets were lysed and samples normalized to protein concentration 

before lysates were digested by addition of trace metal analysis grade nitric acid (Sigma) 

at a 1:10 volume/volume ratio. All samples were then heated at 85–95 °C for ~1 h before 

analysis. 

Protein Extraction and Immunoblotting - For the preparation of protein extracts, 

mammalian or yeast cell pellets were resuspended in ice-cold RIPA buffer (Cell 

Signaling Technology) supplemented with proteinase inhibitors (Halt Protease Inhibitor 

Mixture, Thermo Scientific); homogenates were vortexed ~10s, centrifuged at 20,000 

× g at 4 °C for 10 min, and supernatants were collected. Protein concentrations were 

measured with the BCA protein assay kit (Thermo Scientific). SDS-PAGE and 

immunoblotting were carried out by standard protocols. Antibodies used were anti 

green fluorescent protein (GFP; Sigma Aldrich), anti-phosphoglycerate kinase (PGK; 

Invitrogen) anti-cytochrome c oxidase (CoxIV; Mitosciences, Eugene, OR), anti copper 

chaperone for SOD1 (CCS; Santa Cruz Biotechnology), anti-β-tubulin (Cell Signaling 

Technology, Danvers, MA). Anti-Ctr1 antibody has been described previously. 

Horseradish peroxidase (HRP)-conjugated anti-mouse or -rabbit IgG (GE Healthcare) 

was used as secondary antibody for immunoblotting. 
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3.3 Results 

3.3.1 The Ctr2 gene appears during metazoan evolution 

In an effort to understand the origins of mammalian Ctr2, 125 Ctr protein 

sequences from a wide variety of eukaryotic organisms were analyzed via a molecular 

phylogenetic approach. Rather than solely constructing a sequence alignment and 

performing maximum likelihood estimation, we sought to utilize well-established 

taxonomy data to inform tree building (169). To this end, we built a Ctr phylogenetic 

tree guided by a species tree utilizing the program TreeBeST, coupled with curated 

taxonomic data from NCBI (170). Both mismatch and Jones-Taylor-Thornton (JTT) 

distance models yielded two clusters of proteins, corresponding to either Ctr1 or Ctr2. 

All species analyzed contained at least one copy of Ctr1. Analysis of species harboring a 

Ctr2-encoding gene suggests that at the beginning of the metazoan lineage, here 

represented by the sea sponge Amphimedon queenslandica, Ctr2 was not present. At 

the time of the protostome/deuterostome divergence, ~550 million years ago, Ctr2 

appeared and was maintained in subsequent species, with the notable exception of the 

phylum Arthropoda (171). This is in agreement with previous studies that identified and 

analyzed the Drosophila melanogaster Ctr proteins, Ctr1A, Ctr1B, and Ctr1C, indicating 

that all three have Cu+ transport activity and suggest that they are more closely related 

to Ctr1 rather than Ctr2 (31,35,37).  
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A key functional difference between mammalian Ctr1 and Ctr2 is that Ctr1 acts 

as a functional Cu transporter when expressed in S. cerevisiae cells lacking endogenous 

high affinity Cu transporters, while Ctr2 does not show Cu transport in this sensitive 

yeast assay (163). To test the Ctr1 versus Ctr2 protein assignments made by the Ctr 

phylogeny tree generated, the ability of Ctr1 and Ctr2 proteins to transport Cu was 

interrogated by their ability to support the growth of ctr1Δctr3Δ S. cerevisiae cells on 

non-fermentable media (YPEG), which requires a functional, Cu loaded cytochrome c 

oxidase (67).  The assigned Ctr1 and Ctr2 proteins from the sea urchin Strongylocentrotus 

purpuratus were used to test this prediction. S. purpuratus cDNAs encoding the predicted 

Ctr1 and Ctr2 proteins were sub-cloned into yeast expression vectors containing a 

carboxyl-terminal GFP fusion and tested for the ability to support YPEG growth in S. 

cerevisiae ctr1Δctr3Δ cells. In agreement with the phylogenic prediction model, sea 

urchin Ctr1 restored growth on YPEG, while expression of Ctr2 did not support Cu-

dependent growth. Both Ctr1 and Ctr2 were expressed and localized to the plasma 

membrane and as well as the vacuole. These results suggest that the gene referred to as 

mammalian Ctr2 is uniquely metazoan and was not present in lower organisms, but 

appears around the time of the protostome/deuterostome divergence. 
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Figure 10: Ctr2 appearance through evolution as a uniquely metazoan gene. (A) 
Ctr protein sequences from the indicated species were identified and retrieved from the 
NCBI Protein database by iterative BLAST searches. Sequences were aligned with 
MUSCLE and subjected to TreeBeST analysis to reveal which species possesses 
predicted Ctr1 and/or Ctr2. The species tree was created from the NCBI Taxonomy 
database. A blue dot represents the predicted appearance of Ctr2 while the red dot 
represents the predicted loss of Ctr2. Species classification is shown to the right. (B) S. 
cerevisiae ctr1Δctr3Δ cells were transformed with indicated plasmids and plated on the 
indicated media. (C) The same yeast strains as in (B) were inspected by fluorescence 
microscopy and photographed. 

 

3.3.2 Ctr2 has not experienced mutational stringency to the same 
degree as Ctr1 

A number of mechanisms have been suggested to drive the appearance of new 

genes, including horizontal gene transfer, chimeric gene fusion between portions of 

existing genes either through recombination as DNA or via an RNA intermediate, as 

well as the de novo origination of genes from a previously nonfunctional genomic 

sequence (172,173). Due to the sequence and overall structural similarities between the 

mammalian Ctr1 and Ctr2 proteins, we hypothesized that Ctr2 may have arisen from 

gene duplication followed by neo-functionalization (174). A hallmark of neo-

functionalization is that the daughter gene undergoes more rapid mutation compared to 

the parental gene due to the pressure on the parental copy to maintain function, while 

the daughter copy is free to explore evolutionary space. To determine if Ctr2 has 

experienced a greater mutational force over time, we compiled Ctr1 and Ctr2 sequences 

from 35 metazoan species and compared the ratio of non-synonymous mutations, 
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nucleic acid changes that alter the protein sequence, to synonymous mutations, those 

that do not alter the protein sequence, referred to as dN/dS. Indeed, Ctr2 shows a higher 

global dN/dS ratio than Ctr1, as would be expected from a duplicated and neo-

functionalized gene (175,176). When dN and dS are examined on an individual codon 

basis, Ctr1 has a much higher percentage of codons displaying dN<dS (negative 

selection) than Ctr2.  

To identify if there are regions of Ctr1 and Ctr2 most subject to negative 

selection, codons which are significantly selected for are displayed with the protein 

topology overlaid (Figure 2C). This analysis shows that with the exception of the 5’ most 

region, encoding the amino-terminal region of the protein, Ctr1 is subject to similar 

negative selection across the entirety of the gene. However, while Ctr2 was negatively 

selected for preferentially in regions encoding the three transmembrane domains, 

regions predicted to encode soluble portions of the protein, such as the amino- and 

carboxyl-termini and the loop between transmembrane domains one and two, are not 

subjected to negative mutational pressure. To visualize the amino acids most subject to 

mutation the human Ctr1 and Ctr2 sequences were analyzed via the ConSurf server 

(167). Residue conservation agrees with dN/dS analysis in that the ectodomain of Ctr1 is 

highly variable over time, but the remainder of the protein is highly conserved among 

Ctr1 proteins. Along with the demonstration that the lack of a functional Ctr1 is 

embryonic lethal (25,40), while mice lacking Ctr2 do not show an overt growth 
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phenotype, this analysis suggests that Ctr2 was more free to explore mutagenic space 

than Ctr1. The suggestion that mutation of Ctr1 is more detrimental to organismal 

fitness than mutation of Ctr2 supports a model in which Ctr2 arose via Ctr1 duplication 

and neo-functionalization.  
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Figure 11: Ctr2 demonstrates relaxed purifying selection. (A) Predicted Ctr 
family genes from 51 metazoan species were aligned and SLAC analysis performed 
under standard parameters using the Datamonkey server. Global dN/dS values are 
reported. (B) The number of individual codons from the Ctr1 or Ctr2 DNA alignment 
that display negative selection (p ≤ 0.05) were divided by the number of total codons in 
the Ctr1 or Ctr2 alignment, respectively. (C) Normalized dN-dS values for each codon 
displaying selection (p ≤ 0.05) for Ctr1 and Ctr2 alignments are plotted. NH2 and COOH 
represent the protein amino- and carboxyl-termini, respectively. Cylinders represent 
transmembrane domains. (D) Protein sequences from metazoan Ctr1 and Ctr2 were 
aligned and analyzed for conservation with the ConSurf server using a Bayesian 
evolution method. Shown are the human Ctr1 and Ctr2 proteins with amino acids that 
represent variable (blue), neutral (white), or conserved (red) positions. Arrows point to 
highly conserved M-X3-M motif necessary for Cu transport. Asterisks denote residues 
F77 and E91 in human Ctr1 as well as L34 and K47 in human Ctr2. 

 

3.3.3 Ctr2 and Ctr1 possess similar promoter protein binding sites  

Gene duplication can occur from the duplication of a segment of DNA as well as 

the expression and retro-transposition of RNA inserted into chromosomal DNA (172). In 

the later case, the newly duplicated gene would be expected to be under the control of 

an entirely different promoter as compared to the parental gene. To probe the nature of 

gene duplication event that gave rise to Ctr2, the genomic architecture for human Ctr1 

and Ctr2 was compared. Analysis of ChIP-Seq data from the human ENCODE project 

shows a significant overlap in the repertoire of proteins bound within a 1000 base pair 

region upstream of the transcription start site for Ctr1 and Ctr2, suggesting that a similar 

set of transcription factors controls the expression of the Ctr1 and Ctr2 genes (177). To 

investigate this in more detail, 500 base pairs upstream of the transcription start sites for 

Ctr1 and Ctr2 were analyzed from ten separate species with the ConTra promoter 
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alignment tool (168). Four transcription factors broadly involved in blood cell 

development, epithelial formation, immune response, and stem cell maintenance (Gfi1, 

Elf5, Nfatc2, and Klf4) were found to be highly conserved in the ten species analyzed in 

both Ctr1 and Ctr2, thus suggesting similar transcriptional regulation. Consistent with 

this observation, we previously demonstrated that Ctr1 and Ctr2 mRNA levels are 

similar across a number of human and mouse tissues (92,163). Both Ctr1 and Ctr2 

transcript levels are high in the liver, which functions as the primary Cu storage organ, 

but relatively low in skeletal muscle, presumably due to the differentiated nature of this 

cell type.  
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Figure 12: The Ctr1 and Ctr2 genes contain similar promoter elements. (A) 
DNA regions 1 kb upstream of the transcription start site, located at the 5′ region of the 
5′ UTR, for Ctr1 and Ctr2 were identified via the UCSC Genome Browser, and ChIP-seq 
data from the ENCODE Consortium were analyzed. Proteins that bound to both 
promoters are displayed in the center of the Venn diagram, whereas those found to 
occupy only one of the two promoters are shown in the non-overlapping portion of the 
diagram. (B) Ctr1 and Ctr2 promoters from the indicated 10 species were analyzed with 
the ConTra v2 server under standard parameters for predicted transcription factor 
binding sites. Transcription factors are displayed as colored blocks placed above their 
binding location. A black rectangle indicates the predicted presence of a transcription 
factor-binding site in the indicated species. 

