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ABSTRACT 

ATP7B is a P-type ATPase required for copper homeostasis. In 1993, our 

laboratory discovered that defects in ATP7B cause Wilson disease (WND). 

Treatment of WND is effective, particularly when provided in the early stages of 

the disease. Mutation analysis is an important tool for reliable diagnosis of this 

clinically variable disease. Our laboratory has documented 518 ATP7B variants; 

(http://www.medicalgenetics.med.ualberta.ca/wilson/index.php) however, only 

50 have been functionally characterized. Functional studies are important for 

discriminating between normal and disease causing variants. 

In my studies, a yeast model was used to study 21 ATP7B variants. I 

developed a 96-well plate version of the Fet3p (orthologue of human 

ceruloplasmin) oxidase assay that is more sensitive and time-efficient. The 

ATP7B variants were further analyzed using computational programs developed 

to distinguish normal from disease causing variants. These programs (PolyPhen, 

SIFT, and Align GVGD) use amino acid conservation and biochemical 

properties. PolyPhen and SIFT are useful tools for developing a hierarchical plan 

for selecting variants to be analyzed in future functional assays. 

http://www.medicalgenetics.med.ualberta.ca/wilson/index.php
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CHAPTER 1 

INTRODUCTION 

1. Physiological Aspects of Copper 

1.1. Physiological Importance of Copper 

Copper is a vital trace element for all living organisms. It is required for essential 

physiological activities including: free radical detoxification, cellular respiration, 

neurotransmitter biosynthesis, iron transport, and others. Copper is an indispensable 

cofactor for several enzymes including: dopamine-(3-hydroxylase, tyrosinase, lysyl 

oxidase, peptidylglycine-a -amidating monooxygenase, superoxide dismutase, 

cytochrome c-oxidase, and ceruloplasmin. The physiological importance of copper is 

reflected by the deleterious consequences obtained when copper transporters have 

impaired function. Menkes disease (OMIM 309400) is a fatal childhood disorder caused 

by mutations in ATP7A (Vulpe et al., 1993a; Kaler, 1998). ATP7A is a gene that encodes 

a Cu-ATPase expressed in several tissues, mainly the intestine. ATP7A inactivation 

causes copper deficiency due to disrupted delivery of copper from the intestine. Patients 

with Menkes disease suffer from developmental and neurological impairment as well as 

other symptoms including: connective tissue abnormalities, loss of pigmentation, and 

tortuosity of blood vessels (Kaler, 1998; Turner and Horn, 1998; Kodama and Murata, 

1999; Kodama et al., 1999). 

Inactivation of another copper transporter, ATP7B, leads to Wilson disease 

(WND) (Bull et al., 1993). ATP7B is a homologue of ATP7A that is involved in the 

secretory pathway of copper transport. Wilson disease patients suffer from copper 
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accumulation in the liver, brain, and other tissues. These two diseases demonstrate that 

copper homeostasis is tightly controlled in living organisms. Copper accumulation 

(WND) and copper deficiency (Menkes disease) are associated with deleterious 

consequences (Gitlin, 2003; Ferenci, 2005). 

1.2. Copper Uptake 

The average daily intake of copper is around 2 mg. Most of this copper is 

absorbed in the small intestine, mainly the duodenum. The apical parts of the intestinal 

cells contain a copper transporter that is thought to import copper from the lumen of the 

intestine into the cytoplasm of the enterocyte. Studies using mice have shown that the 

high affinity copper transporter, Ctrl, is located on the apical part of the intestinal cells 

during the suckling period (Kuo et al., 2006). Adult mice had their Ctrl localized to 

other cytoplasmic compartments within the endothelial cells. Therefore, Ctrl is involved 

in copper transport and possibly copper regulation. Inactivation of Ctrl in mice blocks 

copper absorption into the blood and results in copper deficiency in various tissues. 

However, this inactivation does not prevent copper from accumulating in the intestinal 

cells. These observations suggest that other mechanisms are involved in the apical 

uptake of copper (Nose et al., 2006). DMT1 (divalent metal transporter 1) is a candidate 

protein for the intestinal uptake of copper. Studies have shown that dietary iron is 

absorbed by the intestinal cells through DMT1 (Anderson and Frazer, 2005). Knocking 

down expression of DMT 1 in cultured cells decreased copper uptake by these cells 

(Arnesano et al., 2002). However, the role of DMT1 on copper transport in tissues has 

not been examined. Another candidate for the copper uptake into the enterocytes could 
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be the ATP-driven copper transport system detected in the brush-border of the intestine 

(Knopfel et al., 2005). The nature of this system is still under investigation. Copper 

could be imported into the intestinal cells by pinocytosis. Mann et al postulated that 

suckling mice could absorb their dietary copper through pinocytosis at the distal part of 

the small intestine (Mann et al, 1979). 

Copper absorbed by the intestine is delivered to the various organs through the 

blood. This process involves exporting of copper from the enterocytes to the blood 

vessels. Copper enters the enterocytes, then is carried by chaperones to the specific 

intracellular destinations. ATOX1, antioxidant protein 1, is a copper chaperone required 

for the excretion pathway (Hamza et al., 2003). Copper is exported from the enterocytes 

into the blood by ATP7 A in a process that involves trafficking of the transporter 

towards the baso-lateral membrane (Petris et al, 1996; Monty et al., 2005). 

1.3. Copper Homeostasis 

The liver plays a central role in copper homeostasis. It is responsible for the 

export of excess copper out of the body. The export of copper from the liver is mediated 

by the copper-transporting ATPase, ATP7B. 

Copper enters hepatocytes through the high affinity copper transporter CTR1, as 

noted above. In the cytosol, copper binds to specific chaperones that direct it to various 

intracellular destinations. Copper chaperone of superoxide dismutase ( CCS) delivers 

copper to superoxide dismutase ( SOD1) that is involved in free radical detoxification 

(Culotta et al., 1997). The second copper destination involves cytochrome-c oxidase 

(COX). Several proteins, including COX17, have been reported to be involved in copper 
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delivery to the mitochondria (Punter and Glerum, 2003; Prohaska and Gybina, 2004). 

The third important destination of copper is the secretory pathway. ATOX1 delivers 

copper to ATP7B, a Cu-ATPase that is localized to the trans-Golgi network (TGN) 

(Hamza et al., 2003). ATP7B then transports copper to the lumen of the Golgi network. 

In the lumen, copper is incorporated into ceruloplasmin (CP) which is a copper 

dependent ferroxidase. CP is then secreted into the blood. Although CP carries more 

than 90% of copper in the plasma it does not seem to play an essential role in copper 

transport (Meyer et al., 2001). CP is involved in various functions including: oxidation 

of organic amines, iron(II) oxidation and the regulation of cellular iron levels, free 

radical scavenging and other antioxidant processes (Healy and Tipton, 2007). 

Excess copper in the liver is excreted into the bile. In the hepatocyte, ATP7B 

traffics from the TGN to cytoplasmic vesicles in response to high copper concentrations 

in the cytoplasm (Forbes and Cox, 2000). These vesicles, containing excess copper, fuse 

with the bile canaliculi membrane releasing copper to the bile ducts (Hamza et al., 

1999). The excess copper is then eliminated from the body through feces. 

1.4. Copper Toxicity 

Copper is a transition metal that is able to release or accept an electron easily. 

Copper in the intestinal lumen and blood is thought to be in its oxidized form (Knopfel 

and Solioz, 2002). However, within the cell it is in the reduced Cu (I) form. Copper is 

considered a potential potent cytotoxin when allowed to accumulate in excess inside the 

cell. Copper can react with poorly reactive oxygen species (ROS) to produce highly 

reactive radicals. ROS are involved in various diseases including cancer, 
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neurodegeneration, and aging (Halliwell and Gutteridge, 1990). Studies have shown that 

trace amounts of Copper can catalyze the generation of hydroxyl radicals from hydrogen 

peroxide via the Fenton reaction; reviewed in (Halliwell and Gutteridge, 1984; Tapiero 

et al., 2003). Hydroxyl radicals are toxic free radicals involved in peroxidation of lipid 

membranes, cleavage of DNA and RNA molecules, and oxidation of proteins; reviewed 

in (Halliwell and Gutteridge, 1990; Pena et al., 1999). Furthermore, copper can replace 

other metal cofactors. Thus, it can potentially disturb a wide range of biological 

activities. 

2. Wilson Disease 

Wilson Disease (WND) is a hereditary liver disorder with neurological 

manifestations as first described by Kinnear Wilson (Wilson, 1912). It is an autosomal 

recessive disorder with an incidence of 1 in 30,000 worldwide. In 1948, the etiology of 

the disease was identified. Tissues from patients with WND were found to be 

overloaded with copper reviewed in (Brewer and Yuzbasiyan-Gurkan, 1992). WND 

presents with various symptoms. Although the hepatic form is the most common 

phenotype of the disease (Kitzberger et al., 2005), other manifestations such as 

progressive neurological disorder and psychiatric illness are also common (Roberts and 

Cox, 2006). These symptoms could appear at any time between 3 and 65 years. 

Liver disease is the most common presentation of patients with WND. It 

involves acute, sub acute, as well as chronic liver conditions. In most case, WND 

patients develop hepatic injury that gradually progresses into cirrhosis if left untreated 

(Scheinberg and Sternlieb, 1984). Hemolytic anemia is rarely associated with WND 
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(Roberts and Schilsky, 2003). Neurological presentation is characterized by 

Parkinsonian disturbances and movement disorders as well as rigid dystonia. The most 

common symptoms recognized are speech defects, hand tremors and gait disturbances; 

reviewed in (Roberts and Cox, 2006). A hallmark of the disorder is the Kayser-Fleischer 

(KF) ring, formed from deposition of copper in the Descemet membrane of the cornea. 

KF ring is the most common ocular presentation of WND patients. It is found in 90-

95% of patients with neurological symptoms (Steindl et al., 1998). Psychiatric 

symptoms range from behavioral abnormalities and personality changes to psychosis. 

Wilson disease patients presented with psychiatric features are usually misdiagnosed in 

the first stages of the diseases. 

WND also has specific biochemical signs. Copper in serum is bound to albumin 

and can be transferred into tissues. Most WND patients have reduced levels of serum CP 

(Scheinberg and Gitlin, 1952). However, non-CP serum copper is elevated. The effect of 

decreased holo-CP in the serum was shown to have minor importance on copper 

homeostasis, but affects the transport of iron (Shim and Harris, 2003). Livers of WND 

patients are usually overloaded with copper, as biliary Cu excretion is impaired. In the 

liver, copper is incorporated into the CP. Excess copper remains in the liver and leads to 

serious liver injury. Excess copper in plasma leads to accumulation in other tissues, 

especially kidney and brain. Excess plasma copper is eliminated through urine, and 

urinary copper is increased in most patients. 

2.1. Genetics 



The gene causing WND, ATP7B, was identified in 1993 by two independent 

groups (Bull et al, 1993; Tanzi et al, 1993). ATP7B is located on chromosome 13ql4.3 

(Bowcock et al., 1987; Bowcock et al., 1988; Yuzbasiyan-Gurkan et al., 1988), spans 80 

kb of genomic DNA, and includes 21 exons. ATP7B is expressed mainly in the liver, 

kidney, and slightly in the placenta, heart, brain, lungs, muscles, and pancreas (Bull et 

al., 1993). An alternative splice variant of ATP7B was identified in brain tissues. The 

alternative splice variant was missing exons 5 and 11 (Tanzi et al., 1993). Further 

analysis identified another brain splice variant that lacks a combination of exons 

including: exon 17; exon 13; exon 6, 7, and 8; and exon 12. These variants were also 

detected in kidney and placenta (Petrukhin et al., 1994). In 1998, an interesting ATP7B 

alternative splicing variant was identified in the pineal gland. This variant lacks exons 1, 

2, 3, 4, 5, 6, and 7 and uses a promoter in intron 8 to produce a 665 amino acid 

polypeptide designated as pineal night-specific ATPase (PINA) (Li et al., 1998). 

Although PINA loses the N-terminal metal binding domain and the first four 

transmembrane domains it was reported to limit restoration of transport activity in yeast 

(Borjigin et al., 1999). Further studies to explore the function of PINA are required to 

confirm these observation 

Mutational analyses of WND patients and their relatives have identified more 

than 518 distinctive variants as reported in the WND mutation database 

(http://www.medicalgenetics.med.ualberta.ca/wilson/index.php). Most of these variants 

are probable disease-causing variants (379 out of 518 variants). The remaining variants 

are reported as possible normal variants. The molecular analysis of ATP7B in affected 

individuals has shown that most patients are compound heterozygtes (Figus et al., 1995; 

http://www.medicalgenetics.med.ualberta.ca/wilson/index.php
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Thomas et al, 1995; Loudianos et al, 1996; Loudianos et al., 1998; Loudianos et al, 

1999b). There are only a few mutations occurring at a high frequency in a given 

population. For example, p.H1069Q, the most common mutation in WND patients of 

European origin, is found in 70% of WND Polish patients (Czlonkowska et al., 1997), 

and 60% of the Austrian population (Maier-Dobersberger et al., 1997). On the other 

hand, R778L is the most common WND mutation detected in Asian populations, 

accounting for 37.9% of mutations in Korean patients (Kim et al., 1998) and 45.6% in 

Han Chinese WND patients (Liu et al , 2004). 

Phenotypic variation and mutational analysis have raised questions on the 

genotype-phenotype correlations in WND patients. The wide range of phenotypes 

presented by WND patients is an integration of several factors, both including genetic 

and environmental. However, there are few phenotypes that can be explained as a 

consequence of a specific mutation only. For example, mutations that are known to 

cause abolition of ATP7B function are usually associated with hepatic disease, and the 

age of onset can be as early as 3 years. On the other hand, patients with less severe 

mutations have an age of onset around 15 years and they mainly present with 

neurological abnormalities (Thomas et al., 1995; Wu et al., 2001). Studies have shown 

that p.H1069Q, the common Caucasian mutation, causes WND that presents with 

neurological symptoms and a later age of onset (Figus et al., 1995; Czlonkowska et al., 

1997; Shah et al, 1997a; Sham et al, 1997; Stapelbroek et al, 2004). However, most of 

the mutations identified in ATP7B fail to explain the variable age of onset, clinical 

presentation, and other biochemical features observed in WND patients. The marked 

phenotypic variations observed between related WND patients suggest that additional 
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genetic and environmental factors contribute to the course of the disease (Riordan and 

Williams, 2001; Panagiotakaki et al, 2004). 

2.2. Diagnosis 

Wilson disease is a highly variable disorder in its clinical presentation. There is 

no specific combination of clinical and biochemical features that is definitive of Wilson 

disease in all patients. Therefore, diagnosing WND is often difficult and some times 

delayed. The major clinical symptoms used in diagnosing WND are KF rings and low 

serum CP. However, KF rings are not found in all WND patients especially those with 

hepatic presentations (Gow et al., 2000). Low serum Cp is another hallmark of WND. 