 

3.3.4 The genomic regions of Ctr1 and Ctr2 are similar except for a 
single exon  

If Ctr2 arose from a duplication of the Ctr1 genomic locus, rather than through 

the retro-transposition of an RNA intermediate, the two genes would be expected to 

have a similar arrangement of introns and exons. To address this, we examined the 

genomic architecture of Ctr1 and Ctr2 from the fully sequenced human, cow, mouse, 

and zebrafish genomes. The overall intron/exon architecture shows 4 coding exons for 

both transcripts, with the Ctr1 gene containing a non-coding exon at the 5’ end of the 

transcript. While the final 3 exons are of similar size throughout all species examined, 

there exists a notable difference between Ctr1 and Ctr2 in the first coding exon. For Ctr1, 

this exon codes for a large metal binding domain rich in His, Met, and Cys residues. In 

all Ctr2 genes examined, this first exon encodes only 2 amino acids, one of which is the 

initiator methionine. It appears that although the 5’ (promoter) and 3’ regions of the Ctr1 

gene were retained in Ctr2, the first exon was largely deleted, generating a Ctr2 coding 
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region which would lack an amino-terminal metal binding ectodomain, perhaps 

explaining the lack of Cu transport activity observed for Ctr2. 
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Figure 13: Ctr2 genomic loci are similar to Ctr1 but lack an exon coding for the 
copper-binding ectodomain. (A) genomic data for Ctr1 and Ctr2 from the listed species 
were downloaded from Ensembl and aligned to compare intron/exon structure. Exons 
are represented by green (Ctr1) and orange (Ctr2) rectangles, whereas introns are 
displayed as black lines. Purple rectangles represent UTRs. (B) depiction of the general 
architecture of Ctr genes with regions encoding the metal binding ectodomain, the 
intracellular loop, three transmembrane domains, and the cytosolic tail. Ctr1 and Ctr2 
share a similar intron/exon structure, with the notable exception that Ctr2 lacks the exon 
coding for a large ectodomain. The dashed red line indicates the region of difference. 

 

3.3.5 Addition of a metal-binding ectodomain cannot mediate the 
ability of Ctr2 to rescue respiration-dependent growth 

To test this possibility, a Ctr1-Ctr2 chimera was constructed in which the first 42 

amino acids from human Ctr1, comprising the Cu-binding ectodomain, were fused to 

Ctr2 at the amino-terminus. It has been suggested that the Ctr1 ectodomain functions to 

concentrate Cu ions at the mouth of the transmembrane pore and thus increase the local 

concentration of Cu available to be transported (85,87,88,178-180). We hypothesized that 

this function will allow Ctr2 to rescue Cu transport dependent growth, however, 

addition of the Ctr1 ectodomain to Ctr2 was not able to confer growth on non-

fermentable media, despite the observation that both Ctr2 and Ctr1 (1-42) + Ctr2 were 

expressed as GFP fusion proteins localized to the plasma membrane and vacuole. This 

suggests that deletion of the Ctr1 first coding exon, resulting in the absence of a large 

ectodomain, is not solely responsible for the lack of Cu transport function for Ctr2.  
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Figure 14: A metal-binding ectodomain is not sufficient to induce Ctr2-
mediated rescue of respiration-dependent growth. (A) model showing monomeric full-
length human Ctr1 and Ctr2 along with a chimeric protein consisting of the first 42 
residues of Ctr1 fused to Ctr2. Metal-binding Met and His residues are indicated in blue 
and red, respectively, and glycans are indicated with branches. (B) the indicated proteins 
were expressed in S. cerevisiae ctr1Δctr3Δ cells and plated onto the indicated growth 
medium. (C) the same cells as in B were evaluated by fluorescence microscopy and 
photographed. DIC, differential interference contrast. 
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3.3.6 Ctr2 mutants identified from a random mutagenesis screen are 
capable of rescuing respiration-dependent growth 

To explore sequences that account for Cu transport differences between Ctr1 and 

Ctr2, we hypothesized that it should be possible to “reverse” these mutations to create a 

Cu transport-competent Ctr2. An unbiased mutagenic screen was developed in which 

yeast-E. coli shuttle plasmids encoding mouse Ctr2 were propagated in DNA repair 

deficient E. coli. Sequencing validated that each Ctr2 gene harbored an average of 1 to 2 

point mutations. The mutated plasmid pool was transformed into ctr1Δctr3Δ yeast cells 

and selected on YPEG medium, in which only cells harboring Cu transport activity 

grow. Of 26,000 colony forming units plated on YPEG, 34 independent transformants 

grew. Plasmids rescued from these transformants were sequenced and represent six 

unique Ctr2 mutants, with each plasmid containing only one mutation per gene. Of the 

six unique mutations identified, two showed significantly more robust growth than the 

others and were examined in more detail.  

These two variants of interest harbored Ctr2 changes at codons L34F and K47E, 

respectively. To verify that these mutations are solely responsible for the observed 

growth on YPEG, these same changes were separately introduced into the mouse Ctr2 

coding region, fused with a carboxyl-terminal EGFP tag and recipient ctr1∆ ctr3∆ cells 

plated on YPEG. While both individual mutations are able to rescue growth of this strain 

lacking endogenous high affinity Cu transporters, K47E does not complement as well as 

L34F. When combined, the double mutant K47E/L34F supports enhanced growth 
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relative to either single mutations, and is dependent on the M-X3-M motif in 

transmembrane domain 2 that is absolutely required for Cu+ transport by all known Ctr1 

proteins (32,181). As the screen was performed using mouse Ctr2, the corresponding 

mutations were made in a separate yeast vector expressing human Ctr2 fused to a 

carboxyl-terminal EGFP tag, to test this observation in another mammalian Ctr2. 

Although expression of the human Ctr2 K47E allele was unable to rescue growth, Ctr2 

L34F demonstrated Cu-transport-dependent growth. Moreover, ctr1∆ ctr3∆ cells 

expressing human Ctr2 harboring both mutations shows enhanced growth beyond 

either mutation alone, suggesting that the K47E mutation is necessary for the conversion 

of Ctr2 into a high-affinity Cu transport-competent molecule. As with the mouse Ctr2 

variant proteins, the M-X3-M motif is required for copper-dependent growth in this 

context.  
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Figure 15: Random mutagenesis identifies Ctr2 mutants capable of rescuing 
respiration-dependent growth in yeast. (A) scheme depicting the strategy for isolating 
Ctr2 mutants capable of copper-dependent growth. Ctr2 expression vectors were 
transformed into XL-1 E. coli and propagated for 24 h before plasmid harvest. The 
plasmid pool was transformed into S. cerevisiae ctr1Δctr3Δ cells and plated on YPEG 
medium. Colonies were isolated, and plasmids were sequenced. (B) table displaying the 
six unique Ctr2 mutations capable of conferring growth on YPEG. (C) cells containing 
the indicated mouse genes were spotted onto the indicated medium. MXXXM indicates 
mutation of transmembrane domain two methionine residues critical for Cu transport 
activity to leucine. (D) mutations that were identified in the mouse Ctr2-coding region 
were mutated in the human Ctr2 gene and assayed for growth in a manner similar as in 
(C). 

 

3.3.7 Ctr2 mutants are biochemically similar to Ctr1 and are able to 
increase cellular copper levels 

Inspection of the K47E and L34F amino acid substitutions revealed that both of 

the mutations were in residues that are highly conserved in Ctr2. This suggests that 

there has been a selection for these residues and that evolutionary pressure exists to 

maintain Ctr2 in a state that is not capable of supporting Cu transport. Surprisingly, 

these mutations convert highly conserved Ctr2 residues into the identical residue found 

at the same position in Ctr1. Moreover, these residues in Ctr1 are highly conserved, 

suggesting they have been selected over time to maintain Ctr1 Cu+ transport activity. 

Thus, these mutations “revert” Ctr2 into a more Ctr1-like state that rescues growth on 

medium requiring a functional Cu transporter to provide Cu to cytochrome c oxidase.  

To stimulate Cu-dependent yeast cell growth, the Ctr2 mutants could either 

transport extra-ceullar Cu into the cytosol or mobilize vacuolar Cu stores. Fluorescence 
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microscopy of cells expressing the EGFP-tagged human Ctr2 and mutant derivatives 

revealed that wild type and mutant Ctr2 fusion proteins localize to both the vacuole and 

the plasma membrane, a pattern typical for over-expressed membrane proteins. 

Immunoblotting for the Ctr2-EGFP fusions showed that the wild type and mutant 

proteins are expressed at similar levels. Together, these data indicate that the mutations 

in Ctr2 do not grossly alter the stability or localization of the proteins expressed in yeast 

relative to wild type Ctr2. To determine if expression of the Ctr2 variants alters Cu levels 

in yeast ctr1∆ ctr3∆ cells, ICP-MS analysis was used to measure total cell-associated Cu 

levels.  Human Ctr1 was expressed as a positive control, which dramatically increased 

cellular Cu levels compared to cells harboring the empty vector.  Expression of human 

Ctr2 L34F, but not K47E, led to increased cell-associated Cu levels, which were further 

increased in cells expressing the Ctr2 L34F/K47E allele, in agreement with the enhanced 

Cu-dependent growth observed with the Ctr2 double mutant. These observations 

suggest that the Ctr2 mutants selected for Cu-dependent growth in yeast also support 

the accumulation of Cu in yeast cells in a manner dependent on the conserved M-X3-M 

motif, which is essential for Cu+ transport by Ctr1.  
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Figure 16: Ctr2 mutants are biochemically similar to Ctr1 and increase total 
cellular copper accumulation. (A) Ctr1 and Ctr2 from the indicated species were 
aligned with MUSCLE. The two Ctr2 residues identified from the mutagenic screen, 
L34F and K47E, and the corresponding residues in Ctr1 are highlighted in purple and 
cyan, respectively. (B) S. cerevisiae ctr1Δctr3Δ cells transformed with the indicated 
plasmids were inspected by fluorescence microscopy and photographed. DIC, 
differential interference contrast. (C) the same cells as in B were harvested and 
immunoblotted with anti-GFP and PGK1 antibodies. (D) the same cells as in (B) were 
analyzed by ICP-MS to determine whole-cell copper levels. Data are presented as mean 
± S.E. from five biological replicates. **, p ≤ 0.01; ***, p ≤ 0.001. 

 

3.3.8 Copper transporting mutations also confer increased sensitivity 
to cadmium   

A hallmark of the Ctr1 Cu transporters is their exquisite specificity for 

transporting Cu+ rather than Cu2+. To investigate if the Cu transport-competent Ctr2 

mutants display specificity for Cu+, the human Ctr2 mutants were expressed in a 

ctr1Δctr3Δfre1Δ yeast strain that lacks both the endogenous high affinity Cu 

transporters and a major cell surface Cu2+ metalloreductase, Fre1, that is required for 

Ctr1 and Ctr3 function (154,155). The Ctr2 mutants that support Cu-dependent growth 

in ctr1∆ ctr3∆ cells did not support growth when expressed in an isogenic strain also 

lacking the Cu2+ metalloreductase Fre1. When the medium was supplemented with the 

Cu2+ reducing agent ascorbic acid, Ctr2 L34F and Ctr2 L34F/K47E rescued Cu-dependent 

growth in both the ctr1∆ ctr3∆ and ctr1∆ ctr3∆ fre1∆ strains. This suggests that the Ctr2 

mutants, like Ctr1, preferentially transport Cu+ over Cu2+. 
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Silver (Ag+) is isoelectric with Cu+, with both metals possessing thiophilic 

binding properties, and when administered to biological systems Ag+ can serve as a 

toxic mimetic for Cu+ dependent processes (67). Ctr1 has previously been shown to 

mediate Ag+ transport and sensitizes cells to Ag+ toxicity (38). Therefore, to further 

evaluate the Cu ion preferred by Ctr2 mutant proteins, yeast cells expressing the human 

Ctr2 Cu+-transport competent mutants were evaluated for Ag+ resistance. Indeed, yeast 

ctr1∆ ctr3∆ cells expressing Ctr2 L34F or Ctr2 L34F/K47E were significantly sensitized to 

a range of Ag+ concentrations, although not to the same degree as cells expressing Ctr1. 

This is in accordance with the observation that these cells also accumulate less Cu than 

do Ctr1 expressing cells. Interestingly, although the human Ctr2 K47E mutant does not 

rescue growth on YPEG or increase cellular Cu, it does sensitize cells to Ag+ toxicity as 

compared to vector while WT Ctr2 does not sensitize cells as compared to vector alone. 

This could be due to the extreme toxicity of low levels of Ag+, even if transport is 

minimal. To explore the metal-specificity for transport by the Ctr2 mutants, cells were 

exposed to several transition metals, over a range of concentrations, and analyzed for 

growth. Zinc, nickel, lithium, cobalt, manganese, lead, and mercury showed no 

difference in toxicity as a function of wild type or mutant Ctr2 expression (data not 

shown). However, the Ctr2 L34F/K47E variant, but not the Ctr2 L34F mutant, showed 

increased sensitivity to cadmium (Cd) for growth. The increased Cd toxicity of yeast 

cells expressing a Cu+-transport competent variant of Ctr2 is not a function of increased 
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cellular Cu, as expression of Ctr1 did not increase Cd toxicity. Moreover, the Cd toxicity 

associated with Ctr2 L34F/K47E expression depends upon the M-X3-M motif necessary 

for Cu+ transport by both this Ctr2 variant and by Ctr1.  
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Figure 17: Ctr2 transport activating mutations impart selectivity for Cu+ and 
increase cadmium sensitivity. (A) S. cerevisiae ctr1Δctr3Δ and ctr1Δctr3Δfre1Δ cells were 
transformed with the indicated expression plasmids and plated on the indicated 
medium, with wedges indicating decreasing cell density plated. (B) S. cerevisiae 
ctr1Δctr3Δ cells were transformed with the indicated plasmids, transferred to medium 
containing the indicated concentration of AgNO3, and grown for 24 h with agitation at 
30 °C. Data are shown as percent growth of strain grown in medium without treatment, 
with the histogram displaying data for growth in 1.56 µM AgNO3. (C) S. cerevisiae 
ctr1Δctr3Δ cells were transformed with the listed plasmids and transferred to medium 
containing the indicated amount of CdCl2 and grown for 24 h with agitation at 30 °C. 
Data are shown as percent growth of strain grown in medium without treatment, with 
the histogram displaying data for growth in 1.95 µM CdCl2. *, p ≤ 0.05; ***, p ≤ 0.001. 

 

3.3.9 Copper transport capable Ctr2 mutants increase bioavailable 
copper in mammalian cells while still functioning to induce Ctr1 
cleavage   

To test the Cu transport function of the Ctr2 mutants that enhance yeast Cu 

accumulation and Cu-dependent growth in mammalian cells, MEFs lacking both the 

Ctr1 and Ctr2 genes were stably transfected with a plasmid expressing human Ctr1, 

wild type human Ctr2 or the human Ctr2 L34F/K47E mutant, fused to EGFP.  Expression 

of Ctr1 and Ctr2 L34F/K47E led to increased COXIV levels, and decreased levels of the 

CCS Cu Chaperone for SOD1, compared to WT Ctr2. Furthermore, Ctr1-/- Ctr2-/- MEFs 

expressing Ctr1 or the Ctr2 L34F/K47E variant accumulate significantly more Cu 

compared to cells expressing WT Ctr2. A previous report suggested that Ctr2 resides 

primarily on intracellular vesicles but also partially at the plasma membrane (93,163). 

We hypothesize that the increase in Cu observed here is a result of extracellular Cu 

imported from the population of Ctr2 localized to the plasma membrane. While it 



 

99 

cannot be ruled out that the L34F/K47E mutations alter Ctr2 trafficking so that a larger 

percentage is present at the plasma membrane, the previous S. cerevisiae experiments 

suggest that the L34F/K47E mutations impart a gain of function to import extracellular 

Cu into the cell. Taken together, these results demonstrate that the Ctr2 variant that 

enhances Cu accumulation and Cu-dependent growth in yeast cells also supports 

enhanced Cu accumulation in mammalian cells.  

Mammalian Ctr2 physically interacts with Ctr1 and stimulates the processing of 

the Ctr1 Cu-binding ectodomain in a manner involving cathepsin L protease as the rate-

limiting step (98,163).  Although the Ctr2 L34F/K47E mutant is sufficient to support Cu 

transport by Ctr2 in mammalian cells, the ability of this Ctr2 variant to stimulate 

cleavage of the Ctr1 ectodomain was assessed. Mouse embryonic fibroblasts lacking 

Ctr2, but expressing endogenous Ctr1 were stably transfected with a doxycycline 

inducible cassette expressing either wild type human Ctr2 or the mutant variants. As 

previously reported, cells lacking Ctr2 show very low levels of tCtr1. However, when 

either wild type or the mutant variants of Ctr2 were expressed by doxycycline 

administration truncated Ctr1 (tCtr1) levels increased at the expense of full–length Ctr1. 

These data demonstrate that the amino acid changes in Ctr2 that are required for Cu 

transport, are not required for Ctr2-mediated cleavage of the Ctr1 Cu-binding 

ectodomain. 
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Figure 18: Ctr2 transport-activating mutations increase bioavailable copper in 
mammalian cells while supporting Ctr1 ectodomain cleavage. (A) Ctr1−/−/Ctr2−/− MEFs 
containing the indicated gene were treated with 100 ng/ml doxycycline for 24 h, 
harvested, and immunoblotted with anti-Ctr1 (T, truncated; F, full-length), anti-GFP, 
anti-CoxIV, anti-CCS, and anti-tubulin antibodies. (B) the same samples as in (A) were 
prepared for ICP-MS analysis of whole-cell copper levels. Data are presented as mean ± 
S.E. from four biological replicates. *, p ≤ 0.05; ***, p ≤ 0.001. (C) Ctr2−/− MEFs containing 
the indicated gene were treated with 100 ng/ml doxycycline (Dox, +) or PBS (−) for 24 h, 
harvested, and immunoblotted. (D) model for the appearance of Ctr2 during evolution. 
The single Ctr1 gene underwent a gene duplication to give rise to Ctr2, lacking the 
coding information for a copper-binding ectodomain. The new Ctr2 gene then 
underwent at least two mutational events that led to a loss in the ability to transport Cu 
and a gain in the ability to stimulate the Cathepsin L-mediated cleavage of the Ctr1 
ectodomain. 

 

3.4 Discussion 

The ability to acquire, store and mobilize Cu ions is critical to maintaining 

normal growth and development under conditions of both Cu sufficiency and 

limitation. While several fungal species express dedicated vacuolar Cu efflux 

transporters, such as Ctr2 in S. cerevisiae and Ctr6 in S. pombe, the mechanisms by which 

Cu is mobilized from endosomal pools is not well understood in other organisms 

(99,182). Previous reports suggest that mammalian Ctr2 functions to export endosomal 

Cu stores (91). Here we suggest that Ctr2 arose through a gene duplication event 

followed by neo-functionalization. 

Comparative analyses coupled with mutagenesis and functional studies support 

a model in which the metazoan lineage originally contained a single gene, Ctr1, that 

functioned to transport Cu into cells. Near the protostome-deuterostome split during 
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evolution, the Ctr1 genomic locus may have largely duplicated to form a nascent Ctr2 

locus. Indeed, in both the mouse and human genome the Ctr1 and Ctr2 genes are closely 

linked, although this is not the case for all metazoans (163). The analysis of negative 

selection pressure suggests that the new Ctr2 gene explored significantly more 

mutagenic space than the original Ctr1 gene. Given the essentiality of Cu for normal 

growth, and for Ctr1 in embryonic development in mammals, this could be due largely 

to the pressure for Ctr1 to preserve residues required for Cu transport (25,40). As a 

consequence, Ctr2 may have lost the ability to transport Cu, while gaining the ability to 

stimulate cleavage of the Ctr1 Cu-binding ectodomain in concert with the cathepsin L 

protease. While the changes in Cu transport activity between full-length Ctr1 and tCtr1 

have not yet been validated in a purified system, data suggest that Ctr2- and cathepsin 

L-dependent cleavage of the Ctr1 ectodomain has two consequences. First, tCtr1 at the 

plasma membrane has decreased Cu import activity compared to Ctr1. Second, 

expression of tCtr1 supports the mobilization of endosomal Cu pools to a greater extent 

than does Ctr1 (163).  

While consistent with another report suggesting that Ctr2 plays a role in 

lysosomal/endosomal Cu mobilization, data shown here and published studies suggest 

that rather than serving as a direct Cu exporter, Ctr2 plays an indirect role in this 

process, through stimulating the cleavage of Ctr1. Previous studies demonstrate that 

Ctr1 ectodomain cleavage requires the action of Ctr2, which forms a complex in vivo 
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with Ctr1 and partially co-localizes on recycling endosomes (98,163). This suggests that 

Ctr2 either hetero-oligomerizes with Ctr1, perhaps through their conserved glycine 

zipper domains, or that the two proteins interact as homo-trimers of Ctr1 and Ctr2.  

While Ctr2 facilitates Ctr1 ectodomain cleavage independently of the M-X3-M motif in 

the second transmembrane domain, it may have retained this motif for other functions 

such as for sensing endosomal Cu levels, since this region of Ctr2 is predicted to be 

positioned on the luminal side of the endosome. 

An intriguing observation from our inspection of Ctr2 proteins in nature is that 

the Arthropoda lineage lacks a Ctr2 homologue. Indeed, previous studies of the three D. 

melanogaster Ctr proteins (Ctr1A, Ctr1B and Ctr1C) demonstrated that they are all 

functional homologues of Ctr1 that have either systemic or tissue-specific functions 

(31,35,37). It is uncertain then as to how Drosophila and other Arthropoda store and 

mobilize Cu. Perhaps an explanation can be found in a report describing the role of 

polyphosphate-rich granules in mediating Cu storage in the midgut of velvet bean 

caterpillar Anticarsia gemmatalis (183). Indeed, phosphate co-localizes within the Cu 

storage organelle in C. reinhardtii, the acidocalcisomes, and these same organelles have 

been shown to exist in the insect lineage (160,184).  

In considering the mobilization of intracellular Cu pools, it is also informative to 

understand how these pools are generated. P-type Cu transporting ATPases both load 

Cu into secretory vesicles, as well as pump excess Cu across the plasma membrane into 
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the extracellular environment (185). Higher metazoans possess two distinct P-type 

ATPase-encoding genes, ATP7A and ATP7B, that when mutated give rise to Menkes or 

Wilson’s disease, respectively (19). Our analysis, coupled with a previous report, suggest 

that ATP7A and ATP7B appear to have undergone a gene duplication at approximately 

the same time as Ctr2 (22). However, lower metazoans such as Drosophila and C. elegans, 

prior to the split of Chordata, possess a single copy of this Cu pump, ATP7.  Interestingly, 

the ATP7B and Ctr2 proteins are most highly expressed in the liver, the primary organ 

for Cu storage. Prior to the appearance of these two genes, no species is known to 

possess a liver. Perhaps the evolution of the liver, which among many other functions 

serves in Cu storage, necessitated the evolution of a unique set of Cu transporting 

proteins. Also of note is that ATP7A and ATP7B, while traditionally thought to reside at 

the Golgi, partially localize to intracellular vesicles (186,187). As it is currently unknown 

how Cu enters the vesicular storage pools, we speculate that these Cu pumps may be 

responsible for loading the Cu storage compartments.  Also of interest is 

metallothionein, an intracellular metal binding and detoxification protein that has been 

implicated in Cu storage (13,188). Humans, and other higher eukaryotes contain 

expanded repeats of metallothionein genes (189). Perhaps duplication of the Cu 

importer, exporter, and storage genes contributed to increased organismal plasticity.  

It is important to note that although the mammalian Ctr2 and the fungal 

Ctr2/Ctr6 proteins both function to mobilize Cu from intracellular stores, they may 
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accomplish this goal in mechanistically different ways.  Ctr2 from S. cerevisiae or Ctr6 

from S. pombe directly transports Cu from the vacuole lumen to the cytosol, while our 

data suggest that mammalian Ctr2 induces the proteolytic cleavage of full-length Ctr1 to 

generate a transporter capable of vesicular Cu transport (98,99,182). In this sense Ctr2 is 

an example of separate organisms independently evolving a similar function, vesicular 

Cu mobilization, through two separate methods. This type of convergent evolution is 

now widely documented with examples ranging from independent evolution of 

myoglobin net surface charge in deep diving animals, hemoglobin function of high-

altitude hummingbirds, transcriptional profiles of electric organs in fish and eels, and 

genes linked to auditory and visual processes involved in echolocation in dolphins and 

bats (190-195). The notion that biology has found multiple ways to develop a 

homeostatic storage mechanism underscores the importance of Cu homeostasis to 

physiological processes.  

 

4. Biochemical characterization of Ctr1 Cu transporters 
from a thermophilic fungus reveals insights into 
mechanism for Cu transport 

4.1 Introduction 

Copper is an essential metal utilized by a variety enzymatic processes such as 

but not limited to pigmentation, neuropeptide biogenesis, ATP generation, 

neuropeptide maturation, superoxide disproportionation, and connective tissue 
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maturation (16,18,19,49,50,67,151). Given this wide utilization of Cu, it is of little surprise 

that early during eukaryotic evolution cells developed a transporter capable of 

specifically importing Cu. This family, known as the copper transporter (Ctr) family, is 

highly conserved across all eukaryotes from fungi to humans (101). Despite numerous 

genetic studies that have highlighted the importance of Ctr proteins in Cu acquisition, 

little information exists on the precise biochemical mechanisms by which Ctr proteins 

mediate Cu transport.  