The challenge with CP is that it is elevated as a response to inflammation and high 

estrogen levels in the blood making it an unsuitable sole tool to diagnose WND (Steindl 

et al., 1997; Ferenci, 2004). More than 15% of WND patients have a normal range of 

serum CP (Cauza et al, 1997; Steindl et al., 1997; Yuce et al, 1999). Urinary copper 

can assist in the diagnosis of WND. Affected individuals tend to have elevated urinary 

copper. However, urinary copper might be increased as a consequence of other liver 

injuries including extensive hepato-cellular necrosis. On the other hand, some WND 

patients have normal urinary Cu excretion in the early stages (Gow et al., 2000; Ferenci 

et al., 2003). Hepatic copper is a sign for the diagnosis of WND. Hepatic biopsy is used 

to quantify the hepatic copper content, which is a useful diagnostic tool as well as for 

assessing the degree and type of histological injury. Normal hepatic copper usually 

excludes the diagnosis of WND except in presymptomatic relatives of patients. In 

contrast, neither KF rings nor elevated liver copper is individually sufficient to confirm 
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the diagnosis of WND, because either of these parameters occur in any disorder with 

impaired biliary excretion (Gollan and Gollan, 1998; Schilsky, 2002). 

2.3. Treatment 

The treatment of WND focuses on reestablishing copper homeostasis and 

preventing copper from accumulating in certain tissues. According to the American 

Association for the Study of Liver Diseases (AASLD) practice guidelines, the treatment 

of symptomatic WND patients should include copper chelation mainly with D-

penicillamine (Walshe, 1956). WND patients are effectively treated with copper chelator 

agents if early diagnosis is confirmed (Schilsky, 2002; Roberts and Schilsky, 2003). The 

copper chelators remove excess copper from the blood, and to a lesser extent from liver. 

Some chelators might have other effects such as: induce metallothioneins in tissues 

and/or interfere with copper absorption (Roberts and Cox, 1998; Fatemi and Sarkar, 

2002). Trientine is an alternative copper chelator that has similar effectiveness. These 

medications are sometimes accompanied by sideroblastic anemia and bone marrow 

suppression. Thus, WND patients are monitored consistently during treatment (Walshe, 

1982; Brewer et al, 2003; Roberts and Cox, 2006). 

Zinc acetate (Zn treatment) is a safe and effective treatment for a long-term 

maintenance. Zn inhibits copper absorption from the gastrointestinal tract. Zn induces 

metallothioneins in enterocytes. These metallothioneins have a great affinity for copper 

and sequester it inside the intestinal cells. The endothelial cells are sloughed off as a part 

of the normal regeneration of the intestine and copper will be excreted with fecal 

materials (Brewer et al., 1998). Zn treatment is recommended for WND patients that 
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have already maintained the normal copper level through chelation treatment (Schilsky, 

2002). 

WND patients could develop advanced liver failure with decompensated 

cirrhosis as a consequence of delayed diagnosis, poor compliance with treatment, and or 

rapid, fulminant hepatitis. Death is almost certain without hepatic transplantation in such 

patients. Studies have shown that liver transplantation restores copper to the normal 

levels in a period of 6 months (Schumacher et al., 1997). Recurrence of Cu-associated 

liver damage has not been reported in WND patients (Langner and Denk, 2004). 

However, reliable and early diagnosis can avoid this extreme treatment. 

3. Copper transporter, ATP7B 

3.1.ATP7B:aPi-ATPase 

ATPases are enzymes that catalyze the conversion of adenosine tri-phosphate 

(ATP) into adenosine di-phosphate (ADP) and inorganic phosphorous (Pi), releasing 

energy. The energy is used to drive essential cellular processes. Some of the ATPase 

enzymes are integrated into the membranes and are involved in the transport of various 

metabolites across the membrane. P-type ATPase is one of the three major classes of ion 

transporting ATPases. This class is characterized by the formation of a phosphorylated 

intermediate as part of the transport cycle. P-type ATPases include most of the 

membrane ion transporters, for example sodium potassium pump, sarco-endoplasmic 

reticulum Ca++ ATPase, as well as other cation pumps. The other two classes of ion 

transporting ATPase are more related to each other. F-type ATPases are characterized 

by a multi subunit structure and the lack of a phosphorylated intermediate. Members of 
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this class are located in the inner membrane of mitochondria and chloroplast. V-type 

ATPase is the vacuolar ATPase that uses energy released from ATP hydrolysis to pump 

protons across the membrane of vacuoles, lysosomes and other cellular organelles. V-

type ATPases lacks the phosphorylated intermediate and are involved in the pH 

homeostasis and acidification of certain organelles. 

The P-type ATPases contain the four amino acid motif (DKTG) next to the 

aspartate residue. This aspartate is phosphorylated during the reaction cycle. Members 

of the P- type ATPases are classified into subfamilies. ATP7B is a P type ATPase that 

utilizes ATP to transport copper through the membrane. ATP7B shares common 

features with other P type ATPases such as: ATP7A (Menkes protein) (Chelly et al., 

1993; Mercer et al, 1993; Vulpe et al, 1993b), CopA (bacterial copper transporter) 

(Rensing et al, 2000), ZntA (bacterial zinc transporter) (Rensing et al., 1997). These 

proteins form type 1 P-ATPases (Pi-ATPase). This subfamily is distinguished from 

other P- ATPases for having common features including: eight transmembrane domains 

instead of six, N-terminal cytoplasmic metal binding domain, and a Cys-Pro-Cys (CPC) 

motif in the transmembrane six domains. 

3.2. Role of ATP7B Domains 

ATP7B is a large integral membrane protein with eight transmembrane domains 

forming the transporter channel. ATP7B translocates copper from the cytosol across the 

cellular membranes using energy liberated from ATP hydrolysis. ATP7B binds copper 

from the cytosol, delivers it to the transmembrane portion of the transporter, and then 

releases it at the other side of the membrane. This whole process requires distinct 
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functional properties that are reflected in the architecture of the protein. The major bulk 

of ATP7B, including its key domains, is located in the cytoplasm. Several key 

functional domains can be identified in the structure of ATP7B including: N-terminal 

metal binding domains (MBD), transmembrane domains (Tm), ATP-binding (ABD) and 

phosphorylation domains (Ph), and C-terminal domains (C-ter). 

3.2.1. Role of N-terminal Metal Binding Domain (MBD) 

The N terminal part of ATP7B is a large cytosolic portion of the protein that 

contains more than 600 residues. It includes six repetitive sequences; each containing 

the conserved motif GMT/HCXXC. Each of the sequences folds into an individual 

metal binding domain (MBD) that binds one copper ion in its reduced Cu (I) form. The 

six domains are joined together via linker sequences to form the cytoplasmic N-terminal 

region of the protein. Copper ion is coordinated on each MBD via two cysteine residues 

contained in the individual CXXC motif (DiDonato et al, 1997; Lutsenko et al., 1997). 

These motifs can bind other metals such as zinc (DiDonato et al., 2002) and lead (Qian 

et al., 2005). However, the functional consequence of binding the different metals is still 

under investigation. 

MBDs are essential for ATP7B function. Studies have shown that mutating the 

six MBDs results in a non-functional transporter (Cater et al., 2004). The first four MBD 

are characteristic of mammalian ATPases and are involved in regulatory functions. 

There are enough data suggesting that MBD1 to 4 are not critical for the transport of 

copper. The deletion of MBD1 to 4 did not affect the affinity of the transporter for 

copper (Forbes et al., 1999). However, this deletion stimulates copper-dependent 
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catalytic phosphorylation, as studied in insect cells (Huster and Lutsenko, 2003). 

Tsivkovski et al demonstrated that the N-terminus interacts with the ATP-binding 

domain and that this interaction is weakened by copper binding (Tsivkovskii et al., 

2001). These results suggest that MBD 1 to 4 play an auto-inhibitory role through 

interacting with the ATP-binding domain (ABD) and preventing ATP hydrolysis 

(Huster and Lutsenko, 2003). When MBD1 to 4 are loaded with copper, the ABD is free 

to bind ATP and the catalytic activity of the transporter is restored. 

MBD5 and 6 are the nearest to the transmembrane region of the protein. These 

two MBDs are required for normal ATP7B function. Their effect might be in controlling 

the transporter conformation or donating copper to the intramembrane copper binding 

sites. Mutating the cysteine residues, the copper coordinating residues, in the CXXC 

motif of MBD5 or 6 decreases the affinity of the transmembrane domain for copper 

(Huster and Lutsenko, 2003). Rice et al also showed that in the bacterial copper 

transporter, CopA, the MBD of the N-terminus interact with the intramembrane domains 

(Rice et al., 2006). These observations suggest that copper binding to MBD5 and 6 

favors subsequent copper binding to the transmembrane portion of ATP7B. Copper 

binding to the isolated MBDs did not affect their structure. Achila et al detected small 

rearrangements in the vicinity of the metal binding site (Achila et al, 2006). A complete 

3D structure of ATP7B is still not available. Thus, the effect of copper binding on the 

overall conformation of ATP7B is still unclear. 

ATP7B function involves the interaction with various proteins. Failure to 

interact properly with these proteins impairs ATP7B function and could result in 

diseases. There are three proteins that are known to interact with the N-terminal binding 
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domains of ATP7B. ATOX1 is a cytosolic metallochaperone that passes copper to 

ATP7B at the membrane of the trans Golgi network (Hamza et al., 1999). Cu(I)-ATOXl 

forms a complex with MBD2 and MBD4 of the N-terminus (Achila et al., 2006). The 

consequence of this interaction is discussed earlier in this chapter. COMMD1 (MURR1) 

is a protein recently associated with copper accumulation in Bedlington terriers. The 

deficiency in COMMD1 contributes to copper toxicosis, a canine disorder that shares 

many pathophysiological features with WND. The interaction of ATP7B and COMMD1 

supports the role of COMMD1 in copper homeostasis and suggests that these two 

proteins cooperate to facilitate the excretion of excess copper through the bile canaculi 

(Tao et al, 2003). Recent studies have revealed that COMMD1 is involved in a variety 

of other cellular processes including hypoxia-inducible factor 1 (van de Sluis et al., 

2007) and nuclear factor KB (NF-KB) signaling pathways (Ganesh et al., 2003). Lim et 

al in 2006 identified an additional protein that interacts with the N-terminal region of 

ATP7B using a yeast two-hybrid approach to screen a human liver cDNA library. This 

screen showed that ATP7B interacts with P62 (Dynactin 4), a subunit of the motor 

protein dynactin. The interaction with p62 requires copper and depends on the CXXC 

motifs as well as the region between MBD4 and MBD6. This interaction suggests that 

P62 is a key component of the copper-regulated trafficking pathway that delivers 

ATP7B to subapical vesicles of hepatocytes for the removal of excess copper (Lim et 

al., 2006). 

3.2.2. Role of ATP7B Transmembrane Domains 
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ATP7B is a membrane protein that contains eight transmembrane domains. 

These domains form the channel required to recognize copper and translocate it across 

the membrane permeability barrier. The ATPase P1B subfamily shares certain amino 

acid residues including His, Gly, Asp, Ser, and Met that are required for metal 

coordination by the various transporters. The arrangement of these metal binding 

residues and the mechanism by which they synchronize metals is under investigation. 

The P1B ATPase subfamily has a Tm6 that coordinates the metal during transport. The 

conserved proline is found in all P- type ATPases. Pl-type ATPases have this proline 

flanked between cysteine and X residues. The CPX motif is a defining element for Pl-

type ATPases (Bull and Cox, 1994; Solioz and Vulpe, 1996). Studies have shown that 

mutating cysteine in the CPX motif impairs copper binding of the transmembrane 

domains (Mandal Arguello 2003). 

Tm3 to 8 have equivalents in their structure in all P- type ATPases. Tml and 

Tm2 are specific for P1B ATPases such as ATP7B and ATP7A. Tm2 has been shown to 

be essential for ATP7B function. The animal model, Jackson toxic milk mouse (txJ) is 

reported to have clinical and biochemical features of WND (Theophilos et al, 1996). 

Coronado et al have shown that the causative mutation of this phenotype is G712D that 

is located in Tm2 (Coronado et al., 2001). Tml and 2 also contain a number of residues 

that could be involved in metal coordination and translocation within the intramembrane 

region. The structural analysis of these two domains shows two cysteine residues that 

face each other in both ATP7A and ATP7B. This positioning suggests the involvement 

of these cysteines in either coordinating metal translocation or forming a disulfide 

bridge that might be crucial for the structure of the channel. Tml and 2 present another 
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interesting feature. The luminal ends of Tml and 2 show highly conserved methionine 

residues in all copper ATPases (http://www.patbase.kvl.dk/IB.html). Methionine is an 

appropriate ligand for copper in its reduced state. Copper binds to the N-terminal MBD 

in the mono-valent form (Cu+) and is thought to be imported across the membrane in 

the same form. Therefore, these methionine residues might play a role in the transfer of 

copper through the membrane (Lutsenko et al., 2007b). 

3.2.3. Role of the ATP Loop 

The ATP loop is the second largest cytosolic portion of ATP7B. It encompasses 

two major domains: the phosphorylation domain (P-domain) and the nucleotide -binding 

domain (N-domain). All P-type ATPases, including ATP7B, are characterized by the 

presence of these domains as part of the catalytic activity. The P-domain contains motifs 

that are required for ATP hydrolysis such as the signature motif (DKTG), found in all P-

type ATPases. The aspartate residue of this motif is phosphorylated during the transport 

cycle of ATP7B. The sequence homology existing between the P-domain of Cu 

ATPases and SERCA Ca++- ATPase was used to produce a structural model of the 

ATP7B P-domain (Fatemi and Sarkar, 2002; Efremov et al., 2004) 

The N-domain of the ATP-loop contains sites that are involved in binding and 

coordinating the nucleotide molecule (ATP). The primary sequence of the N-domain of 

Cu ATPase has little sequence homology with equivalent domains of other P type 

ATPases. However, the high-resolution structure of the ATP7B N-domain indicates that 

the three-dimensional folding pattern of the N-domain is similar in all P- type ATPases 

(Dmitriev et al., 2006). Sequence alignment reveals invariant residues in the ATP7B N-

http://www.patbase.kvl.dk/IB.html
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domain including: p.E1064, p.H1069, p.G1099, p.GHOl, p.G1149. NMR mapping of 

the ATP loop showed that the invariant residues are located in the ATP binding sites. 

p.GHOl and p.G1099 are close to the a- and |3- phosphates of ATP. This might 

contribute to the tight binding of ATP. p.G1149 creates a pocket that coordinates ribose. 

The adenine moiety is in close proximity to p.H1069 and is surrounded by hydrophobic 

side chains of p.I1180 and p.I1102 (Lutsenko et al., 2007a). The residue p.E1064 is 

necessary for ATP binding (Morgan et al., 2004), however the functional role of this 

residue in nucleotide coordinating is still unclear. 

3.2.4. Role of the C-Terminal Region 

The C-terminus of ATP7B is made up of 80 to 100 amino acid residues. 

Structural information on the C-terminal tail of human copper ATPases is still 

incomplete. The C terminus of ATP7B contains a conserved trileucine motif (1454-1456 

LLL) that is necessary for the TGN localization of ATP7B (Petris et al, 1998; Cater et 

al., 2006). This motif retrieves the trafficked ATP7B molecules from the plasma 

membrane and the vesicle back to the TGN (Mercer and Llanos, 2003). The LLL>AAA 

mutation causes ATP7B to localize to vesicles when expressed in Chinese hamster ovary 

cell lines (Cater et al, 2006). These results suggest that residues within the C- terminus 

might be responsible for mimicking the response to elevated copper. 