Initially Ctr proteins were presumed to function as transporters, as their name 

suggests, based upon observed cell culture studies utilizing mammalian Ctr1 

(26,30,92,105,106). These data revealed a concentration dependent and saturable rate of 

transport that is consistent with the known function of classical transporter proteins. 

However, this assumption was complicated by the later observation that Cu induces the 

endocytosis of Ctr1, resulting in an artificially reduced observed rate of transfer 

(4,27,32,38). Furthermore, an ~7Å cryo-EM model of human Ctr1 revealed a pore-like 

structure reminiscent of an ion channel and suggested that Ctr1 might function as an ion 

channel rather than a typical transporter (81,82). Despite these observations being made 

over a decade ago, the molecular mechanisms by which Ctr proteins facilitate Cu 

transport across membranes has not been elucidated. One hurdle preventing this level of 

understanding lies in the difficulties involved in obtaining large preparations of pure, 
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stable protein that is amenable to biochemical characterization and an in vitro assay in a 

purified system. 

Thermophilic organisms have proven to be valuable sources of stable, well-

folded proteins and have led to the ability to characterize families of proteins in which 

homologues from mesophilic organisms, such as humans and mice, were not amenable 

to over-expression and purification (196-199). This is likely due to the increased demand 

for protein stability in natural environments that can reach over 100°C. In this study we 

mined the genome of a recently sequenced thermophilic fungus, Chaetomium 

thermophilum, for Ctr family members. Our search revealed three Ctr homologues that all 

function as copper transporters. These proteins were amenable to the addition of affinity 

tags, large scale purification, and demonstrate desirable stability after purification. With 

these model Ctr proteins we then developed, to our knowledge, the first in vitro Ctr Cu 

transport assay and validated the specificity of this assay via mutagenesis of key 

residues required for Cu transport by Ctr family members. These proteins and the newly 

developed Cu transport assay will allow for further characterization of the Ctr family of 

transporters and a greater understanding of how organisms acquire an essential 

nutrient.  
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4.2 Materials and methods 

Yeast Strains and Plasmids - All Saccharomyces cerevisiae strains have been 

previously described. Cells were routinely grown in selective media with agitation at 30 

°C. All yeast plasmids were created by cloning into the p413GPD backbone at SpeI and 

XhoI restriction sites. For the creation of plasmids containing Chaetomium thermophilum 

Ctr variants, codon optimized gBlocks (Integrated DNA Technologies) were 

synthesized. Point mutations were created using the QuikChange II Site-Directed 

Mutagenesis Kit (Agilent Technologies). 

Phylogenetic Analysis - Ctr protein sequences from indicated species were 

identified and retrieved from the NCBI Protein database by iterative BLAST searches. A 

Multiple Sequence Alignments (MSA) was created using MUSCLE.  

Functional complementation spot assays - ctr1Δctr3Δ cells were transformed 

with indicated plasmid and grown to exponential phase in selective media with 

agitation at 30 °C. 10-Fold serial dilutions were spotted on YPD, ethanol (2%) and 

glycerol (3%) media (YPEG), YPEG containing 50 µM copper, SC, ethanol (2%) and 

glycerol (3%) media (SCEG), SCEG containing 10 µM copper and containing 1.5% agar 

and incubated for 5–7 days at 30 °C. 

Fluorescence Microscopy - The ctr1Δctr3Δ strain was transformed with indicated 

plasmid and grown in selective media to exponential phase at 30°C, washed, and 

resuspended in PBS before being pipetted onto a microscope slide containing an agar 
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pad. Slide was then covered with a No 2 cover slip and sealed with vasoline before 

being imaged on a Zeiss Axio Imager. 

Protein Extraction and Immunoblotting - For the preparation of protein extracts, 

yeast cell pellets were resuspended in ice-cold RIPA buffer (Cell Signaling Technology) 

supplemented with proteinase inhibitors (Halt Protease Inhibitor Mixture, Thermo 

Scientific); homogenates were vortexed ~10s, centrifuged at 20,000 × g at 4 °C for 10 min, 

and supernatants were collected. Protein concentrations were measured with the BCA 

protein assay kit (Thermo Scientific). SDS-PAGE and immunoblotting were carried out 

by standard protocols. Antibodies used were anti 6xHis  (Sigma Aldrich) and anti-

phosphoglycerate kinase (PGK; Invitrogen). Horseradish peroxidase (HRP)-conjugated 

anti-mouse IgG (GE Healthcare) was used as secondary antibody for immunoblotting. 

Ctr expression and purification – Ctr proteins were expressed from a p423Gal 

plasmid with a C-terminal 6xHis/StrepII tag. Desired plasmids were transformed into 

the RSY620 yeast strain and single colonies selected for overnight growth in 3mL of SC-

His media. 1mL of culture was then inoculated into 25mL of SC-His media. After 

overnight growth, 25mL of culture was inoculated into 750mL of SC-His media in which 

the carbon source was raffinose rather than dextrose. When absorbance reached OD600 

0.8, 250mL of 4x YPGal was added to induce protein expression. After ~24 hours of 

growth cells were harvested and lysed via beadbeating. Membranes were isolated and 

solubilized with 2% DDM overnight. Sample was then centrifuged to remove insoluble 



 

110 

material and Ni-NTA chromatography performed to isolate 6xHis tagged proteins. 

Elutions were collected and ran over an S200 size exclusion column.  

In vitro transport assay – Transport assay was modified from a previous 

described vesicle based method (200). Briefly, egg yolk lipids were dried and suspended 

in 10mM HEPES via sonication to create small unilamellar vesicles. 3x freeze thaw cycles 

created large multilamellar vesicles. Extrusion through a 200um polycarbonate filter 

created large unilamellar vesicles that were harvested via centrifugation. Vesicles were 

then destabilized by addition of Triton X-100 before the addition of Ctr proteins. Vesicles 

were incubated for 30 min with gentle rocking before a 2 hour incubation with Bio-

Beads to remove excess detergents. Vesicles were isolated via centrifugation and 1mM 

PGSK added, followed by 5x freeze thaw cycles and extrusion through a 200um 

polycarbonate filter. Unincorporated PGSK was removed via desalting column. 100uL of 

vesicles were pipetted into each well of a 96-well plate, to which either buffer or 1mM 

AgNO3 was added. Fluorescence was measured via plate reader.  

 

4.3 Results 

4.3.1 Identification of Ctr homologues in the thermophilic fungus 
Chaetomium thermophilum 

Ctr family members function as homotrimers, with the notable exception of the 

Schizosaccharomyces pombe Ctr4 and Ctr5 transporters that form obligate heterotrimers, in 

which each monomer possesses three conserved transmembrane domains (Figure 19A) 
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(4,32,81,105,153,156). Transmembrane domain two (TM2) invariably possesses an 

MxxxM motif that is essential for copper transport (4,26,29,32,98,101). As TM2 has been 

shown to fold into an alpha-helix this spacing would position the two methionine 

residues on the same side of the helix (80-83). This side is modeled to face inward, 

toward the pore of the protein complex, and would form what is known as a “selectivity 

filer” (201-203). This creates the observed specificity for Cu+ over other metals and 

explains why mutation of this motif to leucine leads to the inability to mediate Cu 

transport. Also essential for Ctr function is a conserved glycine zipper motif on 

transmembrane domain three (TM3), as mutation results in protein instability (80). This 

motif, although possessing a degree of flexibility, usually manifests as a 

(G,A,S)xxxGxxxG sequence and is known to facilitate helical packing in transmembrane 

proteins (204). Variable among Ctr proteins is the extreme amino-terminal region, 

referred to as the ectodomain. In the Ctr protein sub-family known as Ctr1-like proteins, 

named after the founding member in Saccharomyces cerevisiae, the ectodomain is a large 

region characterized by repeats of histidine and methionine residues that have been 

shown to directly bind Cu and increase Ctr transport capability (84-86,88). In a related 

subfamily of Ctr proteins, the Ctr3-like proteins that are also named after a founding 

member in S. cerevisiae, the ectodomain is much smaller and possesses cysteine residues 

that appear to function in an analogous fashion to the methionine resides of the Ctr1-like 

proteins. Since cysteine has a higher affinity for Cu+ than methionine, it is believed that 
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in vivo these two proteins can function similarly even though the metal binding 

ectodomain of Ctr3 is significantly smaller (10,85,87). As the Ctr1-like and Ctr3-like 

proteins transport Cu+ they require metalloreductases to reduce environmental Cu2+ to 

Cu+ to allow for transport (154,155). While Ctr1-like and Ctr3-like proteins function as 

plasma membrane Cu importers, the family of fungal Ctr2-like proteins, including the 

well-characterized S. cerevisiae Ctr2 and S. pombe Ctr6, localize to the vacuolar membrane 

and functions to transport Cu out of the vacuole and into the cytoplasm (99,100,161,182). 

In a similar fashion as plasma membrane transporters, Ctr2-like proteins also require a 

metalloreductase to reduce Cu2+ to Cu+ to allow for transport (100). 

Although much is known regarding the Ctr family of Cu transporters, key 

questions regarding the nature of Cu transport remain unanswered. Specifically, studies 

thus far have largely been genetically based and dependent on cellular readouts of 

growth or Cu accumulation. While this has yielded tremendous amounts of information 

on the in vivo role of Ctr2 Cu transporters, in vitro characterization of Cu transport 

remains enigmatic. A missing experimental tool has been the lack of an in vitro 

reconstituted Cu transport assay due, in part, to difficulties in obtaining stable, purified 

Ctr protein preparations that are amenable to biochemical analysis. To address this, we 

inspected the genome of a recently sequenced thermophilic fungus, Chaetomium 

thermophilum, following on the observations that proteins obtained from thermophiles 

tend to be more stable under purification conditions and therefore amenable to 



 

113 

biochemical characterization (198). Basic Local Alignment Search Tool (BLAST) analysis 

of the C. thermophilum genome revealed three putative Ctr homologues and Multiple 

Sequence Compaison by Log-Expection (MUSCLE) alignment suggests that two of the 

identified proteins belong to the Ctr3-like subfamily (here named Ct Ctr3a and Ct 

Ctr3b), with the additional protein belonging to the Ctr2 subfamily (here named Ct Ctr2) 

(Figure 19B). It is interesting to note that there appears to be no Ctr homologues 

belonging to the Ctr1-like subfamily in this organism. Analysis of potential metal 

binding residues, located in the ectodomain and essential for Cu transport activity in S. 

cerevisiae, reveals conservation of critical Cys and Met residues in all three of the C. 

thermophilum Ctr open reading frames (Figure 19C). Additionally, the critical MxxxM in 

TMD2 and the glycine zipper of TMD3 are both present. These observations suggest that 

the three proteins identified in C. thermophilum open reading frames encode members of 

the Ctr family. 
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Figure 19: Bioinformatic analysis identifies C. thermophilum copper 
transporters. (A) Model showing a trimeric Ctr protein complex with key Cys and Met 
residues involved in Cu transport connected with a dashed circle and key Gly residues 
involved in trimmer stability highlighted with a red box. (B) Putative C. thermophilum 
Ctr proteins were aligned against known S. cerevisiae Ctr proteins with MUSCLE and 
compiled into a phylogenetic tree. (C) C. thermophilum Ctr proteins possess critical 
functional residues, hallmarks of Ctr family members, indicated in (A) and marked with 
an asterisk. 
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4.3.2 Chaetomium thermophilum Ctr homologues rescue copper-
dependent growth  

To test if the C. thermophilum identified Ctr proteins are functional copper 

transporters, cDNA sequences for each were cloned into a yeast expression vector and 

transformed into a ctr1Δctr3Δ S. cerevisiae strain lacking both high-affinity plasma 

membrane Cu transporters. Due to loss of both CTR1 and CTR3 this strain shows a 

dramatic reduction in the ability to acquire Cu from extracellular sources, resulting in 

the inability to grow on non-fermentable media, such as YPEG (Yeast Extract Peptone 

Ethanol Glycerol) due to a lack of Cu available to support cytochrome c oxidase activity. 

This growth defect can be suppressed by addition of exogenous copper and import via 

low-affinity Cu transporters such as Fet4 (205). The human Ctr1 gene fused to enhanced 

green fluorescent protein (EGFP) serves as a positive control for the restoration of 

copper-dependent growth of the S. cerevisiae ctr1∆ ctr3∆ strain (Figure 20a). The results 

show that although the strain expressing Ct Ctr2 is not capable of supporting growth on 

YPEG media, Ct Ctr3a and Ct Ctr3b robustly restore growth to the ctr1∆ ctr3∆ strain. 

Cells grown in liquid media display similar results, with Ct Ctr3a enabling slightly 

higher growth compared Ct Ctr3b (Figure 20b). Interestingly, when cells are grown on a 

non-fermentable carbon source with a minimal media, as opposed to yeast extract and 

peptone, Ct Ctr2 is capable of restoring modest growth (Figure 20c). This is reminiscent 

of S. cerevisiae Ctr2, which is not able to rescue growth on YPEG plates without the 

addition of exogenous Cu and further supports the hypothesis that Ct Ctr2 may function 
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as a Ctr2-like protein. It is possible that in minimal media Cu is not bound to small 

molecule and amino acids chelators and thus more available for Ctr-mediated transport. 

By utilizing this medium we titrated the levels of copper to a point at which the 

expression of Ctr protein is inhibitory to growth, presumably due to Cu toxicity. At 

50uM added Cu, expression of Ct Ctr3a results in a growth inhibition while expression 

of either Ct Ctr2 or Ct Ctr3b does not cause a decrease in observed growth. These 

observations suggest that all three C. thermophilum Ctr genes are functional copper 

transporters with Ct Ctr3a possibly mediating the highest levels of Cu import and Ct 

Ctr2 mediating the lowest, albeit these were simply assays of copper-dependent growth.  
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Figure 20: Identified Ctr homologues are functional and rescue growth on non-
fermentable media. (A) S. cerevisiae ctr1Δctr3Δ cells were transformed with the indicated 
plasmids and plated on the indicated media. (B) The same cells as in (A) were grown in 
YPEG media in a 96-well plate and OD600 measured over the indicated time frame. (C) 
The same cells as in (A) were plated on the indicated minimal media. 

 

4.3.3 Mutagenesis confirms classification of Ctr2-like and Ctr3-like 
nature 

 Previous data has demonstrated the importance of the metal binding ectodomain 

in Ctr mediated copper transport. Specifically, data conserved from fungi to humans has 

shown the need for two critical ectodomain metal binding residues towards the carboxy-

terminus of the ectodomain. In the fungal Ctr1-like and Ctr2-like subfamily these two 

residues are both methionine, however, the fungal Ctr3-like subfamily has replaced the 

most amino-terminal methionine with a cysteine. As cysteine shows a higher affinity for 

copper than methionine it would be predicted that this would increase Cu transport 

capability, but the physiological reasons for separate Ctr subfamilies to use cysteine or 

methionine is unknown. Although less well-conserved and not strictly essential for Cu 

transport, the ectodomain also typically possesses more distal regions enriched in 

histidine and methionine residues thought to facilitate accumulation of Cu near the 

mouth of the transmembrane pore. The three C. thermophilum proteins identified in this 

study possess characteristics reminiscent of Ctr1-like, Ctr2-like, and Ctr3-like proteins 

and it is not immediately apparent which residues are required for Cu transport.  
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We sought to characterize the importance of these ectodomain residues by first 

deleting all residues up to the most highly conserved methionine (trunc1 mutants). We 

left the residue immediately adjacent to this methionine (either asparagine or serine) and 

inserted an initiator methionine necessary for translation initiation, thus creating an 

MxM motif that is already present in Ct Ctr2 and necessary for Cu transport activity in 

other Ctr proteins. These mutants possess an MxM motif which has been shown to be 

essential for Cu transport in Ctr2-like proteins, a single cysteine, and Ct Ctr3a possesses 

an additional two histidine residues. In a similar fashion to the trunc1 mutants we 

created a second class of truncation mutants that retain only 3 additional residues 

compared to the trunc1 mutants (trunc2 mutants). Importantly, the trunc2 mutants 

harbor a cysteine residue that has previously been shown to be essential for Ctr3-like 

proteins (Figure 21a). Despite lacking 14 Met, His, and Cys residues the Ct Ctr2 trunc1 

mutant is still capable of rescuing growth on non-fermentable media, in contrast to the 

Ct Ctr3a and Ct Ctr3b trunc1 mutants which fail to rescue (Figure 21b). The trunc2 

mutants are all capable of rescuing growth on non-fermentable media, with Ct Ctr3a 

mediating the most robust growth. Mutation of the critical TMD2 MxxxM motif to 

LxxxL in Ct Ctr2 ablated growth while a direct C30A mutation showed no reduction in 

growth, further supporting the notion that this in a Ctr2-like protein. While a carboxy-

terminal EGFP tag inhibited growth, a tandem His6x/StrepII tag with a cleavable TEV 

protease site did not affect activity and allows for affinity purification. 
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Figure 21: Variable dependence on metal binding ectodomain for Cu transport 
function. (A) MUSCLE alignment of ectodomains with the metal binding residues Met, 
His, and Cys shown in red, blue, and green respectively. Arrows label the site of 
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initiation for the mutants trunc1 and trunc2 with asterisks indicating residues predicted 
to be necessary for Cu transport. (B and C) S. cerevisiae ctr1Δctr3Δ cells were transformed 
with the indicated plasmids and plated on the indicated minimal media. 

 

4.3.4 Ct Ctr3a and Ct Ctr3b display characteristic of Ctr3 family 
proteins 

The ectodomain truncation mutants suggest that Ct Ctr3a and Ct Ctr3b are Ctr3-

like proteins and we sought to verify this with mutational analysis similar to that which 

was performed for Ct Ctr2. Importantly, mutation of either the critical MxxxM motif to 

LxxxL or mutation of the necessary ectodomain Cys to Ala results in a protein not 

capable of rescuing growth on non-fermentable media (Figure 22a). Importantly, 

immunoblot analysis shows that these two mutants are still expressed, however, in both 

cases the Cys to Ala mutation decreases overall protein levels (Figure 22b). This is 

similar to what is seen with S. cerevisiae Ctr3 in that mutation of the critical ectodomain 

Cys residue results in altered protein stability (106). It is worth noting that Ct Ctr3b runs 

as two separate species, with the bottom band corresponding to the predicted molecular 

weight. Many Ctr proteins are glycosylated and this could be the cause for the higher 

molecular weight species. Additionally, a carboxy-terminal tandem His6x/StrepII tag 

with a cleavable TEV protease site did not affect activity and allows for affinity 

purification. In contrast to Ct Ctr2, addition of EGFP to the carboxyl-terminus of either 

Ct Ctr3a or Ct Ctr3b allows for a functional transporter.  This allowed for fluorescent 

microscopy of the EGFP proteins and reveals that these exogenous Ctr proteins are 
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localized to both the plasma membrane and the vacuolar membrane, a common feature 

for overexpressed membrane proteins (Figure 22c). 
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Figure 22: Ctr3 family members require metal binding residues for Cu 
transport activity. (A) S. cerevisiae ctr1Δctr3Δ cells were transformed with the indicated 
plasmids and plated on the indicated minimal media. (B) S. cerevisiae ctr1Δctr3Δ cells 
were transformed with the indicated plasmids were grown in liquid culture and 
harvested for immunoblotting with anti-His6x and anti-Pgk antibodies. (C) S. cerevisiae 
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ctr1Δctr3Δ cells were transformed with the indicated plasmids and until log phase in in 
liquid culture before inspection by fluorescence microscopy. 

 

4.3.5 Expression and purification of Chaetomium thermophilum Ctr 
homologues yields highly pure and stable preparations amenable for 
biochemical characterization  

After observation that the addition of a carboxyl-terminal tandem His 6x/StrepII 

tag did not alter function, we sought to purify the newly identified C. thermophilum Ctr 

proteins. Because Ct Ctr3b appears to be post-translationally modified, we sought to 

purify the minimal Ctr that still remains Cu transport function and thus chose to pursue 

the trunc2 mutants. Briefly, all three constructs were cloned into a galactose-inducible 

vector and transformed into an S. cerevisiae strain conducive to protein overexpression. 

Proteins were isolated and purified to homogeneity by Ni-NTA chromatography 

followed by size exclusion chromatography and analyzed by SDS-PAGE followed by 

Coomassie staining (Figure 23a). To assess the stability of these purified Ctr proteins, a 

size exclusion profile was generated immediately after purification. Proteins were then 

stored at four degrees for one week and another size exclusion profile generated 

(Figures 23b-d). Ct Ctr3a and Ct Ctr3b show small deviations over time with the 

appearance of a small shoulder, possibly representing the formation of a dimer-of-

trimers complex that has been previously observed with human Ctr1 (81,82). Ct Ctr2 

shows a decrease in peak intensity and an overall broadening of UV signal, suggesting 

that this protein is less stable than either Ct Ctr3a or Ct Ctr3b. Based on the observed 
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stability and previous cell culture data showing Ct Ctr3a to be the most active Cu 

transporter we chose to proceed with functional characterization of this protein.   
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Figure 23: C. thermophilum Ctr proteins are amenable to purification and 
stable over time. (A) Purified Ctr proteins were analyzed using SDS-PAGE and 
Coomassie staining. (B-D) Purified Ctr proteins were analyzed by size exclusion 
chromatography immediately after purification and again after 7 days. 
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4.3.6 Development of an in vitro vesicular Ctr copper transport assay  

To our knowledge there currently exists no assay of Ctr mediated Cu transport in 

a purified system. In order to develop such an assay we sought to borrow principles 

learned from other types of metal transport assays (206,207). Specifically, we sought to 

utilize the fluorescent small molecule Phen Green SK (PGSK). This molecule exhibits 

strong fluorescence that is quenched in the presence of metal ions. Because an in vitro 

assay will only contain a single metal the lack of specificity of PGSK is not a concern. By 

encapsulating PGSK into a lipid bilayer any metal ions will only be able to quench PGSK 

fluorescence if they are transported across the membrane by an active transporter 

(Figure 24a). Because the orientation of the transporters is expected to be both inward 

facing and outward facing, this will allow for an equilibrium of metal ions to be reached 

between the inside and outside of the vesicle. The increase in metal concentration inside 

of the vesicle results in quenching of PGSK and a decrease in fluorescent signal. Due to 

the redox nature of copper and previous data showing that Ctr proteins can also 

transport silver (Ag+)as well as copper, we chose to develop this assay using the redox 

stable Ag+ ion(38).  

Ct Ctr3a trunc2 tag and Ct Ctr3a trunc2 tag MxxxM, a transport dead mutant, 

were purified to homogeneity and inserted into lipid vesicles alongside PGSK via 

detergent removal and repeated freeze thaw cycles. To confirm that the proteins were 

inserted into the vesicular membrane, isolated vesicles were ran on an SDS-PAGE gel 
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and analyzed by Stain-Free UV imagining (208) (Figure 24b). No protein is observed 

when empty vesicles are ran, but both the trunc2 tag and trunc2 tag MxxxM proteins are 

present in their respective samples. After validation that the Ctr proteins were 

successfully incorporated, these vesicles were subjected to the addition of either buffer 

or buffer containing 1mM AgNO3 and fluorescence analyzed (Figure 24c). As expected, 

vesicles containing no protein or the MxxxM mutant showed no change in fluorescence. 

Importantly though, vesicles containing Ct Ctr3a trunc2 tag show a significant decrease 

in fluorescence, indicating that Ag+ is being transported into the vesicle. The addition of 

detergent to these samples to lyse the vesicles results in a dramatic decrease of observed 

fluorescence in all samples containing AgNO3 but not those only containing buffer, 

indicated that all samples possess the ability to be quenched by silver (Figure 24d). 

These results indicate the development of successful in vitro transport assay for Ctr 

proteins, the first of its kind. This assay will be of tremendous importance to fully 

elucidating the mechanism by which Ctr proteins mediate copper transport through 

further experimentation. 
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Figure 24: Development of a Ctr in vitro transport assay. (A) Diagram depicting 
the encapsulation of PGSK into a lipid vesicle containing randomly oriented Ctr 
proteins. Stars with red shadowing represent fluorescent PGSK and stars bound to Ag 
represent quenched PGSK. Arrows depict directionality of Ctr transport. (B) Lipid 
vesicles were analyzed via SDS-PAGE to assess protein incorporation. (C) Vesicle 
samples were mixed with either buffer alone or buffer with 1mM AgNO3 and allowed 
to incubate for 30 seconds before measurement of fluorescence signal. (D) The same 
samples as in (C) were mixed with Octyl-glucoside to a final concentaion of 0.5% w/v 
and analyzed for fluorescence. 