Mutations resulting in the deletion of the entire C-terminus are deleterious to 

protein stability (Hsi et al., 2004) and are associated with disease 

(http://www.medicalgenetics.med.ualberta.ca/wilson/index.php). The C-terminus may 

interact with other proteins that promote folding and possibly protect ATP7B from 

http://www.medicalgenetics.med.ualberta.ca/wilson/index.php
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intracellular proteases. Hsi et al. showed that truncated ATP7B, missing 60 amino acids 

from the C-terminal tail (almost two thirds of the tail), has near wild type activity (Hsi et 

al., 2004). The C-terminal tail of ATP7B, while not required for the catalytic activity, is 

important for the stability and proper localization of ATP7B. 

A recent study using yeast two-hybrid screening revealed that the C-terminus of 

ATP7B interacts with the 45-kDa isoform of PLZF (Ko et al, 2006). The promyelotic 

leukemia zinc finger (PLZF) protein has been described as a transcriptional repressor for 

the BTB-domain/zinc-finger family (Li et al., 1997). PLZF regulates the expression of 

Hox genes (a subgroup of the homeobox genes) during embryogenesis (Barna et al., 

2002) as well as the expression of cyclin A in the cell cycle progression (Yeyati et al., 

1999). The interaction with ATP7B suggests the existence of a mechanism that regulates 

ERK signaling via the C-terminus of ATP7B and the ATP7B-interacting hepatocytic 

PLZF isoform. In hepatocytes, the kinase activity of ERK was enhanced as a result of 

expression of ATP7B and PLZF, however this enhancement was abrogated by the 

deletion of the C-terminus of ATP7B. Furthermore, the immunostaining of HepG2 cells 

revealed that ATP7B and PLZF are co-localized into the trans-Golgi network (Ko et al., 

2006). 

3.3. Transport Mechanism of ATP7B 

P-type ATPases transfer copper from the cytosol to the lumen of different 

cellular compartments. This transport requires the translocation of ions from MBDs in 

the cytoplasmic regions to those in the intramembrane regions of the protein. The 

transport of copper is particularly complex. Copper moves within the cell in its mono-
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valent form. Cu (I) is not stable in solution and switches into Cu (II) and Cu (0) if not 

bound to proteins. Therefore, a protein-based pathway is involved in the transport of 

copper. The six MBDs of ATP7B acquire Cu (I) from its donor, ATOX1, and then 

transfer it to ceruloplasmin the biosynthetic target of Cu-ATP7B. 

Copper is carried by ATOX1 from various cytoplasmic locations to the N-

terminal MBDs of ATP7B. Interactions between ATOX1 and MBDs load ATP7B with 

copper. Although the domains have similar affinity for copper (Wernimont et al, 2004), 

the protein surfaces adjacent to these motifs differ (Huffman and O'Halloran, 2001). 

This favors the interaction of ATOX1 with MBD4 as described earlier (Larin et al., 

1999). The facile copper transfer between MBDs permits inter-domain interactions that 

transfers copper from MBD 4 to MBD5 and MBD6 (Achila et al, 2006). Copper free 

MBD5 and 6 interact with the N domain and prevent ATP binding. Therefore, loading 

MBD5 and 6 with copper releases the auto-inhibitory effect of ATP7B. Specific 

residues in the N-domain such as p.H1069, p.G1099, and p.N1150 are involved in 

coordinating ATP (Dmitriev et al., 2006). ATP hydrolysis phosphorylates the aspartate 

residue in the signature DKTG motif of the P domain. This phosphorylation is 

accompanied by the transfer of copper from the cytosolic to transmembrane sites, while 

its release to the opposite side is associated with dephosphorylation of ATP7B 

(Voskoboinik et al , 2001; Tsivkovskii et al , 2002). The CPC motif in Tm6 as well as 

the methionine cluster in Tml and 2 are copper binding sites in the transmembrane 

channel. Other residues such as p.Y1331, p.N1332, p.M1359, and p.S1362 are likely to 

form binding sites in the transmembrane domain (Lutsenko et al., 2007a). 



The catalytic cycle of ATP7B involves significant conformational changes that 

are reflected in the architecture of the protein (Voskoboinik et al., 2001). The binding of 

copper from the cytosol occurs as the protein is present in the so-called El state, 

characterized by high affinity of intra-membrane sites for copper. Copper binding to the 

intra-membrane sites is accompanied by ATP7B phosphorylation and switching into the 

transient phosphorylated E1P state. This state sequesters copper in the transmembrane 

sites and subsequently undergoes conformational changes to E2P. E2P is characterized 

by less affinity for copper. It is thought that the in this state copper is released into the 

lumen. The copper release is accompanied by dephosphorylation and return to the E2 

phase. These changes stimulate conformational transition to the high affinity El state. A 

second cycle starts as El binds copper again. 

4. ATP7B Functional Assays 

The functional characterization of ATP7B variants is critical for full 

understanding of the protein and its functional domains. Identifying ATP7B residues 

that are crucial for copper homeostasis also assists in the diagnosis of WND. A useful 

system for analyzing ATP7B variants should ideally be simple, sensitive, and accurate. 

There is a wide range of WND mutations thus the system should be high-throughput so 

that reliable results can be rapidly produced. 

ATP7B is a membrane protein that has a low expression level (0.005% of total 

membrane proteins). Most ATP7B molecules are localized to the intracellular 

membranes (Tsivkovskii et al., 2002). WND patients are mostly compound 

heterozygotes. Thus, characterizing a specific mutation using endogenously expressed 
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ATP7B is not feasible, especially with the large number of ATP7B variants reported in 

the WND mutation database (Kenney and Cox, 2007). Alternative methods that use 

exogenous expression of ATP7B are essential for the study of ATP7B variants. 

The function of ATP7B requires specific activities of its individual domains. 

Specific ATP7B domains bind and translocate copper as well as bind and hydrolyze 

ATP. Moreover, ATP7B function involves its interaction with various proteins such as 

ATOX1 for copper exchange (Hamza et al, 1999), COMMD1 (MURR1) (de Bie et al., 

2007) and dynactin (Lim et al, 2006) for the trafficking of ATP7B from the TGN to 

cytoplasmic vesicles as a response to elevated copper in the cytoplasm, and PLZF that is 

associated with ERK signaling (Ko et al , 2006). Therefore, assessing ATP7B function 

requires a clear observation of these different activities. Up to date there is no way to 

include all these aspects of ATP7B in one single experiment. Thus, different assays are 

being used to assess some of the individual aspects of ATP7B. 

4.1. Yeast Complementation Assay 

The yeast assay is used to assess the transport activity of ATP7B variants. Ccc2p 

is the yeast orthologue of ATP7B. This assay is based on complementing ccc2 deficient 

Saccharomyces cerevisiae by human ATP7B variants (Yuan et al., 1995). In yeast, Ftrlp 

the high affinity iron transporter, is associated with the Cu-dependent ferroxidase, Fet3p. 

This complex co-localizes on the plasma membrane of the yeast (de Silva et al., 1997; 

Singh et al., 2006). Fet3p converts Fe to Fe , which is then transported by Ftrlp 

across the membrane (De Silva et al., 1995). Active Fet3p requires copper loading from 

Ccc2p in the TGN. Copper enters the yeast cell through copper transporter (Ctrl) 

located on the plasma membrane. Copper is then carried by Atxlp throughout the 
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cytoplasm, to exchange with Ccc2p at the TGN. Active Ccc2p is necessary for yeast 

growth in iron limited medium. In our laboratory, a ccc2 yeast deficient stain was 

created, and then transformed with different ATP7B variants. The yeast growth results 

were used to analyze the ability of ATP7B variants to transport copper through the 

membrane and deliver it to Fet3p, the yeast orthologue of human CP (Forbes and Cox, 

1998). 

The yeast assay also includes measuring the oxidase activity of Fet3p. Fet3p is a 

ferroxidase located at the cell membrane of the yeast (de Silva et al, 1997). Our 

laboratory has previously used a gel system to detect Fet3p oxidase activity in yeast 

(Forbes and Cox, 1998). This assay, although very specific, is not quantitative and is 

time consuming. De Silva et al used yeast spheroplasts to measure Fet3p activity 

through correlation with iron-dependent oxygen consumption. This oxidase activity was 

blocked by using an antibody that targets the ferroxidase domain of Fet3p. These 

findings indicate that Fet3p is a plasma membrane, in which the ferroxidase containing 

domain is localized on the external cell surface (De Silva et al., 1995). 

4.2. Localization and Other ATP7B Assays 

Localization assays determine the distribution of ATP7B in response to copper 

concentrations in the cytoplasm. The original assay was done using HepG2 cells 

transfected with wild type ATP7B (Hung et al., 1997; Yang et al, 1997; Lutsenko and 

Cooper, 1998). Other assays were made using human and rat liver as well as other 

hepatic cell lines (Schaefer et al., 1999a; Schaefer et al., 1999b). The localization assays 

used immunofluorescence techniques to localize ATP7B variants in the cytoplasm of the 
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cell (Forbes and Cox, 2000; Huster et al, 2003). Hamza et al used mammalian cell lines 

(HEpG2 and HeLa) as well as human tissues to assess the interaction of ATP7B variants 

with ATOX1 (Hamza et al., 1999). 

Other ATP7B assays use Enterococcus hirae to explore the ability of various 

WND mutations to confer copper resistance and ATPase activity in a bacterial model 

(Okkeri et al., 2002). An insect cell model was created to enable robust expression of 

ATP7B for studying the enzymatic steps of ATP7B during transport activity 

(Voskoboinik et al., 2001). A cytotoxicity assay using a Chinese hamster ovary cell line 

to determine the ability of cells transfected with ATP7B variants to resist toxic levels of 

copper is under development in our laboratory (unpublished data). This assay measures 

the transport as well as the trafficking activity of ATP7B variants. Characterizing 

ATP7B variants requires several assays that analyze the different functional aspects of 

ATP7B. Prediction programs might be helpful in developing a hierarchical plan for 

selecting variants for the more complex functional testing. 

5. Genetic Variation and Prediction Programs 

Non-synonymous variants or missense variants are mutations that cause a single 

amino acid change within a protein sequence. This change may or may not affect protein 

function. Missense variants that change the function of a protein could affect the cellular 

phenotype at different levels. An amino acid substitution might directly affect the 

stability or folding pattern of a protein, thus increasing its sensitivity to degradation and 

resulting in a decrease of protein concentration (Karchin et al, 2005). Other missense 

variants, residing in functional motifs, may disturb protein catalytic activity or its 



interaction with other proteins, affecting other biochemical activities inside the cell 

(Sunyaev et al., 2001). Other missense variants could affect transcription, translation, as 

well as post translational events (Wang and Moult, 2001). Therefore, some variants 

could directly lead to a disease phenotype and are reported in the literature as disease 

causing variants. Other missense variants are neutral and reported not to change the 

phenotype. Such variants are referred to as normal variants or non-disease causing 

variants. Most of the missense variants that are reported in patients are still not 

functionally characterized. The disease database includes 518 variants of which 198 are 

missense only 50 variants have been functionally characterized (Kenney and Cox, 

2007). 

Classifying missense variants as defective or neutral is critical for several reasons. 

Defective variants should highlight amino acid residues that are functionally significant. 

This will enhance our understanding of the protein and its function and will guide 

further research. The other application would be for diagnostic and therapeutic 

approaches. Accurately identifying variants that cause disease will provide appropriate 

risk assessment and therapeutic decisions. This issue becomes even more critical with 

Wilson disease. Wilson disease is effectively treated once diagnosis is confirmed and 

appropriate treatment is provided. Therefore, it is very useful to identify disease-causing 

ATP7B variants. 

In vitro assays can be very helpful in identifying functionally significant ATP7B 

variants, but testing all missense variants will be challenging with 379 probable disease 

causing variants and 139 probable non disease causing variants as presented in the 

Wilson disease database (Kenney and Cox, 2007). Furthermore, functional assays that 
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are used to characterize ATP7B variants usually address only one aspect of the protein. 

Therefore multiple assays are required to fully characterize each ATP7B variant. The 

assays which are carried out in model systems may not replicate activity in mammalian 

organs. The functional assays reported to explore ATP7B are described above. Although 

these assays are effective, it would be more practical to have reliable computer 

prediction programs that could select variants that may require functional studies. 

Numerous prediction programs have been generated using conservative, 

biochemical, and computational methods (Grantham, 1974; Henikoff and Henikoff, 

1992; Ramensky et al, 2002; Ng and Henikoff, 2003). Such programs were developed 

to provide valuable predictive scores for classifying missense variants for CDKN2A, 

MLH1, MSH2, MECP2, and TYR (Chan et al, 2007) as well as for a large number of 

protiens (Greenblatt et al., 2003; Abkevich et al, 2004; Bao and Cui, 2005). The 

effectiveness of these programs appear to vary between proteins (Chan et al., 2007). 

Prediction programs might identify putative functional variants using various types of 

properties including: amino acid, protein structure, and evolutionary properties. 

5.1. Amino Acid Properties 

The basic chemical properties of the 20 amino acids including molecular mass, 

polarity, isoelectric point, aromaticity, and conformational flexibility play the role in 

protein folding and stability and account for the major protein structural properties. The 

direct use of these chemical properties, such as the absolute mass and volume of the side 

chain, were used to predict the tolerance of an amino acid substitution (Voet D, 1995). 

Kyte and Doolittle proposed a scale to predict the tolerance of an amino acid 
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substitution based on the hydrophobic characteristic of the amino acids. This scale 

measures the hydrophobicity of the two amino acid variants and estimates how well the 

hydrophobic features are conserved (Kyte and Doolittle, 1982). In 1974, Grantham 

proposed a matrix that evaluates the compatibility of an amino acid substitution using a 

quantitative measure of the chemical distance between the different amino acids 

(Grantham, 1974). This matrix considers composition, polarity, and molecular volume 

of the amino acid. A recent study has combined the classic Grantham matrix with 

sequence variation in multiple sequence alignments to create a more evolutionary -

based protein specific "Grantham score" (Align-GVGD). Align-GVGD reflects how the 

chemical characteristics of a variant amino acid fit within the range of variation 

tolerated at the substitution site. This score uses the biochemical properties of the 

selected residues, as well as their conservation score throughout the alignment, to 

determine the effect of the amino acid substitution. This method was first developed for 

analyzing single nucleotide polymorphisms in BRCA1 (Tavtigian et al, 2006) and P53 

genes (Mathe et al , 2006). 

5.2. Protein Structural Properties 

Structural properties represent an essential tool for studying the effect of 

missense variants on protein phenotype. Protein structures are usually maintained 

through defined biochemical properties such as presence of: hydrogen bonds, salt 

bridges, disulfide bridges, etc. Distorting these structural properties usually disturbs the 

protein and alters its phenotype. Predictive scores based on these factors have been used 

to identify missense variants with deleterious effects on the protein (Wang and Moult, 



2001). Wang used more factors, such as inserting a proline into an alpha helix or 

introduction of a buried polar residue, to assess the effect of certain amino acid 

substitutions on the structural stability of a protein. Similar rules were employed by 

others (Chasman and Adams, 2001; Sunyaev et al, 2001). For example, the B-factor of 

the polymorphic model residue was used to identify putative functional missense 

variants (Matthews, 1995). Unfortunately, little structural information is available for 

most of the proteins identified, including ATP7B. Therefore, further applications are yet 

to be tested. 

5.3. Evolutionary Properties 

Highly conserved residues within a protein family are usually associated with 

important functions of the protein. Multiple sequence alignment of homologous proteins 

can be used to recognize residues with high conservation scores. Such scores may be 

used to predict missense variants that are deleterious to the protein. There are two 

commonly used programs that utilize these tools for classifying missense variants: 

PolyPhen and SIFT 

5.3.1. PolyPhen 

PolyPhen ( Polymorphism Phenotyping) combines conservation scores with 

additional properties of the protein, mainly structural ones (Sunyaev et al., 2001). 

Incorporating structural data available on ATP7B as well as evolutionary data would 

provide an important tool to classify ATP7B missense variants. PolyPhen searches 

Protein Data Bank (PDB) or Protein Quaternary Structure (PQS) for data available on 



the query protein and its homologues. The amino acid substitution is mapped to the 

available 3D structure to assess the effect on structural properties such as: 

hydrophobicity of the core protein, electrostatic interactions, interaction with ligands 

and other important features of the query protein. If no 3D structure is available for the 

protein of interest, PolyPhen will use homologous proteins with known structure. The 

sequence alignment generated by PolyPhen cannot be selected and depends on the 

homologous sequences available at the time the mutations were studied. 

5.3.2. SIFT 

SIFT (Sorting Intolerant From Tolerant) predicts whether an amino acid 

substitution could be tolerated within an alignment of homologous sequences (Henikoff 

and Henikoff, 1992; Ng and Henikoff, 2003). SIFT is a multi step process that: searches 

for homologous sequences in the database; aligns the selected sequences; calculates 

normalized probabilities for all possible substitutions from the alignment. All amino 

acid substitutions that have normalized probabilities less than 0.05 are considered 

defective. SIFT considers the position and the type of the amino acid substitution. If a 

position in the alignment contains the non-polar amino acids phenylalanine, methionine 

or tryptophan, then SIFT assumes that this position can only contain a non-polar amino 

acid. A missense variant that leads to a polar amino acid at this position will be 

predicted as deleterious. SIFT analysis depends directly on the alignment used for 

predicting the conserved residues. Therefore, manipulating the alignment through 

selecting protein sequences that are more related to ATP7B might enhance the accuracy 

of the analysis. 
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PolyPhen and SIFT scores depend greatly on the multiple sequence alignment 

used for their analysis. Both programs generate their multiple sequence alignment from 

an automated search for homologous sequences throughout the database as indicated in 

Chapter 3. The assumption is that protein sequences available from the source database 

are accurate, but extra investigation for appropriate sequences is always better. 

Furthermore, manually selecting sequences to be used for the alignment, if possible, will 

remove inappropriate sequences and produce more biologically meaningful alignments. 

All predictive scores have strengths and weakness. Their effectiveness may also 

differ among various proteins. Therefore, it is important that these computational scores 

to be validated through comparison with the functional data available on ATP7B 

variants. 

6. Aim of the Study: 

• This study uses the yeast complementation assay to functionally characterize 

ATP7B missense variants detected in WND patients. In addition to aiding patient 

diagnosis, this will identify particular amino acid residues that may be important 

for the transport activity of ATP7B. 

• The functional data available on ATP7B missense variants is used to assess 

selected prediction scores. This analysis might validate useful tools that could be 

used to develop a hierarchical plan for selecting future variants for the more 

complex functional testing. 
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Chapter 2 

FUNCTIONAL ASSESSMENT OF ATP7B VARIANTS 

1. Introduction 

WND disease is a hepatic disorder caused by mutations in ATP7B. The treatment 

of WND is effective if adequate treatment is provided in the early stages of the disease. 

WND is presented with highly variable symptoms. The parameters used to diagnose 

WND are observed in other hepatic disorders. Thus, the diagnosis of WND is often 

difficult. In some situations diagnosis is missed and leads to serious disease. Mutation 

analysis is an important diagnostic tool. More than 500 variants have been found in the 

ATP7B gene. Most of the variants are missense mutations that are classified as 

suspected disease causing variants (Kenney and Cox, 2007). Functional data on these 

variants is still limited. 

ATP7B transports copper across the cell membrane. It delivers copper to CP, its 

biosynthetic target, at the TGN. Deficiency in the transport of copper is usually 

associated with WND. A yeast complementation assay has been used previously in our 

lab to study the effect of ATP7B mutations on transport activity. In yeast, Fet3p 

activity, a ferroxidase required for high affinity iron transport, is first inhibited by the 

deletion of yeast Cu-ATPase Ccc2p. The yeast strain becomes iron deficient and grows 

only in media supplemented with iron or copper. The yeast ccc2p strain is 

complemented by heterologous expression of human ATP7B. 

The functional characterization of ATP7B variants presents an important tool for 

WND diagnosis as well as identifying amino acid residues that are crucial for ATP7B 
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function. In this chapter, I describe the functional studies I have carried out on 21 

variants observed in patients with WD. 

2. Materials and Methods 

2.1. Growth of Bacteria and Yeast 

Reagents and chemicals used were obtained from Sigma-Aldrich, unless other 

sources are specified. Media used to grow bacteria were made up of Lauria-Broth (LB) 

(Difco, MI). LB plates were made from LB media supplemented with 2% agar (Fisher, NY). 

Bacterial liquid cultures were grown at 37 °C for 16 hours at 250 rpm. 

Yeast cells were grown in Yeast Peptone Dextrose (YPD) media prepared as follows: lOg 

of yeast extract (BD, MD), 20g of peptone (BD, MD), 20g of glucose added to 1000ml of water. 

YPD-plates were prepared from YPD media supplemented with 2% bacto agar (BD, MD). For 

technical reasons, yeast cells were grown in other selective media that will be described 

later. Yeast liquid cultures were grown at 30 °C for 18 hours at 250 rpm. 

Gel electrophoresis was carried out in 0.8% agarose gel (Invitrogen, CA) 

containing ethiduim bromide. The gel was run in tris-borate-EDTA (TBE) buffer for 

80Vhr-120Vhrs. 

Polymerase chain reaction (PCR) was performed using Taq polymerase from New 

England Biolabs (NEB, MA). Most of the PCR reactions were performed in 10 pL 

reaction that includes 2.5 mM of deoxynucleotide triphosphates (dNTPs) (NEB, MA), 

luL of lOx Taq buffer (NEB, MA), 25 ng of primer pairs we designed (Sigma), and 

50ng of template DNA. 
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2.2. Construction of ATP7B cDNA Variants 

A cDNA for ATP7B was previously constructed in our laboratory and then cloned 

into pUC19 vector. ATP7B cDNA was generated from reverse transcription of human 

liver RNA (Forbes and Cox, 1998). ATP7B cDNA was used as a template for the 

polymerase chain reaction (PCR) to amplify five overlapping fragments of DNA that 

include the entire ATP7B cDNA. The five primer pairs used for PCR were designed 

such that a unique restriction site was present at the ends of each cDNA fragment. This 

facilitated the construction of the whole ATP7B cDNA, 4395bp. A 5' BamH.1 site was 

added to the PCR primer sequence immediately preceding the initiating ATG codon, for 

use in cloning into expression vectors. To ensure fidelity of PCR, each DNA fragment 

was sequenced according to the manufacturer's protocol (Amersham, Sweden). Correct 

cDNA fragments were gel-purified and then ligated to form the full length of ATP7B 

cDNA. The final cDNA construct was cloned into pUC19 vector using the 5' BamHl 

site and a 3' Sal I site from the polylinker of the Promega T/A vector (Forbes and Cox, 

1998). 

I used the backbone pUC19A7PZB generated by Forbes to generate my subsequent 

ATP7B variants. Two complementary oligonucleotide primers bearing the desired point 

mutation were designed for each variant as indicated in Table 2.1. These mutagenic 

primers were prepared so that approximately 15 nucleotide bases of matched normal 

sequence flanked the point mutation. Table 2.1 lists the sequence of the mutagenic 

primers used in this study as well as the location of the mutation. The PCR reaction for 

the mutagenesis was carried out as follows: 20 ng of ATP7B cDNA as a template, 62.5 

ng of each mutagenic primer, 2.5 units of Pfu polymerase, 2.5 mM of each dATP, 
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dCTP, dGTP and dTTP supplemented with the manufacturer's buffer; water was added 

to a final volume of 25 uL. The PCR cycles were programmed as follows: 95°C for 1 

min. as an initial denaturation step, followed by 18 cycles of 50 seconds at 95 °C for 

denaturation, 50 seconds at 60°C for primer annealing, 8 min. at 68°C for polymerase 

extension, then a last step at 68°C for 7 min. The PCR product obtained was digested 

with 5 units of Dpnl (Stratagene, CA) for 2 hour at 37 °C. Dpnl is an endonuclease that 

digests methylated and hemi-methylated DNA of the parental plasmids. lul of Dpnl-

digested DNA was transformed into 30 uL of chemically competent XL10 Gold E. coli 

cells according to the manufacturers protocols (Stratagene, CA). Transformed XL10 

Gold cells were plated on Luria Bertani (LB) broth agar plates that were supplemented 

with 100 ug/mL carbenicillin (Sigma, MO). LB plates were made up from 2.5% LB 

(Difco, MI) with 2% agar (Fisher, NY). Transformed XL10 Gold cells were selected on 

the LB plates and then streaked for single colonies. Plasmid DNA from these colonies 

was prepared using a miniprep kit provided by (Qiagen, ON). To ensure that there was 

no secondary mutation during the mutagenesis reaction, 800bp surrounding the desired 

mutation was sequenced using a 3130XL Genetic Analyzer (Applied Biosystems, CA). 

The full sequence of ATP7B cDNA was done at the end of the functional test. 



Table 2.1 List of Mutagenic Primers 
Site directed mutagenesis primers were used to generate ATP7B variants. The 

forward strand as well as its complementary reverse strand of each primer was designed 
so that 15 nucleotide bases of matched normal sequence flanking the point mutation. 
p.R1415Q has 20 nucleotides of matched normal sequence flanked the point mutation. 

Variant 

p.N41S 
P.A604P 
P.R616Q 
P.M665I 
p.S657R 
p.G710V 
p.G711R 
p.S744P 
p.T766M 
p.L795F 
P.S921N 
P.G943C 
P.T991M 
p.GlOOOR 
p.G1176E 
p.G1287S 
p.A1328T 
p.G1341D 
P.G1341S 
p.C1375S 
p.R1415Q 

Forward strand of the Mutagenic Primers 

GTTTTGCTTTTGACAGTGTTGGCTATGAAGG 
GAGGCATAAGTGATGTCATTTGTCCTCGTGA 
AAATTATCGGTCCACAGGATATTATCAAAAT 
TGGCATCCCTGTCATTGCCTTAATGATCTAT 
GTCTTTCCTGTGCAGACTGGTGTTTGGCATC 
TTGTCCAGCTCCTCGTTGGGTGGTACTTCTA 
GTCCAGCTCCTCGGTCGGTGGTACTTCTACG 
ATTGCTTATGTTTATCCTCTGGTCATCCTGG 
TGACATTCTTCGACATGCCCCCCATGCTCTT 
GAAGCCCTGGCTAAATTCATGTCTCTCCAAG 
TGGCTGACCGGTTTAATGGATATTTTGTCCC 
GTATGGATTGTAATCTGTTTTATCGATTTTG 
CCCTGGGGCTTGCCATGCTCACGGCTGTCAT 
GTCATGGTGGGCACCAGGGTGGCCGCGCAGA 
ACCACGAGATGAAAGAACAGACAGCCATCCT 
GTGGGCATTGGCACCAGCACTGGATGTGGCCA 
ATCAACCTGGTCCTGACACTGATTTATAACC 
TCCTGGCACTGATTTCTAACCTGGTTGGGAT 
ATACCCATTGCAGCAAGTGTCTTCATGCCCATC 
CCCTGCAGCTCAAGTCCTATAAGAAGCCTGA 
GACAGGTGGCGGGACTCCCCCCAGGCCACAC 
CATGGGACCAGGTC 
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3. Yeast Expression Vectors 

PG4 is a yeast expression vector previously modified (Forbes& Cox 1998) from 

PG3 (Schena et al., 1991). PG4 uses a strong, constitutive glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) promoter, a phosphoglycerate kinase (PGK) terminator and 

polyadenylation sequence, and a tryptophan selectable marker. PG4 vectors as well as 

pUC19ATP7B variants were digested with both BamHI and Sail according to the 

manufacturer's protocol (Invitrogen, CA). DNA fragments obtained from the double 

digestion were isolated by gel electrophoresis then purified according to the 

manufacturers protocol (Qiagen, ON). Purified ATP7B fragments were then ligated into 

PG4 fragments using T4 DNA ligase as indicated by the manufacturer (NEB, MA). The 

product of the ligation reaction was transformed into competent DH5a following the 

manufacturer's protocol (Invitrogen, CA). Transformed cells were then plated onto LB 

plates that were supplemented with 100 ug/mL carbenicillin. Successfully transformed 

E. coli cells were selected on the agar plates and then streaked to obtain single colonies. 

Plasmid DNA was prepared from these colonies using a miniprep kit (Qiagen, ON) to be 

used later for yeast transformation. 

2.4. Yeast Strain and Transformation 

The wild type yeast used in all experiments was the S. cerevesiae strain BJ2168 

(MATa pep4-3 prcl-407 prbl-1122 ura3-52 trpl leu2) (Zubenko et al, 1980). This 

strain is vacuolar protease deficient to minimize potential proteolysis during protein 

preparations and assay. The yeast strain was originally provided by Dr. Morrie 

Manolson at the University of Toronto (Toronto, Canada). The ccc2 mutant yeast was 

made from the BJ2168 strain using the E5-URA3.4 gene disruption plasmid (Forbes and 
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Cox, 1998). This knockout BJ2168 strain was used for all subsequent yeast 

transformations. 

5 ug of PG4ATP7B prepared by miniprep (Qiagen, ON) were linearized with 20 

units of Xbal (Invitrogen, CA) overnight at 37 °C. The digested DNA was transformed 

into yeast using a modified lithium acetate method (Elble, 1992) (Kaiser C, 1994). Yeast 

transformants were selected on synthetic dextrose (SD) medium lacking tryptophan and 

uracil ( SD-T-U), containing 0.17% yeast nitrogen base without amino acids or 

ammonium sulfate (Difco, MI), 0.072% complete supplement mixture lacking 

tryptophan and uracil (BiolOl, ON), 2% glucose, 0.5% ammonium sulfate (Kaiser C, 

1994). SD medium with 2% Bacto-agar (BD) was used to make the plates. Successfully 

transformed yeast cells were able to grow on these selection plates after incubation for 

72 hours at 30 °C. 