 

4.4 Discussion 

The results presented here demonstrate the identification and classification of a 

family of Ctr proteins from the thermophlic fungus C. thermophilum and add to our 

knowledge of how the Ctr family members transport Cu. Importantly, two of the three 

proteins identified are easily purified and show desirable stability over time. These new 

resources will be invaluable for future experimentation and for understanding the 

molecular mechanism by with Ctr proteins mediate cellular Cu influx.  

 The newly isolated Ct Ctr3a and Ct Ctr3b proteins display characteristics of Ctr3-

like transporters and require a tract of cysteine/methionine residues created by the 

ectodomain and TMD2. Mutations of these residues lead to an inactive transporter. Ct 

Ctr2 displays characteristics of Ctr2-like proteins and does not require the distal cysteine 

that is required for Ct Ctr3a, Ct Ctr3b, and Sc Ctr3. It is important to note that Ctr2-like 

proteins are vacuolar Cu transporters, which requires a different set of characteristics to 

transport Cu than the plasma membrane transporters. It could be that the Ctr proteins 



 

131 

designed for transport out of the yeast vacuole, an environment far different than that 

encountered outside of a cell, have evolved to utilize a different set of residues to 

accomplish Cu transport. Further study will be needed to fully elucidate the differences 

between Ctr2-like and Ctr3-like proteins. 

To our knowledge, no other in vitro assay has been developed for Ctr proteins. 

Thus the experiments described here are the first reports that Ctr proteins are capable of 

mediating Cu transport in the absence of any other biological factor, a novel result that 

has not previously shown. In line with previous experiments demonstrating that 

inhibition of ATP synthesis does not alter cellular Cu uptake dynamics, we find no 

dependence for nucleotide hydrolysis required for Ctr mediate Cu transport (30). Also 

of importance is the observation that no membrane potential or pH imbalance is 

required for Cu transport, suggesting against the hypothesis that the Ctr family 

functions as a symporter or antiporter. Rather, the only two reasonable conclusions as to 

the mechanism of Cu transport are either a model in which Ctr proteins functions as 

uniporters or as ion channels. With our current knowledge either hypothesis remains 

plausible. Further studies utilizing stop-flow kinetics will shed light onto the speed of 

Ctr mediated Cu transport and thus will reveal the nature of transport.  
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5. A Polymorphism in the Metal-binding Ectodomain of 
Ctr1 Influences Cleavage and Copper Status 

5.1 Introduction 

Copper (Cu) is an essential element for eukaryotic life due in part to the ability to 

cycle between two separate redox sates, Cu+ and Cu2+, under biological conditions. This 

cycling property has been harnessed by numerous enzymes that use Cu as a catalytic co- 

during hydrolytic, electron transfer and oxygen-utilization reactions to carry out a 

diverse array of functions from mitochondrial oxidative phosphorylation, peptide 

maturation, pigmentation, superoxide disproportionation, and connective tissue 

maturation (1,16,18,23,49,67). Consistent with the broad biochemical roles fulfilled by Cu 

it is of no surprise that Cu deficiency in mammals has been demonstrated to result in 

permanent impaired cognitive function, diminished motor function, embryonic and 

neonatal abnormalities, and anemia (3,4,103,152,209). Given the list of maladies 

associated with decreased Cu levels it is interesting to note that to date no genetic 

condition associated with a cellular decrease in Cu uptake ability has been identified. 

The major route of cellular Cu uptake is the integral membrane protein Ctr1 

(25,26,29,40,92,105). The assembly of three monomers into a trimeric Ctr1 complex 

creates a transmembrane spanning pore with methionine residues lining the neck to 

allow for Cu+ specificity (30,81). High-affinity transport is thought to be mediated by a 

large extra-cellular domain (ectodomain) that contains regions rich in Cu-binding 

histidine and methionine residues (4,26,85,86,88,96,98,178). This metal-binding 
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ectodomain is thought to act to concentrate Cu ions at the mouth of the transmembrane 

pore (4,85,86,88,179). Previous studies have shown that Ctr1 exists not only at the 

plasma membrane to mediate Cu import, but also at intracellular vesicles to mediate the 

efflux of Cu stored in these vesicles (97,98,163). Importantly, the full-length protein is 

incapable of this vesicular Cu efflux and needs to first be processed by the cysteine 

Cathepsin L (Ctsl) protease in a Ctr2-dependant fashion (96,98). Proteolytic cleavage of 

the ectodomain creates a vesicular transporter, known as truncated Ctr1 (tCtr1) that 

allows for release of stored Cu. 

Cardiac tissues exhibit a particularly high demand for Cu in order to maintain 

the large demand for ATP production necessary for contraction (151). Animal models of 

dietary or genetically imposed Cu deficiency present with severe cardiovascular 

dysfunction resulting in aneurysm, cardiac hypertrophy, and other cardio vascular 

functional defects (210,211). The observed cardiac hypertrophy is presumably an 

adaptive response to compensate for the lower cardiac contractile force in the absence of 

necessary levels of ATP (212,213). A previous study demonstrated a direct role for Ctr1 

in cardiac tissue by specifically deleting Ctr1 only in cardiac tissues (24). These mice 

show a dramatic cardiac hypertrophy even in unstressed conditions and die only a few 

days after birth, highlighting the essential role for Ctr1 in cardiac health. 

In this study we report that mice retaining a single copy of Ctr1, while showing 

no symptoms under normal conditions, develop a serve cardiac hypertrophy when 
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stressed by either repeated rounds of pregnancy or a lack of dietary Cu. This 

demonstrates that even reduced levels of Ctr1 can lead to dramatic impacts in cardiac 

health and prompted us to search for human polymorphisms in Ctr1 that would allow 

for normal development but could lead to a diseased state under stress.  To this end we 

identified and characterized rs2233915, a single nucleotide polymorphism (SNP) that 

results in a single amino acid substitution in the ectodomain of Ctr1 and results in 

ectodomain hyper-cleavage. Cells possessing this variant expectedly display lower 

levels of Cu. Serum samples obtained from individuals possessing the SNP do not show 

any signs of Cu deficiency, but gathered data suggest that under stress these individuals 

may present with a Cu deficiency induced cardiac hypertrophy. 

 

5.2 Materials and methods 

Generation of Ctr1 knockout mice – Ctr1+/- mice have been previously described 

(25). Ctr1-floxed (Ctr1flox/flox) mice and heart specific knockout (Ctr1hrt/hrt) have been 

described (24). All animal protocols were approved by the Duke University Institutional 

Animal Care & Use Committee.  

Tissue preparation and analysis – Tissues were dissected after perfusion with 

phosphate-buffered saline (pH 7.4; PBS), frozen in liquid nitrogen, and stored at −80°C 

until use. Dissected tissues were homogenized in ice-cold cell lysis buffer (PBS [pH 7.4], 

1% Triton X-100, 0.1% sodium dodecyl sulfate [SDS], 1 mM EDTA) containing protease 
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inhibitor cocktail (Roche). Homogenates were incubated on ice for 30 min and 

centrifuged at 16,000 × g for 10 min at 4°C. The supernatants were used for 

immunoblotting. Equal amounts of protein (100 µg/lane) were fractionated on a 4%–20% 

gradient gel (Bio-Rad). Anit-Ctr1 antibody (34), anti-CCS antibody (Santa Cruz), and 

anti-SOD1 (BD Biosciences) were used at a 1:2000 dilution. Anti-tubulin (Sigma) 

antibody and anti-COX IV antibody (Invitrogen) were used at 1:5000 dilution and 1:4000 

dilution, respectively. Protein concentrations were measured by the Bio-Rad Protein DC 

Assay kit (Bio-Rad). Copper concentrations were measured from nitric acid-digested 

tissues by inductively coupled plasma mass spectrometry (ICP-MS) with values 

normalized to tissue wet weight or sulfur concentration.  

Histology – For hematoxylin and eosin (H&E) staining and 

immunohistochemistry, mice were euthanized and perfused with PBS (pH 7.4). Tissues 

were then dissected and fixed in 4% paraformaldehyde at 4°C overnight with gentle 

agitation. After fixation, tissues were dehydrated in 70% ethanol and embedded in 

paraffin. Six micrometer thick sections were stained with H&E. Sectioning, staining, 

microscopy, and image capture were carried out via the histology service core of the 

Department of Pathology, Duke University Medical Center (Durham, NC). 

Echocardiography and electrocardiography – Cardiac function and left ventricle 

dimensions were evaluated by echocardiography in conscious mice as previously 
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described (214). Electrocardiography was performed under light anesthetizia 

(isofluorane inhalation). 

Dietary experiments – Dams from wild-type mice were fed Cu-adequate or Cu-

deficient diets (Teklad Laboratories, Madison, WI) beginning on the second day 

postdelivery with their pups. The mice were weaned at 3 weeks of age. After weaning, 

mice were maintained on the same normal or Cu-deficient diet for 2 weeks. 

 

5.3 Results 

5.3.1 Subtle decreases in Ctr1 protein levels result in cardiac 
hypertrophy under stress 

Under times of Cu deficiency Ctr1 levels are elevated in kidney, intestine, and 

choroid plexus in an attempt to return cellular Cu levels to within homeostatic range 

(33). However, it remains unknown how cardiac Ctr1 levels respond to an imposed Cu 

deficiency. Given the high intrinsic demand for Cu in cardiac tissue, it be would 

expected for this organ to attempt to increase Ctr1 levels in a compensatory effort to 

return to normal Cu levels (151). To address this question both wild-type (WT) and 

Ctr1+/- mice, which possess intrinsically lower tissue Cu levels due to lower levels of 

Ctr1, were raised on either a Cu adequate or Cu deficient diet (25,156). Cardiac tissue 

was harvested and Triton X-100 solubilized extracts were analyzed by immunoblot 

(Figure 25a). As expected, Ctr1+/- mice possess lower level of cardiac Ctr1 compared to 

WT littermates. Mice fed on a Cu deficient diet experience a decrease in cardiac Cu 
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levels, as evidenced by dramatic increases in copper chaperone for Cu,Zn superoxide 

dismutase (CCS), a protein previously shown to be elevated under Cu deficiency, 

compared to mice fed a Cu adequate diet (215). Interestingly, WT mice fed a Cu deficient 

diet show dramatically increased Ctr1 levels compared to WT mice fed a Cu adequate 

diet, indicating that the heart possess a compensatory mechanism for mediating 

increased Cu uptake capacity under times when Cu is scare. This result is in agreement 

with previous data demonstrating that mice lacking both cardiac alleles of Ctr1 are able 

to increase efflux of liver Cu in an effort increase cardiac Cu levels (24). In addition, 

Ctr1+/- mice fed a Cu deficient diet display higher levels of CCS than WT mice fed a Cu 

deficient diet, which display higher levels of CCS than mice fed a Cu adequate diet. 

These observations suggest a hierarchy of cardiac Cu deficiency across genetic and 

dietary means of Cu deprivation that allow for a dose-response assessment of 

phenotypes related to cardiac Cu deficiency.  

To assess the cardiac status of these mice, a heart weight to body weight ratio 

was calculated with higher values indicating cardiac hypertrophy. Mice fed a Cu 

deficient diet experienced a marked increased in heart weight to body weight ratio in 

both WT and Ctr1+/- genetic backgrounds (Figure 25b). Importantly, while WT and Ctr1+/- 

mice showed no difference in heart to body ratio when fed a Cu adequate diet, the heart 

to body ratio dramatically increased in Ctr1+/- mice compared to wild type mice when 
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both were fed a Cu deficient diet. This difference shows the marked impact that even a 

mild reduction in Ctr1 function can have on cardiac health. 

It has been previously shown that the cardiac hypertrophy associated with 

copper deficiency is a direct consequence of lack of cardiac copper, as opposed to an 

indirect consequence of peripheral tissue deficiency (24). To directly investigate the role 

of Ctr1 in the heart, Ctr1flox/+ mice were crossed with α-MHC-Cre mice to generate mice 

containing ether a single copy of cardiac Ctr1 (Ctr1hrt/+) or mice lacking cardiac Ctr1 

expression Ctr1 (Ctr1hrt/hrt) (216). As observed by immunoblotting Triton X-100 

solubilized extracts obtained from whole heart preparations, deletion of Ctr1 from 

cardiomyocytes decreases heart Ctr1 levels and increases the levels of CCS, indicating 

cardiac copper deficiency (Figure 25c). In contrast to mice lacking both copies of heart 

Ctr1, mice possessing a single copy show little change in cardiac CCS levels phenotype 

under standard laboratory conditions even thought a decrease in Ctr1 levels is observed, 

similar to that which is seen in Ctr1+/- mice (Figure 25a). 

As mice lacking both alleles of Ctr1 in cardiomyocytes do not survive longer than 

a few weeks after birth, we sought to determine if a mild reduction in cardiac Ctr1 

function could recapitulate the cardiac phenotype observed in Ctr1+/- mice. 

Understanding that laboratory conditions represent an ideal physiological environment 

we sought to induce cardiac stress on Ctr1flox/+ or Ctr1hrt/+ mice. We utilized a cardiac 

stress model, repeated rounds of pregnancy, that has previously been shown to induce 
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cardiac hypertrophy (217). After six rounds of pregnancy no deaths were observed from 

the Ctr1flox/+ dams while all Ctr1hrt/+ dams had died, with deaths beginning after the third 

round of pregnancy (Figure 25d). These results demonstrate that even slight reductions 

in Ctr1 mediated Cu transport activity can cause dramatic health consequences. 

To determine if cardiac failure was an etiological factor we sought to assess the 

fractional shortening and heart rate of pregnant Ctr1flox/+ and Ctr1hrt/+ mice (Figure 25e). 

Both measures of cardiac health are significantly lower in Ctr1hrt/+ mice, indicating 

decreased cardiac output. In addition, cardiac tissue from Ctr1hrt/+ mice show increased 

cellular hypertrophy compared to Ctr1flox/+ mice as revealed by light microscopy analysis 

of haematoxylin and eosin stained tissue (Figure 26e). These findings suggest that 

decreased Ctr1 activity can induce cardiac hypertrophy and eventual heart failure under 

conditions of stress.  
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Figure 25: Genetic reduction of Ctr1 results in cardiac hypertrophy under 
multiple stressful conditions. (A) Immunoblot analysis of total Triton X-100 solubilized 
heart extracts for WT and Ctr1+/- mice fed either a Cu adequate or Cu deficient diet. 
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Arrows indicate full-length (F) and truncated (T) Ctr1. (B) The weight of the heart from a 
mouse was divided by the weight of the entire body to generate a heart/body ratio for 
mice fed either a Cu adequate or Cu deficient diet. ***, p ≤ 0.001; ****, p ≤ 0.0001. (C) 
Immunoblot analysis of total Triton X-100 solubilized heart extracts for indicated mice. 
(D) Kaplan-Meier curve depicted for indicated mice after repeated rounds of pregnancy. 
(E) Fraction shortening and heart rate measurements for indicated mice. *, p ≤ 0.05; ***, p 
≤ 0.001 (F) Hematoxylin and eosin stained heart images for indicated mice 

 

5.3.2 A human polymorphism in Ctr1 results in protein hyper-
truncation and decreased cellular Cu 

With this observation in mice, that even mild decreases in Ctr1 can lead to severe 

cardiac phenotypes, we reasoned that single nucleotide polymorphisms (SNPs) in the 

Ctr1 gene that reduce activity could contribute to cardiac hypertrophy as has been 

described for FBN1, SCN5A, KCNQ1, KCNH2, KCNE1, and KCNJ2 among others (218-

220). To this end, we searched the 1000 Genomes database for SNPs that may result in 

altered Ctr1 functionality (221). One particular finding of interest, rs2233915, results in a 

missense mutation in the ectodomain (Figure 26a). This variant encodes for an Alanine 

residue at position 25 rather than the intended Proline. Given previous work on the 

importance of the ectodomain in Ctr1 copper transport regulation along with the 

conserved nature of this residue (Figure 26b) we sought to characterize the impact of 

this coding alteration (98,101,163). B lymphoblastoid cell lines (LCLs) derived from 

humans homozygous for rs2233915 and paired controls, matched by sex and ethnicity, 

were obtained and Triton X-100 solubilized extracts subjected to immunoblot analysis 

(Figure 26c). In all three pairs tCtr1 levels are significantly higher in cells containing 
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rs2233915. As tCtr1 functions to efflux vesicular Cu, it would be expected that due to 

increased tCtr1 these cells would have lower Cu stores and lower total cellular Cu. 

Indeed, ICP-MS analysis shows that LCL cells homozygous for rs2233915 contain 

significantly lower levels of cellular Cu (Figure 26d). 

To determine if the effects of rs2233915 are due the amino acid coding change in 

Ctr1 rather than an unrelated process we recapitulated this mutation in a genetically 

defined background. We chose to utilize a previously characterized mouse embryonic 

fibroblast (MEF) cell line that completely lacks both Ctr1 alleles (30). These cells were 

stably transfected with an empty vector, wild-type human Ctr1, or human Ctr1 

containing the P25A mutation. These cells, along with a previously characterized wild-

type MEF cell line were analyzed via immunoblot (Figure 26e) (30). Results show that, 

as had been observed in the human LCLs, cell possessing the P25A Ctr1 variant show 

higher levels of tCtr1, suggesting an increased rate of ectodomain cleavage. P25A cells 

also show very low levels of full-length Ctr1 suggesting that these cells possess 

decreased Cu levels compared to wild-type cells. Indeed, immunoblot analysis of CCS 

and mitochondrial cytochrome oxidase subunit IV (CoxIV), a protein that is reduced in 

response to Cu deficiency, show that bioavailable Cu is significantly reduced (222). 

Supporting this notion, cells expressing the P25A Ctr1 variant show significantly lower 

Cu levels compared to cells expressing wild-type Ctr1 (Figure 26f). 



 

143 

 

Figure 26: Identification and characterization of a human Ctr1 polymorphism. 
(A) Model depicting a monomer of Ctr1 and amino acid coding consequences of 
rs2233915. Red and blue areas indicated regions rich in methionine and histidine 
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respectively. Grey branches represent glycans. (B) Ctr1 protein sequences from indicated 
organism were aligned with MUSCLE. Asterisk denotes the conserved proline residue 
mutated in rs2233915. (C) Immunoblot analysis from Triton X-100 solubilized human 
lymphoblastoid cell lines. (D) ICP-MS analysis plotted as a Cu/P ratio for indicated 
lymphoblastoid cell lines. *, p ≤ 0.05 (E) Immunoblot analysis from Triton X-100 
solubilized indicated MEF cell line extracts. (F) ICP-MS analysis plotted as Cu/protein 
for indicated MEF cell lines. **, p ≤ 0.01; ***, p ≤ 0.001 

 

5.3.3 The hyper-cleavage observed in Ctr1 P25A is not mediated 
through canonical cysteine Cathepsins 

As cleavage of the Ctr1 ectodomain has previously been shown to be inhibited 

by the small molecule cysteine protease inhibitor E64d, we sought to determine if this 

molecule could also attenuate the observed hyper-cleavage in the P25A cells (98). Ctr1-/- 

MEFs expressing either WT or P25A human Ctr1 were treated with either vehicle control 

DMSO or E64d (50uM) for 24 hours and Triton X-100 solubilized extracts were analyzed 

via immunoblot (Figure 27a). Results show that E64d treatment successfully inhibited 

the cysteine Cathepsins, as indicated by the dramatically increased levels of Cathepsin L 

(Ctsl), and was capable of inhibiting the cleavage of wild-type Ctr1, but not the P25A 

variant (98). A previous study has shown that while cysteine Cathepsin cleavage is the 

rate limiting step in the conversion of full-length Ctr1 into tCtr1, a second proteolytic 

event that is not regulated by Ctr2 must occur downstream of the initial cleavage to 

generate tCtr1 (Figure 26a) (96). The observation that E64d does not inhibit the cleavage 

of a Ctr1 P25A variant suggests this mutation bypasses the regulatory step in Ctr1 

processing and thus provides explanation as to why the majority of Ctr1 is tCtr1. This 
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hypothesis is strengthened by similar observations in LCL cells (Figure 27b). Namely, 

immunoblot analysis of Triton X-100 solubilized extracts from E64d treated cells reveals 

inhibition in the formation of tCtr1 in wild-type cells but not in P25A cells. 

To confirm that Ctsl is not responsible for the observed hyper-cleavage of the 

Ctr1 ectodomain in cells containing the P25A mutation, we recombinantly expressed 

and purified both WT and P25A Ctr1 ectodomain as well as Ctsl to perform an in vitro 

Ctr1 ectodomain cleavage assay (98). As has been previously described, ectodomain 

cleavage was monitored via immunoblot after a one-hour incubation with varying 

amounts of Ctsl (Figure 27c). Quantitative analysis shows that there is no difference in 

cleavage rate between WT and P25A ectodomain, in agreement with cell culture E64d 

treatment (Figure 27d). These results suggest that the hyper-cleavage observed in P25A 

cells is the result of non-cannocial Ctr1 processing mechanisms.  
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Figure 27: The cystiene Cathepins do not mediate the observered hyper-
cleavage. (A) Immunoblot analysis from Triton X-100 solubilized MEF cell lines treated 
with either DMSO or E64d for 24 hours prior to harvest. (B) Immunoblot analysis from 
Triton X-100 solubilized human lymphoblastoid cell lines treated with either DMSO or 
E64d for 24 hours prior to harvest. (C) Quantitative immunoblot analysis of in vitro 
Cathepsin L cleavage reaction with either WT or P25A Ctr1 Ectodomain. (D) Plot 
depicting the percentage of Ctr1 ectodomain cleaved over the concentration of 
Cathepsin L present in the reaction.  
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5.3.4 The Ctr1 rs2233915 polymorphism is enriched in individuals of 
African decent 

Several studies have shown a link between the prevalence of cardiac 

hypertrophy and ethnicity, with a significant enrichment observed in individuals of 

African descent (223-228). Thus, given our observations that Ctr1 activity is critical for 

cardiac function, we hypothesize any SNP that alters Ctr1 activity would be enriched in 

a population susceptible to cardiac hypertrophy. To probe the distribution of rs2233915 

we analyzed data from the 1000 Genomes Database.  Interestingly, rs2233915 shows 

very little penetrance in individuals of American, European, or Asian decent, but a 10% 

penetrance in individuals of African decent (Figure 28a). This enrichment in individuals 

of African decent is not specific to any particular ethnic sub-group, as analysis of seven 

separate ethnically African sub-groups reveals a penetrance of between 8-14% (Figure 

28b). To verify these results, we sought to obtain DNA samples from the Duke 

University CATHGEN Project in which individuals admitted to the Duke Medical 

Center Cardiac Catheter Clinic made their genetic information available. Sequencing 

results confirm a dramatic enrichment of rs2233915 in individuals of African decent 

(Figure 28c). The observation that decreased Ctr1 activity leads to cardiac failure in 

animal models, coupled to the discovery that an activity altering Ctr1 SNP is enriched in 

a population predisposed to cardiac failure leads to the intriguing hypothesis that 

rs2233915 could be a causal variant cardiac disease. 
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Figure 28: Ethnic distribution of rs2233915. (A) Sequence data from the 1000 
Genomes Database displaying allelic penetrance of rs2233915 for global populations. (B) 
Sequence data from the 1000 Genomes Database displaying allelic penetrance of 
rs2233915 for populations of African ancestry. (C) Sequence data on the allelic 
penetrance of rs2233915 from the Duke University CATHGEN project.  
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5.3.5 Humans possessing rs2233915 do not show alterations in 
serum Cu or ceruloplasmin activity 

As cultured cells containing rs2233915 contain lower levels of Cu compared to 

WT controls (Figure 26d), we hypothesized that individuals harboring rs2233915 from 

the CATHGEN Project would possess lower Cu levels as well. Serum from these 

individuals was obtained and Cu levels analyzed via ICP-MS. As can been seen for both 

individuals heterozygous (Figure 29a) and homozygous (Figure 29b) for rs2233915, 

serum Cu levels remain unchanged. As the major copper binding protein in serum is the 

multi-copper oxidase ceruloplasmin, and ceruloplasmin levels have previously been 

shown to be indicative of Cu bioavailability, we sought to determine ceruloplasmin 

activity in these samples (229,230). Results show that, in agreement with no reduction in 

serum copper levels, no alteration in serum ceruloplasmin activity is present between 

samples (Figure29c-d). These results are consistent with previous observations that tCtr1 

mediates vesicular Cu export, in so much as tCtr1 functions to release stored Cu. 