2.5. Southern Blotting 

Yeast cells containing ATP7B variants in their genome were inoculated into SD-T-

U medium prepared as above. 1 ml of culture was used to extract genomic DNA with a 

Wizard Genomic DNA Purification Kit (Promega). 5ug of genomic DNA were digested 

with 15 units BamHI (Invitrogen, CA). Digested DNA was electrophoresed on a 0.8% 

agarose gel running at 80mV for 4hrs. An image was taken to check for the efficiency of 

the digestion using Image Master (Pharmacia Biotech, Israel). The gel was incubated in 

0.25M of HC1 with shaking for 30 minutes at room temperature. The gel was then 

washed with 0.4M NaOH for 30min with shaking at room temperature. DNA on the gel 

was transferred onto Hybond-N+ membrane as described by the manufacturer 

(Amersham Pharmacia Biotech, Bukinghamshire, UK). The transfer was continued 
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overnight. The blot was washed with 2x SSC buffer (150 mM sodium chloride, 15 mM 

sodium citrate) then stored at room temperature for further applications. Most of the 

Southern analysis was done using a radioactive32 P isotope. ATP7BcDNA was labeled 

with MP-dCTP isotope using a random prime labeling kit Rediprime II (Amersham 

Pharmacia Biotech, Bukinghamshire, UK). This radioactive probe was used to hybridize 

the blot in the presence of Express Hyb solution as described by the manufacturer's 

protocol (Clontech, CA). The blot was visualized by auto-radiography (Kodak Bio Max 

MS film, NY). In some cases a Dig- labeled probe was used instead. ATP7B cDNA was 

labeled using DIG High Prime labeling kit as indicated by the manufacturer's protocol 

(Roche, IN). The labeled probe was added to the Express Hyb (Clontech, CA) solution 

to hybridize DNA on the blot. Phosphatase-conjugated anti-DIG antibody was added 

following a DIG-Luminescent Detection Kit (Roche, IN). The blot was then incubated 

with 1 ml of Chemiluminescent Alkaline Phosphatase Substrate (CSPD) for 15 min at 

37 °C. Visualization was obtained after exposing the blot to X-ray film (FUGI, Japan) 

for 1 hour at room temperature. 

In either assay, a single copy variant yields a single band of 12 kb size. However, a 

multicopy integration shows a double band: one at 12 kb and another heavier one at the 

9 kb position. 
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Figure 2.1 ATP7B integration into the yeast genome 
Xbal (dark blue arrow) was used to cut tryptophan (Trp) gene (light blue box). 

Linearized PG4ATP7B could recombine into the yeast genome (purple box) either by a 
single copy insertion or multiple copy insertion. BamHI (light blue arrow) was used to 
digest yeast genomic DNA after transformation. A single copy insertion results in a 
12kb fragment containing the ATP7B variant. However, a multiple copy insertion of 
ATP7B would result in a 12kb fragment as well as 9 kb fragments depending upon the 
number of insertions. 
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2.6. Yeast Complementation Assay 

Yeast cells were grown in 2 ml of SD-T-U medium overnight at 30 °C. Cells were 

pelleted, and then double washed with filter sterilized deionized water (Millipore, MA). 

The pellet was resuspended in 200ul of iron limited medium: 2% glucose, 0.5% 

ammonium sulfate, 0.072% complete supplementary mixture lacking tryptophan and 

uracil (BiolOl, ON), 0.17% yeast nitrogen base lacking dextrose, amino acids, 

ammonium sulfate, iron and copper ( BiolOl, ON), 50mM of MES buffer at pH 6.1, 350 

uM ferrous ammonium sulfate, luM copper sulfate, ImM of iron chelator ferrozine. 

This culture was diluted to an optical density of A6oo= 0.1. 

Three various types of agar plates were used to test the complementation of 

ATP7B variants in ccc2 yeast. The basal medium used to make these plates contained 

2% glucose, 0.5% ammonium sulfate, 0.072% complete supplementary mixture lacking 

tryptophan and uracil (BiolOl, ON), 0.17% yeast nitrogen base lacking dextrose, amino 

acids, ammonium sulfate, iron and copper (BiolOl, ON), 50 raM of MES buffer at pH 

6.1, 2% bacto agar (BD, MD). The iron limited plates were supplemented with 50 uM 

ferrous ammonium sulfate, 1 uM copper sulfate, and ImM of the iron chelator, 

ferrozine. The iron sufficient plates were supplemented with 350 uM ferrous ammonium 

sulfate, 1 uM copper sulfate, and 1 mM of iron chelator ferrozine. The copper sufficient 

plates were supplemented with 50uM ferrous ammonium sulfate, 500 uM copper 

sulfate, and 1 mM of iron chelator ferrozine. The final mixture to be added to the 

autoclaved agar was always filter sterilized using 0.22 urn pore stericups (Millipore, 

MA). The same volume (10 ul) of the final suspension was used to streak the various 

test plates. The plates were incubated at 30 °C for 72 hours, and then photographed. 



42 

2.7. Fet3p Oxidase Assay 

The Fet3p oxidase assay measures the oxidase activity of Fet3p when loaded with 

copper that is delivered by ATP7B variants inserted in the yeast genome. This assay was 

modified from the original version described (Yuan et al., 1995). Yeast cells were 

inoculated into 5 ml of YPD. The culture was grown at 30°C for 20 hrs. Yeast cells were 

harvested, and then washed twice with filter sterilized deionized water (Millipore, MA). 

The yeast pellet was resuspended in low iron medium, and culture density was originally 

read at A6oo- The culture was diluted in low iron media so that the final Agoo was 0.5 OD 

in a total volume of 5 ml. The diluted culture was incubated at 30 °C for 3 hrs at 250 

rpm. The culture was centrifuged at 4200 rpm for 15 minutes using a Beckman J6M1 

centrifuge (CA, USA). The yeast pellet was then washed twice with filter sterilized 

deionized water (Millipore, MA).The yeast pellet was resuspended in 5ml of assay 

buffer containing 100 mM sodium acetate at pH 5.7,1 mg/ml p-phenylenediamine 

dihydrochloride (pPD), 1 mM bathocuproine disulfonate (BCS). The starting cell 

density was determined by taking 100 ul of yeast suspension from each tube and reading 

at A6oo using 96 well plate reader. The oxidase activity was determined by taking a 

small aliquot (about 600 ul) from each tube. Each aliquot was centrifuged to pellet down 

yeast cells and other debris. 250 ul of the supernatant was read at A520. The ratio of 

A52o/A60o was calculated to determine the oxidase activity relative to cell density. The 

relative oxidase activity was then normalized to the wild type activity. This new version 

of the oxidase assay was validated using control variants that have been previously 

studied in our lab. D765N was selected as a control variant that showed normal oxidase 
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activity in the gel-format fet3p oxidase assay. CPC and T997M were used as two 

variants that showed no oxidase activity in the gel-format oxidase assay. 

2.8. Western Blotting 

Yeast cells were inoculated into 5 ml of YPD. The culture was grown at 30 °C 

until a cell density of 1.0 ODgoo was obtained. Yeast membrane fractions were prepared 

using a membrane protein extraction kit (MemPrep, Pierce, IL). The different membrane 

fractions were cleaned up using an SDS-PAGE Sample Prep kit (Pierce, IL). 

Alternatively, protein samples were prepared from total yeast cell lysate. Yeast total cell 

protein extracts were prepared using homogenization buffer consisted of 25 mM 

HEPES-NaOH pH 7.4, 150 mM NaCl, 1 mM DTT, and a protease inhibitor cocktail 

containing 30 uM leupeptin, 10 JJM pepstatin A, 5 pJVl aprotinin and 1 mM EDTA. Cells 

from 10 ml of stationary culture were washed twice with ice-cold distilled water, 

followed by a wash with homogenization buffer. The cell pellets were resuspended in 

200 ul of homogenization buffer. Cells were broken by vortexing in the presence of acid 

washed glass beads (425-600 micron diameter, Sigma) for a total of 5 min (10 cycles of 

30 s of vortexing and 1 min on ice). The homogenate was centrifuged for 30 s at 1,000 

or 10,000x g , to remove unbroken cells and heavy organelles. Protein samples were 

then quantified using Coomassie Plus Protein assay (Pierce, IL). Sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) was performed using a 4.5% stacking 

gel on top of a 7.5% running gel. 10 p.g of protein sample were prepared in 3xSDS 

loading buffer containing 50 mM DTT and heated at 85°C for 10 minutes. Gels were run 

for 45 minutes at 200 mV in a Mini-Protean 3 Cell (BioRad, CA). Alternatively, the gels 
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were run for 3hrs at 4°C. The gels were then transferred onto nitrocellulose membranes 

using Mini Trans-Blot Electrophoretic Transfer Cell (BioRad, CA). The transfer was 

done at 30 mV for 16 hrs at 4°C in Towbin buffer containing 15% methanol, and 0.01% 

SDS. The membranes were then blocked for 3 hrs with 5% milk powder in Tri-buffered 

saline (TBS, lOOmM Tris HCL PH7.5, 150mM NaCl, and 0.1% Tween-20), rinsed and 

washed in TBST (TBS containing 0.05% Tween-20) for 30 minutes. Membranes were 

then incubated with ATP7B primary antibody in TBST for 16 hrs at 4°C (Forbes and 

Cox, 1998), rinsed twice, and then washed with TBST for 30 minutes. Secondary 

antibody solution was prepared fresh in TBST buffer containing 4% milk powder. The 

concentrations of primary and secondary antibodies are indicated later with each figure. 

The membranes were incubated with the secondary antibody solution for 1 hour at room 

temperature, rinsed, and washed for 40 minutes in TBST at room temperature. Bound 

antibody was detected by enhanced chemiluminescence (ECL) using super signal 

substrate (Pierce, IL). The ECL was visualized by exposure to autoradiography films 

(Fuji, Tokyo) and Image Station 4000M supplemented with Molecular Imaging 

Software (Kodak, NY). 
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Trends in Genetics 10:246 

Figure 2.2 ATP7B model showing variants analyzed in this thesis. 
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2.9. ATP7B Modeling Analysis 

Selected ATP7B mutations were analyzed using a 3D model of ATP7B using the 

liquid structure of the N-terminal hinge region (Cu5, Cu6, Cu6/Tml) (Achila et al., 

2006; Dmitriev et al, 2006). The analysis was performed using Chimera software 

(http://www.cgl.ucsf.edu/chimera/). 

3. Results 

3.1. Construction of ATP7B Variants 

21 ATP7B variants were selected from the Wilson disease mutation database 

(http://www.medicalgenetics.med.ualberta.ca/wilson/index.php). These variants were 

constructed in the bacterial system as described earlier. The sequencing results 

confirmed the desired mutations in all the variants. Yeast PCR results showed that 21 

ATP7B variants were successfully integrated into the yeast genome (Tables 2.2 and 

2.3). The Southern blot results showed that most of the constructs contained a single 

copy, except that M665I and G711R contained multiple copies. N41S, S744P, S921N, 

G943C, A1328T, G1341S, R1415Q are variants for which the Southern analysis did not 

provide enough data to decide on the copy number. The copy number analysis was 

performed using both chemiluminescence and radioactive probes. The data showed that 

using a radioactive probe is more sensitive to detect human ATP7B cDNA in the yeast 

genome as compared with the DIG-labelled probe (Fig 2.2). 

http://www.cgl.ucsf.edu/chimera/
http://www.medicalgenetics.med.ualberta.ca/wilson/index.php
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Figure 2.2: Southern blot analysis of selected ATP7B variants for information using 
radioactive and DIG-labeled probe. 

ATP7B variants were integrated into the genome of ccc2 mutant yeast. 
Southern blot, using 32P-dCTP labeled probe (A) and DIG-labeled probe (B), was 
used to analyze copy number insertion. The yeast genomic DNA with single copy 
insertion shows a single 12 kb band. Multi-copy integration shows a 12 kb band as 
well as a 9 kb band of variable intensity. 
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3.2. Yeast Growth Assay 

The yeast growth assay on low iron plates showed that 18 ATP7B variants were 

defective and three were normal. Figure 2.3 shows yeast growth in high copper, high 

iron and low iron agar plates for all ATP7B variants studied. Table 2.2 summarizes the 

results of the yeast growth assay for single copy variants. There are three apparently 

normal ATP7B variants: R616Q, L795F, and T991M. These three normal variants have 

single copy insertions. Table 2.3 shows that the two multi-copy variants, M665I and 

G711R, were defective in the yeast transport assay. 

3.3. Western Blot Analysis 

Western blot analysis was performed using a Mem-PER kit (Pierce) and total cell 

lysate from yeast cells. The Mem-PER kit was not effective in extracting ATP7B in the 

hydrophobic fraction (Figure 2.9). Thus, results obtained using the Mem-PER kit were 

only used for the analysis of expression, and not localization, of ATP7B in yeast 

variants. The method described for total cell lysate preparation was more effective in 

extracting ATP7B from yeast cells. Figure 2.10 and Figure 2.11 showed that all yeast 

variants express ATP7B. G1287S was the only variant not showing ATP7B expression 

using both (l,000g and 10,000g) centrifugation speeds. Table 2.4 summarizes the 

western blot results for the variants studied. 

3.4. Yeast Oxidase Assay 

The oxidase assay was performed directly on yeast cells and was presented as a 

percentage of wild type activity. The control variants (CPC and T977M) used to validate 
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this new version of the oxidase assay showed consistent results as compared to previous 

studies conducted in our laboratory using the gel-format oxidase assay. p.D765N that 

appeared normal in the gel-format showed 65% of wild type oxidase activity (P<0.05, t-

test). Tables 2.2 and 2.3 show that 18 ATP7B variants had their oxidase activity reduced 

to less than 16% of wild type oxidase activity. p.G1341V showed 26.4% of wild type 

activity. p.R616Q and T991M have about 44% of wild type oxidase activity. 

3.4. Modeling analysis 

ATP7B missense mutations were analyzed using Chimera. This analysis showed 

that p.R616Q and p.A604 P are located in the hinge region of the N-terminal ATP7B. 

The side chain of R616 is extending outside the protein; however, p. A604 is totally 

embedded inside the hinge domain. This suggests that p.R616 is more exposed and the 

side chain is pointing outwards. Further analysis shows that p.A604 is localized on the 

backbone of (3 sheet. Proline mutation suggests that p. A604 P has more distorting 

effects on the intra-domain interaction and could lead to subsequent conformational 

changes that affect the transport activity of ATP7B (Figure 2.6). 
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Figure 2.3.a yeast growth assay 
ccc2 mutant yeast was transformed with empty vector (PG4), wild type ATP7B 

(PG4ATP7B) and ATP7B variants. Yeast cells were streaked on high copper plates (a), 
high iron plates (b) and low iron plates (c). Defective ATP7B variants have limited growth 
on low iron plates because of inadequate copper transport.1 No true colonies were observed 
in the first 5 days 
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Figure 2.3.b yeast growth assay 
ccc2 mutant yeast was transformed with empty vector (PG4), wild type ATP7B 

(PG4ATP7B) and ATP7B variants. Yeast cells were streaked on high copper plates (a), 
high iron plates (b) and low iron plates (c). (I) and (II) represent two independent 
colonies studied in the transport assay. Defective ATP7B variants have limited growth 
on low iron plates because of inadequate copper transport. 

file:///s657R-I
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a. High Copper b. High iron 

Figure 2.3.c yeast growth assay 
ccc2 mutant yeast was transformed with empty vector (PG4), wild 

type ATP7B (PG4ATP7B) and ATP7B variants. Yeast cells were 
streaked on high copper plates (a), high iron plates (b) and low iron 
plates (c). (I) and (II) represent two independent colonies studied in the 
transport assay. Defective ATP7B variants have limited growth on low 
iron plates because of inadequate copper transport. 
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Figure 2.4 Oxidase activity of ATP7B control variants 
Selected ATP7B variants were used to validate the 96-well plate oxidase assay. 

CPC and T977M are used as negative control. D765N is a normal variant and is used as a 
positive control. Oxidase activity curves (A) were used to calculate the rate of oxidase 
activity of each variant. Figure B shows the rate as a percentage of wild type activity. 
The t-test analysis indicated the following significant levels when compared with 
normal: CPC and T977M have P< 0.0001 and D765N has PO.05. 
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Figure 2.5 Oxidase assay of ATP7B variants compared with control 
(PG4ATP7B). The data represents the %of wild type activity ±standard deviation. The t-
test analysis indicated the following significant levels when compared with wild type: 
all variants showed P< 0.0001 except for R616Q and T991M showed P< 0.001. 
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Figure 2.5 Oxidase assay of ATP7B variants (continued). The data represents the 
%of wild type activity ±standard deviation. The t-test analysis indicated the following 
significant levels when compared with wild type: all variants showed P< 0.0001 except 
for R616Q and T991M showed P< 0.001. 



56 

Table 2.2 Functional characterization for ATP7B single copy variants: 
Yeast growth assay and Fet3p oxidase assay. 

Variant 

p.A604P 

p.R616Q 

p.S657R 

p.G710V 

p.T766M 

p.L795F 

p.T991M 

p.GlOOOR 

p.G1287S 

p.G1176E 

p.G1341V 

p.C1375S 

Domain 

Cu6/ Tml 

Cu6/Tml 

Cu6/ Tml 

Tm2 

Tm4 

Td 

Ph 

Ph 

ATP loop 

ATP loop 

Tm7 

Tm8 

Copy number1 

Single 

Single 

Single 

Single 

Single 

Single 

Single 

Single 

Single 

Single 

Single 

Single 

Yeast assay2 

D 

N 

D 

D 

D 

N 

N 

M 

D 

D 

D 

D 

Oxidase assay3 

-11±5 

44 + 2 

0± 4 

12+3 

6 ± 1 

15±4 

45 ±3 

0 ± 3 

-11 ±6 

-9±5 

26±2 

-16±3 

1: Copy number was analyzed by Southern blot analysis. These variants were all single 
copy variants. 
2: (D), (N), and (M) indicate defective, normal and moderate phenotype in yeast growth 
assay respectively. 
3: The oxidase activity is presented as a percentage of wild type activity ±SEM (P<0.05, 
t-test). 
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Table 2.3 Functional characterization of ATP7B multiple or unknown copy number 
variants: 

ATP7B variants studied in yeast growth assay and Fet3p oxidase assay. 

Variant 

p.N41S 

p.M665I 

p.G711R 

p.S744P 

p.S921N 

p.G943C 

p.A1328T 

p.G1341S 

p.R1415Q 

location 

N-ter 

Tml 

Tm2 

Tm3 

Td 

Tm5 

Tm7 

Tm7 

3'COOH 

Copy 
number 
N/A 

Multiple 

Multiple 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

Yeast assay2 

D 

D 

D 

D 

D 

D 

D 

D 

D 

Oxidase assay"5 

3 ± 2 

15±4 

8 ± 4 

3 ± 1 

0 ± 1 

-3 + 13 

3 + 6 

-7 ±2 

6±4 

1: Copy number was analyzed using Southern blot. (N/A) indicates variants where 
Southern blot analysis did not provide enough information to determine the copy 
number. These variants had ATP7B inserted in their genome as shown by yeast PCR. 
(Multiple) indicates yeast variants that showed multiple copy insertions of human 
ATP7B cDNA in their genome. 
2: (D), (N), and (M) indicate defective, normal and moderate phenotype in yeast growth 
assay respectively. 
3: The oxidase activity is presented as a percentage of wild type activity ±SEM. 
(P<0.05, t-test). 
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R616 

A604 

Figure 2.6 Analysis of R616Q and A604P using Chimera software 
The Figure above shows a 3D structure of Cu5, Cu6, and the N-terminal 

hinge (Cu6/Tml) of ATP7B (Achila et al., 2006; Dmitriev et al, 2006). A604P 
is embedded in the N-terminal hinge suggesting that it might be involved in the 
regulation of the transport mechanism of ATP7B. R616Q is a more superficial 
residue could be involved in interaction of ATP7B with other proteins. 



59 

A 

Western 
Blot 

o 
N 

^ 
0) 
s-CD 

G 
> 
H 
CD 

H 
•vj 
Cft 
CD 
^ 

H 
CO 
to 
— > • 

s 

O 
!, 

-vl 
a 
m 

O 
CO 
"vl 
Ol 
CD 

175 kDa 

B 

Band 
Analysis , 

C 

m \t 
•v 

Ponceaul 
Stain I 

gwlMWwBqffiljlr_.iC. 
v * ,.**,* '* ""-£$.""1,' 

Figure 2.7 Western blot analysis and band analysis of ATP7B variants using 
MemPrep kit. 

ATP7B variants were expressed in ccc2 mutant yeast cells. Protein samples 
were prepared using MemPrep kit. 25 u.g of the hydrophobic fractions were 
separated using PAGE run at 200mv for 45 minutes. A, Western blot using N-
terminal ATP7B antibody. ATP7B band was obtained at a size of 175 kDa (dot). 
A cross reactive band was also obtained at a similar size (dash). The intensity of 
each band was analyzed using molecular imaging software (Kodak). Each peak 
represents an individual band (B). Ponceau stain was used to show equal loading 
(C). 
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Figure 2.8 Western blot analysis of ATP7B variants using Mem-PER kit 

ATP7B variants were expressed in ccc2 mutant yeast. 25 u.g of the 
hydrophobic fractions were separated using SDS- PAGE run at 200 mv for 45 min as 
extracted in Fig 2.8. N-terminal ATP7B antibodies was applied to the blots. Dot: 
indicates ATP7B band. Dash: indicates a crossreactive band as shown in Fig 2.8. 
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Figure 2.9 Western blot analysis of the hydrophilic and hydrophobic membrane 
fractions using Mem-PER for information on cross reactive component. 

1 Oug of hydrophilic protein fractions (H) and membrane protein fractions 
(M) were separated using PAGE running for 3hrs at 4 °C. N-terminal (A) and C-
terminal (B) ATP7B antibodies were applied on blots as in Fig 2.8 and 2.9. 
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Figure 2.10 Western blot analysis of selected ATP7B variants using a modified 
protocol for protein extraction. 

ATP7B variants were expressed in ccc2 mutant yeast cells. A, Western blot 
using N-terminal ATP7B antibody applied on the blots of the total cell lysate as 
described in materials and methods. B, Ponceau stain was used to show loading 
concentrations. Note that contaminant is not observed. 
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Figure 2.11 Western blot analysis of selected ATP7B variants using a modified 
protocol for protein extraction. 

ATP7B variants were expressed in ccc2 mutant yeast cells. A, Western blot 
using N-terminal ATP7B antibody applied on the blots of the total cell lysate as 
described in materials and methods. B, Ponceau stain was used to show loading 
concentrations. Note that contaminant is not observed. 
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Figure 2.12 Western blot analysis of selected ATP7B variants using a modified 
protocol for protein extraction. 

ATP7B variants were expressed in ccc2 mutant yeast cells. A, Western 
blot using N-terminal ATP7B antibody applied on the blots of the total cell 
lysate prepared at 10,000xg as described in materials and methods using a . 
Asterisk: indicates total cell lysate prepared at l,000xg. B, Ponceau stain was 
used to show loading concentrations. Note that contaminant is not observed. 
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Table 2.4 Summary of functional characterization of ATP7B variants 

Variant 

p.R616Q 

p.S657R 

p.T766M 

P.L795F 

p.T991M 

p.GlOOOR 

p.G1176E 

p.G1287S 

P.G1341V 

p.C1375S 
p.M665I 

P.G711R 

1: Copy num 

location 

Cu6/ 
Tml 
Cu6/ 
Tml 

Tm4 

Td 

Ph 

Ph 
ATP 
loop 
ATP 
loop 

Tm7 

Tm8 
Tml 

Tm2 

?er analysis 

Copy 
number 
Single 

Single 

Single 

Single 

Single 

Single 

Single 

Single 

Single 

Single 

Multiple 

Multiple 

5 using Sou 

Western 
Blot2 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

-

+ 

+ 

+ 

+ 

thern blot. 

Yeast 
assay3 

N 

D 

D 

N 

N 

D 

D 

D 

D 

D 

D 

D 

Oxidase 
Activity4 

44% 

-0.03% 

5.6% 

15.37% 

44.56% 

-0.07% 

-9.6% 

-11.77% 

26.4% 

-16.8% 

14.61% 

8.42% 

Conclusion5 

Not defective 

Defective 

Defective 

Defective 

Not defective 

Defective 

Defective 

Probable defective 

Defective 

Defective 

Defective 

Defective 

2: (+) indicates that ATP7B band was detected in the western analysis. 
3: (N) and (D) indicate normal and defective phenotype in the yeast assay, respectively. 
4: The oxidase activity is presented as a percentage of wild type activity 
5: Indicated the overall assessment of the effect of each missense variants on the 
transport activity of ATP7B. 
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Table 2.5 Analysis of the biochemical changes of ATP7B missense variants studied in 
yeast transport assay 

Variant 

P.A604P 

P.R616Q 

p.S657R 

p.M665I 

p.G710V 

p.G711R 

p.T766M 

p.L795F 

p.T991M 

p.GlOOOR 

p.G1176E 

p.G1287S 

p.G1341V 

p.C1375S 

Domain 

Cu6/ 
Tml 

Cu6/ 
Tml 

Cu6/ 
Tml 

Tml 

Tm2 

Tm2 

Tm4 

Td 

Ph 

Ph 

ATP 
loop 
ATP 
loop 

Tm7 

Tm8 

Mass 
shift 

26 

-28 

69 

-18 

42 

99 

30 

34 

30 

99 

72 

30 

42 

-16 

Expected amino 
acid 

Non-polar, weakly 
hydrophobic 

basic, polar, 
hydrophilic, (+) 
charged 
polar, uncharged, 
OH group 

hydrophobic, non-
polar 

Non-polar, weakly 
hydrophobic 
Non-polar, weakly 
hydrophobic 

hydrophilic, polar, 
uncharged, OH 
group 
hydrophobic, 
polar, (+) charged 

hydrophilic, polar, 
uncharged, OH 
group 
non-polar, weakly 
hydrophobic 
non-polar, weakly 
hydrophobic 
non-polar, weakly 
hydrophobic 

non-polar, weakly 
hydrophobic 
hydrophilpc,polar, 
uncharged, 
sulfhydryl 

Altered amino 
acid 

hydrophobic, 
non-polar, 
cyclic 
Polar, 
hydrophilic, 
non charged 
Basic, polar, 
hydrophilic, 
(+) charged 
Hydrophobic, 
non polar, non 
charged 
hydrophobic, 
non-polar 
Basic, polar, 
hydrophilic, 
(+) charged 
hydrophobic, 
non-polar 

hydrophobic, 
non polar, non 
charged 
hydrophobic, 
non-polar 

hydrophilic, 
basic 
hydrophilic, 
acidic 
polar, 
uncharged, OH 
group 
hydrophilic, 
non-polar 
polar, 
uncharged, OH 
group 

SIFT 
-cor1 

D 

D 

D 

D 

N 

D 

D 

D 

D 

D 

D 

D 

D 

D 

Transport 
function 

Defective 

Not 
defective 

Defective 

Defective 

Defective 

Defective 

Defective 

Defective 

Not 
defective 

Defective 

Defective 

Probable 
defective 

Defective 

Defective 

1: (D) is predicted to be deleterious (< 0.05) and (N) is predicted to be a normal variant. 



Discussion 

ATP7B is required to provide copper to Fet3p in the yeast ccc2 knock out BJ2168 

strain. Fet3p loaded with copper (holo-Fet3p) is involved in high affinity iron transport. 

Therefore, functional ATP7B is essential for yeast growth in low iron medium. Fet3p is 

involved in iron transport through oxidizing Fe (II) to Fe (III). The oxidase activity of 

Fet3p depends on copper loading by ATP7B. 

A yeast agar plate assay was used to identify ATP7B variants that are altered in 

their transport activity. Defective ATP7B variants cannot complement for ccc2 

deficiency, therefore yeast colonies will not grow on low iron plates. Fet3p oxidase 

assay is another tool used to determine the transport activity of ATP7B variants in yeast. 

The Cox lab has used membrane proteins extracted from yeast cells to determine the 

oxidase activity of Fet3p (Forbes and Cox, 1998). Fet3p is a membrane protein that 

requires meticulous preparations for Fet3p to be isolated in its active form. Furthermore, 

this assay includes separating protein samples in polyacrylamide gel without disrupting 

the functional activity of Fet3p. The sensitivity of this assay is also limited, as noted 

with D765N that showed normal oxidase activity in the gel format (Forbes and Cox, 

1998). 

I have developed a new version of the oxidase assay that uses a 96-well plate 

format. The ferroxidase domain of Fet3p is localized to the external cell surface (De 

Silva et al., 1995). This domain oxidizes p-phenylenediamine dihydrochloride substrate 

(pPD) and changes the initially clear oxidase assay solution to dark brown. The assay 

quantifies the oxidase activities of each variant that can be presented as a percentage of 

the wild type oxidase activity. This study showed that the oxidase assay can be carried 
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out using intact yeast cells and the oxidase activity of Fet3p measured in a 96-well plate 

format. The 96-well plate oxidase assay was validated using control mutants that were 

studied previously in the gel format oxidase assay and yeast growth assay. p.T977M and 

CPC (Cysteine- Proline-Cysteine) were selected as control variants with limited oxidase 

activity and p.D765N with normal oxidase activity as compared with the wild type 

(Forbes and Cox, 1998). p.T977M and CPC were found to have less than 10% wild type 

oxidase activity. Although my results correlate well with Forbes et al., (1998) where he 

used the gel format to determine the oxidase activity of these variants, p.D765N showed 

65% of wild type oxidase activity. Therefore, the 96-well plate assay is more sensitive 

than the and can be used as a quantitative tool to determine the oxidase activity of 

ATP7B variants. 

I studied 21 ATP7B variants in the yeast growth assay. Eighteen variants were 

concluded to be defective. These variants are located in various domains of ATP7B, 

mostly in the transmembrane regions. Transmembrane domains are more sensitive than 

other ATP7B domains to missense mutations as they are embedded in the plasma 

membrane and depend upon strict interactions to maintain the appropriate conformation 

that is required for the transport mechanism of ATP7B.I hypothesize that missense 

mutations that weaken the hydrophobicity of these domains would be more deleterious 

to the transport activity of ATP7B and might be associated with disease. The 21 variants 

were also studied in the oxidase assay and 19 were shown to limit the oxidase activity of 

Fet3p. The defective variants are localized as follows: p.N41S in the N-terminus end; 

p.A604P, and p.S657R in the hinge region (Cu6/Tml); p.M665I, p.G710V, p.G711R, 

p.S744P, p.T766M, p.G943C, p.C1375S, p.A1328T, p.G1341V and p.G1341S in 
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transmembrane regions; p.S921N and p.GlOOOR in the transduction domain; p.G1176E 

and p.G1287S in the ATP loop; p.R1415Q in the C-terminus (Tables 2.2 and 2.3). 

Yeast proteins were prepared using a MemPrep kit as discussed earlier. This kit 

extracts membrane proteins in a hydrophobic fraction and cytosolic proteins in a 

hydrophilic fraction. ATP7B was contained mostly in the hydrophilic fraction. This 

contradicts with the fact that ATP7B is a membrane protein and should be localized to 

the hydrophobic fraction. In a previous study, this kit was shown to drop its sensitivity 

from 90% for Cox 4 (cytochrome oxidase subunit 4) which has 1 transmembrane 

domain to 45% for flotillin that has two transmembrane domains 

(http://www.piercenet.com/products/). ATP7B is a membrane protein with eight 

transmembrane domains. Thus, this kit is not appropriate for ATP7B extraction. 