Moreover, cells that possess a greater proportion of tCtr1 relative to full-length Ctr1 will 

uptake less copper but also store less vesicular copper. This leads to the situation in 

which, despite decreased total cellular Cu levels, a similar Cu efflux is observed and 

thus resulting in a similar amount of serum Cu and ceruloplasmin activity (Figure 29e).  
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Figure 29: Humans possessing rs2233915 do not show alterations in serum Cu 
or ceruloplasmin activity. (A) ICP-MS analysis of serum samples from the Duke 
University CATHGEN project for individuals heterozygous for rs2233915. (B) ICP-MS 
analysis of serum samples from the Duke University CATHGEN project for individuals 
homozygous for rs2233915. (C) Plot depicting ceruloplasmin rate of product formation 
over time for serum samples from the Duke University CATHGEN project. (D) 
Ceruloplasmin activity of serum samples from the Duke University CATHGEN project. 
(E) Model depicting potential rate of Cu influx and efflux in cells containing either WT 
or P25A Ctr1. WT type cells have higher levels of full-length Ctr1 and higher vesicular 
Cu stores. Cells possessing P25A have less full-length Ctr1 and lower levels of Cu influx, 
but higher levels of truncated Ctr1 that are able to maintain normal levels of Cu efflux. 

 

5.4 Discussion 

The experimental results presented here demonstrate that even mild reduction in 

cardiac Ctr1 activity can lead to dramatic cardiac hypertrophy and ultimately heart 

failure. While mice possessing diminished Ctr1 activity show no observed phenotype 

under standard housing conditions, stresses in the form of either Cu deficiency or 

induced cardiac demand result in a increased heart size along with decreased fractional 

shortening and hate rate. This is consistent with previous works reporting on the 

importance of Cu in proper cardiac health, presumably due to the high oxidative 

phosphorylation demand imposed by one of the largest consumers of ATP in the body 

(15,17,24,151,211). 

Ctr1 participates in at least two separate cellular functions, namely, the import of 

Cu from the extracellular space and the export of vesicularly stored Cu. To accomplish 

these two separate tasks Ctr1 exists in two separate populations, full-length and 

truncated. Full-length Ctr1 exhibits high-affinity Cu uptake at the plasma membrane 
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and any reduction in full-length Ctr1 will result in a decreased ability to uptake 

extracellular Cu (24,26,27,30,89,109). Here we identify a SNP in the human Ctr1 gene 

that results in a protein product that is susceptible to hyper-cleavage of the metal-

binding ectodomain and results in lower total Cu levels in both human LCLs and mouse 

fibroblasts. This SNP, rs2233915, causes an amino acid change that mutates residue 25 

from Pro to Ala. Interestingly, the site of this mutation is not near the position of Ctsl 

cleavage or near the position of fully matured tCtr1, but rather in between these two 

sites (Figure 26a). In vitro cleavage analysis shows that the P25A mutation does not 

create a more efficient substrate for Ctsl, as would be expected based upon the distance 

of the mutation to the cleavage site. Thus, the P25A mutation must be acting through a 

non-canonical mechanism to induce the hyper-truncation of the Ctr1 ectodomain.  

Previous work has shown that glycosylation can influence the rate of cleavage of 

the Ctr1 ectodomain (89,90). Specifically, O-linked glycosylation that occurs along a TTS 

motif in human Ctr1 protects from proteolytic cleavage. It is interesting to note that, 

while the P25A mutation is not near either the Ctsl cleavage site or the downstream 

protease site, it is immediately adjacent to the residues proposed to be glycosylated 

(Figure 26b). This, coupled to reports that Pro residues are necessary and predictive for 

O-linked glycosylation, leads to the intriguing hypothesis that the P25A mutation 

prevents protective glycosylation of the ectodomain (231-235). In this scenario Ctr1 

cleavage is a two-step process with Ctsl initiating the first, rate-limiting step in which 8 
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amino acids are removed from the amino-terminus of the ectodomain (98). This allows 

for a second, currently unidentified protease or group of proteases to process the 

ectodomain and form tCtr1. Thus, O-linked glycosylation at the TTS motif protects from 

aberrant activity of this set of unknown proteases. Any events altering the ability of the 

TTS motif to be glycosylated (i.e. mutation of the ectodomain, nutritional deprivation of 

required sugars, inhibition of the O-linked glycosylating machinery, etc.) would be 

predicted to result in hyper-cleavage. Future studies will be needed to confirm the role 

of glycosylation in the proteolytic cleavage of the ectodomain as well as identify the 

machinery responsible for glycan addition. 

Another factor involved in Ctr1 cleavage is the orthologous protein Ctr2. 

Previous reports have demonstrated that Ctr2 physically interacts with and is required 

for Ctr1 ectodomain cleavage by Ctsl and that in the absence of Ctr2 very little cleavage 

is observed (96,101). In this work the role Ctr2 was not evaluated, but future studies 

utilizing either siRNA or CRISPR to reduce Ctr2 will be important to reveal the 

mechanism by which the Ctr1 P25A mutant is hyper-cleaved. One possibility, that Ctr2 

is not required for the observed P25A hyper-cleavage, would be expected if the role of 

Ctr2 is to specifically stimulate Ctsl cleavage. However if the role of Ctr2 is broader, (i.e. 

to traffic Ctr1 to a site conductive for proteolytic cleavage or cause a conformational 

change upon binding) it may still be required for the observed hyper-cleavage. No 
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matter the results, understanding the role of Ctr2 will be critical to fully understand the 

nature of the observed Ctr1 P25A hyper-truncation. 

It is interesting that even though human LCLs and mouse fibroblasts possessing 

the Ctr1 P25A variant show lower Cu levels, serum obtained from humans possessing 

this mutation do not show altered Cu levels or altered ceuroplasmin activity. Previous 

studies have illustrated the complex nature of whole body Cu homeostasis, and it could 

be that other organs are forgoing their Cu requirements to maintain proper serum Cu 

levels (3,18,19,49,50,67). Additionally, an unidentified method of intestinal Cu uptake 

has been described (236). This system is inhibited ~90% by the addition of chloride ions 

and was proposed to function by mediating the uptake of CuCl complexes through 

anion exchangers. One hypothesis is that this alternative Cu uptake system is up 

regulated when the primary Ctr1-mediated Cu uptake system in compromised. Future 

experimentation utilizing animal models will be necessary to decipher the full nature of 

the P25A mutation.  

 

6. Conclusions 
The results presented here contribute to our knowledge of copper homeostasis 

but also raise many questions that remain to be answered. For instance, given the 

essential contribution of Ctr2 in mediating vesicular Cu release it is curious as to why 

Ctr2-/- mice show no overt biological phenotype. One would think that by trapping Cu in 
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vesicles multiple Cu-dependent enzymes would show reduced activity, however, this is 

not observed. In fact, the protein levels of CCS and CoxIV in Ctr2-/- are similar to those in 

wild type mice. This suggests that even though Cu is being sequestered inside of 

intracellular vesicles and is unable to escape, there are still adequate levels of 

bioavailable Cu. One potential explanation could be that the vesicular Cu stores are not 

the initial target of cellular Cu but rather function as a storage depot that only acquires 

Cu after cellular excess is achieved. Another explanation is that the mice may need to be 

challenged with diets containing different levels of copper. Perhaps Ctr2-/- mice will be 

unable to mobilize vesicular Cu stores in response to a diet deficient in Cu. 

This hypothesis could be tested by preforming a pulse chase experiment utilizing 

two isotopes of Cu such as 63Cu and 65Cu. By growing cells exclusively in media 

containing 63Cu, followed by a chase of media containing exclusively 65Cu, cells 

harvested at different time points could be fractionated and analyzed by ICP-MS for 

isotope enrichment. If the Cu containing vesicles acquire 65Cu at later time points than 

other Cu enzymes or compartments this would support the notion that the vesicles 

function to store excess Cu and explain why mice lacking Ctr2 do not show a Cu 

deficiency phenotype.  

Another unresolved question concerns the nature of how Ctr1 and Ctr2 interact. 

Both proteins have been shown to exist as homo-trimers, however, the interacting 

complex of Ctr1-Ctr2 has not been examined in detail. One possibility is that two homo-



 

156 

trimers interact to transiently form a Ctr1-Ctr2 dimer-of-trimers. This hypothesis is 

supported by the observance that two trimers of Ctr1 can exist as a dimer-of-trimers. 

Another possibility is that monomers from Ctr1 and Ctr2 form a hetero-trimeric 

complex. Given the finding that Ctr1 monomers lacking the ability to trimerize are 

rapidly degraded, it would be expected that a hetero-trimer Ctr1-Ctr2 complex would be 

stably bound and not dissociate.  

The stoichiometry of a Ctr1-Ctr2 complex could be measured by TIRF 

microscopy and step-wise photo-bleaching of a GFP tagged Ctr1 and RFP tagged Ctr2. 

By slowly photo-bleaching molecules in both the green and red channel, the number of 

molecules can be calculated from a single point of florescence. This would allow for a 

precise quantification of Ctr1-Ctr2 stoichiometry. If six molecules were observed to be in 

the complex, this would suggest a dimer-of-trimers interaction, but if only three 

molecules were present it would suggest a hetero-trimeric complex between Ctr1 and 

Ctr2.  

In addition to the unresolved nature of the Ctr1-Ctr2 interaction is the mystery as 

to how Ctr2 induces CTSL mediated proteolytic cleavage. One hypothesis is that Ctr2 

binds to Ctr1 and facilitates the trafficking of Ctr2 to the CTSL containing vesicle, where 

cleavage proceeds. This model would suggest that CTSL is always able to cleave Ctr1 

and merely needs to be presented with the ectodomain to initiate cleavage. This could be 

tested by incorporating purified Ctr1 into lipid vesicles and adding active CTSL. If 
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cleavage occurs in the absence of Ctr2, this would suggest that Ctr2 is not needed for the 

actual proteolytic event but rather facilitates the meeting of Ctr1 and CTSL. 

Another hypothesis is that Ctr2 mediates a conformational change in the ecto-

domain of Ctr1 that grants access to CTSL. This could be tested by creating a variant of 

Ctr1 in which the ecto-domain is labeled with a fluorophore and incorporated into lipid 

vesicles containing a FRET acceptor. If the addition of Ctr2 to these vesicles alters the 

FRET efficiency, presumably by altering the distance of the Ctr1 ecto-domain from the 

membrane, this would support the notion that Ctr2 induces a conformational change in 

Ctr1 that allows access to CTSL. 

The discovery of Ctr2 mutants that are functional in Cu transport presents with 

another set of unresolved questions. Firstly, the residues mutated in Ctr2 are not 

predicted to bind Cu and thus must allow passage of the ion through a membrane in a 

means other than direct contact. Presumably, these mutations alter the orientation of the 

transmembrane helixes. Further explanation will require a detailed structural analysis of 

the Ctr proteins at high resolution. Secondly, if Ctr2 does not transport Cu, why has it so 

strictly maintained the critical MxxxM motif that is used in Cu transport? Mutation of 

either of these residues results in a normally active Ctr protein incapable of Cu 

transport. Perhaps while Ctr2 does not transport Cu it still maintains the ability to bind 

Cu. This could allow Ctr2 to function as a Cu sensor and regulate the ability to stimulate 
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Ctr1 cleavage only when metal levels cross a certain threshold. Alternatively, this could 

be a vestige of evolution that has not yet been lost. 

While this work suggests that Ctr2 stimulates the CTSL-mediated cleavage of the 

Ctr1 ecto-domain inside of an intracellular vesicle, the detailed nature of this vesicle 

awaits characterization. Potentially, these vesicles function as Cu storage organelles that 

release Cu after Ctr1 cleavage or in response to another physiological cue. By tagging 

Ctr2 with a C-terminal GFP moiety, which would be located on the outside of the 

vesicle, immuno-affinity with anti-GFP antibody could be used to isolate pure 

populations of Ctr2 containing vesicles. This would allow for mass spectrometry 

analysis of the protein and ion components and identify the nature of these vesicles.  

These questions are at the forefront of copper biology and present interesting 

challenges as we make our way toward a fuller understanding of nature’s handling of a 

toxic yet essential ingredient to life. While much has been learned, much still remains to 

be discovered by future investigators and eager scientists. An understanding for the role 

in which life utilizes and transports Cu has just begun.
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