Alternatively, western blotting was performed on protein samples obtained from total 

cell lysate. This preparation shows less cross reactivity with other proteins when using 

an N-terminal antibody. Therefore, the data obtained from Mem-PER will be used only 

for expression analysis and not to determine any improper localization of ATP7B in 

yeast cells induced by the missense mutations. ATP7B expression was also determined 

based on results obtained from total cell lysate using a modified protein preparation 

protocol. 

p.S657R, p.T766M, p.GlOOOR, p.G1176E, p.G1341V, p.C1375S are single copy 

variants that showed a defective phenotype in the growth and oxidase assays. The 

western analysis shows that ATP7B is being expressed at its appropriate size. Therefore, 

these six missense mutations hinder the transport activity of ATP7B. p.G1287S is a 

single copy variant that is defective in yeast growth assay and the oxidase assay. 

http://www.piercenet.com/products/
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p.G1287S shows no ATP7B band in the western blot analysis. This could be explained 

in two different ways. The first explanation suggests that p.G1287S expresses ATP7B 

that is mislocalized and thus not extracted in the regular preparation of membrane 

proteins using total cell lysate. Thus, ATP7B might be contained in the pellet. I tried to 

extract ATP7B from the pellet using a reduced centrifugation speed (l,000xg). Results 

showed that there was no ATP7B detected for p.G1287S using both (10,000xg and 

l,000xg) centrifugation speeds. Therefore, p.G1287S might be expressing a form of 

ATP7B that is degraded at the level of the mRNA or the protein. p.M665I and p.G711R 

were both multiple copy variants that were defective in the yeast assay and in the 

oxidase assay. The PCR and southern results showed that ATP7B is successfully 

inserted into the genome. The western blot results show that these two variants express 

ATP7B at the appropriate size. The defective phenotype of these variants suggests that 

these missense mutations are deleterious to the transport activity of ATP7B. 

p.R616Q and p.T991M are two ATP7B variants that showed a normal phenotype 

in the yeast growth assay. p.R616Q and p.T991M both have 44% of wild type oxidase 

activity. It is critical to decide on the percentage of oxidase activity that represents the 

normal phenotype. According to Forbes et al, p.D765N, reported as a disease causing 

variant, was characterized as a normal variant based on the growth and oxidase assay 

(Forbes and Cox, 1998). In my assay, this variant has 65% of wild type oxidase activity. 

Thus, p.R616Q and p.T991M would be considered as normal variants according to 

oxidase assay. Wilson disease patients are affected by these missense mutations in a 

more complicated pathway that involves all aspects of ATP7B function. The yeast 

assays measure the transport aspect only, and in a yeast system. Therefore, although 
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these two variants show an oxidase activity close to the wild type, they might have a 

deleterious effect on the human liver when considering the overall function of ATP7B 

over the life of the patient. 

p.N41S, p.S744P, p.S921N, p.G943C, p.A1328, p.G1341S, and p.R1415Q were 

defective in both growth and oxidase assays. Although, yeast PCR confirms that these 

variants contain ATP7B in their genome, there was not reliable information from the 

Southern analysis of these variants to determine the copy number. The defective 

phenotype of these variants in the yeast assay suggests that these amino acid residues are 

involved in the transport activity of ATP7B. 

ATP7B modeling techniques represent a useful tool to characterize certain ATP7B 

variants. R616Q and A604P are two ATP7B variants that are located in the same 

domain and are only 12 amino acids apart. The PDB (Protein Data Bank) file for the N-

terminal hinge region (Cu6/Tml) was analyzed using the Chimera program. The amino 

acid p.R616 is more exposed and the side chain is pointing outwards suggesting a 

possible role in interaction of ATP7B with other proteins. This region of the protein is 

thought to be involved in interaction with dynactin subunit p62 (Lim et al., 2006) and 

possibly ATOX1 (van Dongen et al., 2004). The side chain of p.R616 is less likely to be 

involved in interactions with amino acid residues within the same domain (N-terminal 

hinge region). I hypothesize that R616 might be involved in the interaction of ATP7B 

with other proteins, mainly dynactin subunit p26. In the yeast assay p.R616Q was not 

involved in the transport activity of ATP7B. I suggest that further work on p.R616Q is 

needed to determine its effect on other aspects of ATP7B functions mainly, trafficking. 

The amino acid p.A604 is embedded in the hinge domain. This suggests a lesser role of 



this residue in the interaction of ATP7B with other proteins. The analysis of the 

secondary structures associated with ATP7B shows that p.A604 is located in a |3-sheet. 

The amino acid proline disrupts protein folding. Missense mutations that lead to a 

proline in active domains of a protein are usually associated with disease (Garcia-Rio et 

al., 2005). The yeast assay shows that p.A604P is defective in transport. p.A604 might 

be crucial for the transport mechanism and thus, when mutated into proline, the 

transport activity of ATP7B is distorted. 
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CHAPTER 3 

COMPUTATIONAL ANALYSIS OF ATP7B MISSENSE VARIANTS 

1. Introduction 

ATP7B is a P-type ATPase that transports copper across membranes (Bull et al., 

1993). Members of this protein family include well characterized proteins such as the 

calcium transporter Sarco/Endoplasmic Reticulum Ca2+-ATPase (SERCA1) (Arguello et 

al., 2007). The structural information available on SERCA1 as well as other members of 

the ATPase family was used to highlight structural properties of ATP7B. Homology 

modeling was used to generate a 3D structure of ATP7B. Furthermore, the structure of 

separate domains of ATP7B was also generated (Achila et al, 2006; Dmitriev et al., 

2006). The structural information that could be inferred for ATP7B represents 

significant data to integrate structural properties into the analysis of missense variants of 

ATP7B. 

Copper transporters are identified throughout species from bacteria to humans. 

Non-bacterial species such as C. elegans have two copper transporters ATP7A and 

ATP7B. Aligning ATP7B homologous sequences generates a significant database of 

evolutionary variation that can be used to determine amino acid residues that are 

conserved. In this study, I used two sets of multiple sequence alignments. The default 

alignment is generated by the program as discussed later. The corrected alignment is the 

one selected manually and containing true ATP7B orthologues and paralogues as 

indicated in Table 3.1. 

PolyPhen, SIFT, and Align-GVGD are three prediction programs that combine 

different evolutionary and biochemical properties. Prediction scores become much more 



accurate when they include biochemical properties of the query protein as well as 

information on conservation across species (Nakken et al., 2007). The availability of 

adequate sequence, biochemical and structural data for ATP7B allows the analysis of 

the missense variants using these three different scores. 

More than 50 ATP7B missense variants have been characterized by functional 

assays. Those that were shown to be defective could present an interesting tool to 

compare the three prediction scores. In this study, I compare the three predictive scores 

in both default and corrected settings in predicting defective and normal ATP7B 

variants. Then, I use the most accurate scores to analyze suspected non-disease causing 

ATP7B variants. 

2. Materials and Methods 

2.1. Prediction Programs used 

2.1.1. PolyPhen 

The PolyPhen (Polymorphism Phenotyping) (Ramensky et al, 2002) 

methodology was described in the general introduction in chapter 1. PolyPhen analysis 

was performed using a program available on the internet 

(http://genetics.bwh.harvard.edu/pph/). The amino acid sequence of ATP7B was entered 

and the Protein Data Bank (PDB) searched for homologous sequences with default 

settings as follows: structural database, PDB; sort hits by, identity; map to mismatch, 

no; calculate structural parameters, for first hit only; calculate contacts, for all hits; 

minimal alignment length, 100; minimal identity in alignment, 0.5; maximal gap length 

in alignment, 20; threshold for contacts, 6. The outcome of PolyPhen analysis for each 

http://genetics.bwh.harvard.edu/pph/


ATP7B variant entered could be "benign", "possible damaging", "probably damaging", 

and "unknown". In this study "possible damaging" and "probably damaging" were both 

classified as defective variants as recommended by the software. 

2.1.2. SIFT 

SIFT (Sorting Intolerant From Tolerant) considers the position at which the change 

occurred and the type of amino acid change (Ng and Henikoff, 2003). Normal ATP7B 

sequence and ATP7B missense variant sequences were entered into an automated 

program available online (http://blocks.fhcrc.org/sift/SIFT.html). The selected variants 

were analyzed in two different ways. The default SIFT scores were obtained using 

default settings (Select database to search: SWISS-PORT 51.3 and TREMBL 34.3, 

Median conservation of sequences: 3.00, Remove sequence more than 90% identical to 

query). SIFT generates its own multiple sequence alignment from the homologous 

sequences available in the database at the time the analysis was done. A second SIFT 

analysis (corrected SIFT) was performed using selected sequence alignment as indicated 

in Table 3.1 

2.1.3. Align GVGD 

Align GVGD (Align Grantham Variation Grantham Deviation) methodology 

was described in the introduction and elsewhere (Tavtigian et al., 2006). Align GVGD 

analysis for selected ATP7B variants was obtained through a program available on the 

internet (http://agvgd.iarc.fr/agvgd input.php). The multiple sequence alignment used 

for this analysis was generated in two different ways. The default scores used multiple 

sequence alignment generated through the SIFT program using default settings as 

http://blocks.fhcrc.org/sift/SIFT.html
http://agvgd.iarc.fr/agvgd
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indicated above. The second set of data was obtained using the corrected alignment as 

indicated in Table 3.1. 

Table 3.1 shows various proteins used for the multiple sequence alignment for 

ATP7B. The sequences were obtained from several sources including: NCBI (National 

Center for Biotechnology Information), Swiss Port and TrEMBLE (Translated European 

Molecular Biology Laboratory). PolyPhen uses a default alignment that contains few 

duplicates. Alignment used in SIFT and Align-GVGD analysis could be manipulated. 

'Yes' means that sequence was included in the analysis. 'No' means that the sequence 

was not included in the analysis. 

2.2. Functional Results Used for Analysis 

The functional data on ATP7B variant used in this analysis was collected from 

various laboratories including the Cox laboratory as mentioned in Tables 3.2, 3.4, and 

3.5. 20 ATP7B variants that were studied in this thesis were also included in the 

prediction analysis. 



Table 3.1 List of proteins used for the multiple sequence alignment in the selected prediction programs. 

ID 
P 001020438 
Q64446 
BAA84775.1 
NP 001009732 
XP 001378265 
Q5T7X7 
XP 001103242 
XP 417073 
A2A4E0 
XP 001363336 
NP 434690 
XP 860306 
XP 615430 
EAW98606.1 
XP 420307 
NP 001036185 
P49015 
XP 684415 
Q4SJX4 
NP 001005918 
NP 001005918 
Q4SDE7 
Q17RT3 

Species 
Cams lupus familiaris 
Mus musculus 
Rattus norvegicus 
Ovis aries 
Monodelphis domestica 
Homo sapiens 
Macaca mulatto 
Gallus gallus 
Mus musculus 
Monodelphis domestica 
Rattus norvegicus 
Cams lupus familiaris 
Bos Taurus 
Homo sapiens 
Gallus gallus 
Danio rerio 
Cricetulus griseus 
Danio rerio 
Tetraodon nigroviridis 
Homo sapiens 
Homo sapiens 
Tetraodon nigroviridis 
Homo sapiens 

common name 
dog 
mouse 
rat 
sheep 
opossum 
human 
rhesus monkey 
red jungle fowl 
mouse 
opossum 
rat 
dog 
cattle 
human 
red jungle fowl 
zebra fish 
Chinese hamster 
zebra fish 
green puffer 
human 
human 
green puffer 
human 

Protein 
ATP7B 
ATP7B 
ATP7B 
ATP7B 
ATP7B 
ATP7B 
ATP7B 
ATP7B 
ATP7B 
ATP7A 
ATP7A 
ATP7A 
ATP7A 
ATP7A 
ATP7A 
ATP7A 
ATP7A 
ATP7B 
ATP7B 
ATP7B 
ATP7B 
2 

ATP7B 

Poly Phen 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 

SIFT-cor1 

yes 
yes 
yes 
yes 
yes 
no 
yes 
yes 
no 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
No 
No 
No 
No 
No 

Align GVGD-cor1 

Yes 
Yes 
Yes 
Yes 
Yes 
No 
Yes 
Yes 
No 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
No 
No 
No 
No 
No 

Corrected as described in the text 
2 V-cation-transporting ATPase 
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3.1. Comparing Predictive Programs Using Defective ATP7B Variants 

Functionally defective ATP7B variants were analyzed in the three prediction 

programs as shown in Table 3.2. Each variant was reported to be defective in at least 

one of the following assays: copper transport (T), localization (L), phosphorylation (P), 

interaction with Atoxl (I), or aggregation (A). The prediction scores were obtained 

either via default settings (def) or corrected (cor) settings using selected alignment as 

described in the Materials and Methods. The prediction for each variant analyzed could 

be: defective variant (D), normal variant (N), or unclassified (U) if analyses were 

inconclusive. An additional column was used to show the location of each variant within 

the protein. Table 3.2 includes 40 ATP7B missense variants that are reported as 

defective. Twenty nine variants have been analyzed in the Cox laboratory. The 

remaining 11 ATP7B variants were reported by other authors as indicated in Table 3.2. 

Table 3.3 summarizes the analysis of the 40 functionally defective ATP7B variants in 

the selected prediction programs: PolyPhen, SIFT-cor (SIFT corrected), SIFT-def (SIFT 

default), Align GVGD-cor (Align GVGD corrected), and Align GVGD-def (Align 

GVGD-default). PolyPhen predicts 35 variants as defective. SIFT-cor and SIFT-def 

predicts 37 and 35 variants as defective, respectively. Align GVGD corrected and 

default predicts 26 and 22 variants, respectively as defective. The highest prediction 

score was obtained through SIFT-cor. However, PolyPhen and SIFT-def generate the 

same predictions for 38 variants (defective and normal). The two variants that were not 

in agreement were p.A604P and p.G591D. The only variant that was predicted as 

normal in the five scores was p.Q447L. The functional data reported on Q447L show 
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that it is defective in localization as it associated with a frame shift mutation (Huster et 

al., 2003). This suggests that the frame shift mutation is responsible for such a defective 

phenotype rather than the missense mutation alone. 

3.2. Analysis of Prediction Scores of Functionally Normal ATP7B Variants 

Some ATP7B variants were not defective in one functional assay. These variants 

were not tested in other ATP7B functional assays. ATP7B variants that were 

characterized as a normal variant in one of the ATP7B functional assays were analyzed 

in the prediction programs. The functional data were reported by various authors as 

indicated in Table 3.4. Table 3.4 shows 17 ATP7B missense variants that were analyzed 

using selected prediction programs. PolyPhen predicted 15 of 17 to be disease causing 

variants. SIFT-cor and SIFT-def predict 13 and 14 variants of 17 to be disease causing, 

respectively. Align GVGD-cor identifies 8, 7, and 2 variants as defective, normal, and 

unclassified, respectively. Align GVGD-def identifies 4, 10, and 3 variants as defective, 

normal, and unclassified respectively. Three ATP7B missense variants (p.V995A, 

p.T991M, and p.P1379S) were predicted to be defective by the three different programs 

in all alignments. Only one variant, p.A1183T, is predicted to be normal in all three 

programs. 
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Table 3.2 Comparison of prediction programs using functionally defective ATP7B 
variants. 

Variant Site1 Function2 

T L P I A 

Poly 
Phen3 

SIFT3 

cor def 

Align-
GVGD3 

cor def 

Ref4 

Present thesis 
p.N41S 

p.A604P 

p.M665I 

p.S657R 

p.G710V 

p.G711R 

p.S744P 

p.T766M 

p.S921N 

p.G943C 

p.GlOOOR 

p.G1287S 

p.G1176E 

p.G1341V 

p.C1375S 

p.A1328T 

p.G1341S 

P.R1415Q 

N-ter 

Cu6/ 
Tml 
Tml 

Cu6/ 
Tml 
Tm2 

Tm2 

Tm3 

Tm4 

Td 

Tm5 

Ph 

ATP loop 

ATP loop 

Tm7 

Tm8 

Tm7 
Tm7 

3'COOH 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

N 

N 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

N 

N 

D 

D 

D 

N 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

N 

N 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

N 

U 

U 

N 

U 

D 

D 

D 

N 

N 

U 

D 

D 

D 

D 

N 

D 

D 

N 

D 

N 

N 

U 

N 

U 

U 

N 

N 

N 

D 

D 

D 

N 

N 

D 

N 

D 

1,7 

Cox laboratory 

p.D765N 

p.L776V 

Tm4 

Tm4 

N 

N 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

N 

D 

2,3 

2,3 
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P.R778L 

p.M769V 

p.G943S 

p.T977M 

p.P992L 

p.E1064K 

p.L1083F 

p.V1106D 

p.M1169V 

Tm4 

Tm4 

Tm5 

Tm6 

ATP loop 

ATP loop 

ATP loop 

ATP loop 

ATP loop 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

N 

N 

N D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

N 

U 

D 

D 

D 

D 

D 

D 

N 

N 

D 

D 

D 

D 

D 

D 

2,3 

2,3,6 

2,3 

2,3 

2,7,11 

4 

4 

4 

4 

Other laboratories 

p.G85V 

P.Q447L' 

p.L492S 

P.G591D 

p.E1064A 

p.H1069Q 

p.A1135R 

p.D1267A 

p.N1270S 

p.P1273L 

p.S1362F 

Oil 

Cu4/5 

Cu5 

Cu6 

ATP loop 

ATP loop 

ATP loop 

ATP 
hinge 
ATP 
hinge 
ATP 
hinge 
Tm8 

D 

N 

D 

N 

N 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

N 

D 

N 

D 

D 

N 

D 

D 

D 

D 

D 

N 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

N 

D 

D 

D 

D 

N 

D 

D 

D 

D 

N 

N 

D 

D 

D 

D 

N 

D 

D 

D 

D 

N 

N 

D 

D 

D 

D 

N 

D 

D 

D 

D 

6 

7 

6 

6 

8 

9,10,11,7 

7 

11 

7 

11 

7 

1 N-ter: N-terminal tail; Cul-6: copper binding domains of the N-terminal region (1 
through 6); Tml-8: transmembrane domains (1 through 8); Td: transduction domain; Ph: 
phosphorylation domain of ATP loop. 3'COOH: C-terminal tail. 

Each variant was reported to be defective in at least one of the following assays: 
copper transport (T); localization (L); phosphorylation (P); or interaction with Atoxl (I). 
3 defective variant (D); normal variant (N); or unclassified (U) 
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References 1: Chapter two thesis, 2: (Forbes and Cox, 1998), 3: (Forbes and Cox, 
2000), 4: Cullen, 6:(Hamza et al, 1999), 7:(Huster et al, 2003), 8: (Morgan et al, 
2004), 9: (Iida et al., 1998), 10:(Payne and Gitlin, 1998), ll:(Okkeri et al, 2002) 

This variant was associated with a frame shift mutation. 

Table 3.3 Summary of functionally defective ATP7B variants analyzed in the selected 
prediction programs. 

Prediction program 

PolyPhen 
SIFT- cor 
SIFT- def 
Align GVGD- cor 
Align GVGD- def 

Defective in 
functional assay 
40 
40 
40 
40 
40 

Predicted 
defective 
35 (87.5%) 
37 (92.5%) 
35 (87.5%) 
26 (65%) 
22 (55%) 

Predicted 
normal 
5 
3 
5 
9 
15 

Unclassified 

None 
None 
None 
5 
3 
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Table 3.4 Prediction scores of ATP7B variants that are indicated as normal variants in 
functional assays 

Variant 

p.Y532H 

P.R616Q 

p.R616T 

p.G626A 

p.D642H 

p.L655I 

P.P760L 

p.M769V 

p.T991M 

p.R969N 

p.V995A 

p.C1104F 

p.R1151H 

p.A1183T 

p.G1186S 

p.P1379S 

p.T1434M 

Site1 

Cu5 

Cu6/Tml 

Cu6/Tml 

Cu6 

Cu6/Tml 

Tml 

Tm3/Tm4 

Tm4 

Td 

Td/Cu6 

ATP loop 

ATP loop 

ATP loop 

ATP loop 

ATP loop 

C-ter 

C-ter 

Function2 

T 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 

L 

N 

N 

N 

N 

P 

N 

N 

I A 

Poly 
Phen3 

D 

N 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

N 

D 

D 

D 

SIFT3 

cor 

D 

D 

D 

D 

D 

N 

D 

D 

D 

D 

D 

D 

D 

N 

N 

D 

N 

def 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

N 

N 

D 

N 

Align-GVGD3 

cor 

D 

D 

D 

N 

U 

N 

D 

D 

D 

N 

D 

N 

U 

N 

N 

D 

N 

def 

U 

N 

U 

D 

N 

N 

U 

N 

D 

N 

D 

N 

N 

N 

N 

D 

N 

R
ef

er
en

ce
 

1 

2 

3 

1 

1 

2 

3 

4,5 

2 

3 

5 

7 

7 

1 

1 

6 

6 

References 1: Cullen, 2: TAHA, 3: (Huster et al, 2003), 4:(Forbes and Cox, 2000), 
5:(Forbes and Cox, 1998), 6:(Hsi et al., 2004), 7:(Morgan et al, 2004) 

1>2'3 See Table 3.3. 
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3.3. Analysis of Suspected Non Disease Causing Variants in PolyPhen, SIFT, and Align 

GVGD. 

ATP7B missense variants that are reported in the literature as suspected non-

disease causing variants were analyzed using the three prediction programs (PolyPhen, 

SIFT-cor, and Align GVGD-cor). These variants were described by various authors as 

suspected non-disease causing variants for several reasons, as indicated in Table 3.5. 

PolyPhen and SIFT predicted 13 and 14 variants, respectively, to be defective out of 29 

reported as normal. Align GVGD predicted only 8 out of 29 variants as defective. There 

are 17 out of 19 variants detected by both PolyPhen and SIFT- cor as disease causing 

variants. There are seven variants predicted to be defective in each of the three programs 

(PolyPhen, SIFT-cor, and Align GVGD-cor). These seven variants were indicated as 

suspected non disease causing variants for various reasons: p.N728D, p.T935M, 

p.V995A, p.D1271E were considered as substitutions of highly conserved amino acid 

change; p.R723G was detected in homozygous normal individuals; Ml 169V was 

reported as a possible mutation as no other mutations were found on the chromosomes 

of the patient; p.P1245S was not detected on normal chromosomes. This reason by itself 

is a good indication that p.P1245S might be a disease causing variant. 

The 19 variants presented in Table 3.5 are located in various regions of the protein. 

Seven variants are in the N-terminal copper binding domains. The prediction scores of 

the three programs classify the seven variants as normal. There are eight variants in 

transmembrane domains Tm3, Tm4, and Tm5; five of these were classified as defective 

variants using the three programs 
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Table 3.5 Analysis of suspected non disease causing variants in PolyPhen, SIFT and 
Align GVGD. 

Variant 

p.A14D 

P.I390V 

P.A406S 

P.L436V 

p.V446L 

P.L466V 

P.N565S 

p.R723G 

p.N728D 

p.D730E 

P.K832R 

p.V864I 

P.T935M 

P.V949G 

P.R952K 

P.V995A 

P.A1063V 

P.V1106I 

p.V1109M 

p.A1140V 

p.T1143N 

Site1 

N-ter 

Cu4 

Cu4 

Cu4/5 

Cu4/5 

Cu4/5 

Cu5 

Tm3 

Tm3 

Tm3 

Tm4/ Td 

Td 

Tm5 

Tm5 

Tm5 
Oaf 
Tm6 
ATP 
loop 
ATP 
loop 
ATP 
loop 
ATP 
loop 
ATP 
loop 

Reason2 

c 

b 

b 

u 

u 

b 

b,d 

g 

b 

b 

c, d, e 

c, b 

b 

a, b 

b 

b 

c 

b, d 

c, b 
a, c, d, 
e 

c 

Poly 
Phen3 

N 

N 

N 

N 

N 

N 

N 

D 

D 

N 

N 

N 

D 

D 

N 

D 

D 

N 

N 

N 

N 

SIFT 
Cor3 

N 

N 

N 

N 

N 

N 

N 

D 

D 

N 

N 

N 

D 

D 

N 

D 

D 

N 

D 

N 

N 

Align GVGD 
cor3 

N 

N 

N 

N 

N 

N 

N 

D 

D 

D 

N 

N 

D 

N 

N 

D 

U 

N 

N 

N 

N 

Reference 

(Gu et al, 2003) 

(Tsai et al, 1998) 
(Thomas et al., 
1995) 

(Cox et al., 2005) 
(Shah et al., 
1997b) 
(Thomas et al., 
1995) 
(Kalinsky et al., 
1998) 
(Kalinsky et al., 
1998) 

(Fan et al., 1997) 
(Chuang et al., 
1996) 

(Figus et al, 1996) 

(Kim et al., 1998) 

(Tsai et al., 1998) 
(Ha-Hao et al., 
1998) 
(Thomas et al., 
1995) 
(Thomas et al., 
1995) 

(Nanji et al., 1997) 

(Wu et al., 2001) 

(Kim et al., 1998) 

(Figus et al., 1995) 

(Gu et al, 2003) 
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p.M1169V 

P.A1183G 

p.H1207R 

p.P1245S 

p.D1271E 

p.A1278V 

P.V1297I 

P.D1407E 

ATP 
loop 
ATP 
loop 
ATP 
loop 
ATP 
hinge 
ATP 
hinge 
ATP 
hinge 
ATP 
hinge 

C-ter 

f 

u 

c 

c 

b 

e, d, h 

d 

d 

D 

D 

D 

D 

D 

D 

N 

D 

D 

D 

D 

D 

D 

D 

N 

D 

D 

U 

N 

D 

D 

U 

N 

N 

(Thomas et al., 
1995) 
(Shall and Kumar, 
1997) 
(Loudianos et al., 
1999b) 

(Gu et al., 2003) 
(Okada et al, 
2000) 

(Orra et al, 1997) 
(Loudianos et al., 
1999a) 
(Kusuda et al, 
2000) 

1,3 See Table 3.2 
2 a: No change of amino acid, b: conservative change, c: detection on normal 
chromosomes, d: detection on chromosomes with disease causing mutation already 
present, e: non conservative change in non essential amino acid, f: possible mutation-no 
other mutation found on chromosomes, g: homozygous on normal individual, h: not 
found in normal chromosomes, u: unknown 

Table 3.6 Summary of the prediction scores of 29 suspected non-disease causing 
ATP7B variants. 

Prediction 
program 
PolyPhen 
SIFT- cor 
Align GVGD-cor 

Predicted 
normal 
16 
15 
18 

Predicted 
defective 
13 
14 
8 

Unclassified 

none 
none 
3 

Total 

29 
29 
29 
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4. Discussion 

The Wilson disease database includes 548 variants of which 198 are missense. 

Only 50 variants have been functionally characterized (Kenney and Cox, 2007). 

Classifying missense variants as defective or neutral has important diagnostic and 

research implications. New computer based algorithms aid in the classification of 

missense variants using conservative and biochemical features of the amino acid 

substitutions. 

In this study, functional data on ATP7B missense variants was used to compare 

the prediction accuracy of three computational algorithms: PolyPhen, SIFT and Align 

GVGD. These algorithms use conservation scores and the nature of amino acid 

substitutions to predict defective ATP7B missense variants as indicated in the Materials 

and Methods. PolyPhen, SIFT, and Align-GVGD have been previously used to classify 

other missense variants occurring in the genome. PolyPhen was first developed to assess 

the damaging effect of SNPs in protein-coding regions. It has been estimated that -20% 

of common human non-synonymous SNPs are damaging to the protein (Sunyaev et al., 

2001). SIFT score has been used to predict defective variants in several genes including 

DNA repair genes (Xi et al., 2004) as well as other cancer related genes (Kaminker et 

al, 2007). Tavitigian et al used Align-GVGD to analyze the functional effects of 

missense variants in P53 (Mathe et al., 2006) and BRCA1 (Tavtigian et al, 2006) genes. 

The accuracy of PolyPhen, SIFT, and Align GVGD has been assessed using several 

human disease genes such as CDKN2A, MLH1, MSH2, MECP2, and TYR (Chan et al., 

2007). The sensitivity of PolyPhen, SIFT, and Align-GVGD in identifying defective 

CDKN2A missense variants was 81.3, 83.3, and 72.9% respectively. These data are in 
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agreement with our findings in Table 3.3. Analysis of ATP7B missense variants showed 

that SIFT has the higher sensitivity followed likely by PolyPhen. Align GVGD was the 

least sensitive among the studied algorithms. 

Defective phenotype in at least one of the functional assays is expected to provide 

evidence that the variant tested is disease-causing. A useful conclusion becomes more 

difficult when a normal functional phenotype is obtained. A functional assay is limited 

to one aspect of ATP7B function in a model organism: yeast or cultured cells. Full 

characterization of each variant may require data from several ATP7B functional assays. 

Although functional assays are reliable, they have limitations. The transport assay using 

the yeast model is a useful tool to identify transport defective ATP7B variants (Forbes 

and Cox, 1998). This assay, as well as other ATP7B assays, does not represent the true 

activity in human liver. For example a variant that has 80% wild type activity might 

behave normally in the transport assay. However, in a human liver this variant might be 

associated with WND, especially after an average human life of 60 years. Therefore, 

validating neutral and defective variants becomes more challenging with genes such as 

ATP7B that are involved in different functions that cannot be assessed in one assay. 

Some studies have specified a neutral variant as having more than 85% of wild type 

activity. This might be applicable for certain genes that are well characterized and can 

be assessed in a single assay. Chan et al used a cell cycle arrest assay to classify 

CDKN2A variants. CDKN2A is a tumor suppressor gene that is relatively simple to 

study in the laboratory. All CDKN2A variants that showed a 15% decrease in cell cycle 

arrest were classified as defective. This classification was further supported by clinical 

findings (Chan et al., 2007). 
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There are several parameters to measure the validity of a prediction program. 

The most common parameters are: sensitivity, specificity, positive predictive value 

(PPV), and negative predictive value (NPV). Sensitivity is the proportion of variants 

predicted to be defective in a population of defective variants. Specificity is the 

proportion of variants predicted to be normal in a population of normal variants. PPV is 

the proportion of defective variants in a population of variants predicted to be defective. 

NPV is the proportion of normal variants within a population of variants predicted to be 

normal (Mathe et al, 2006; Chan et al., 2007). For ATP7B these parameters could be 

calculated only after full characterization of a significant number of ATP7B missense 

variants. Defective variants can be easily identified using functional assays. However a 

gold standard that identifies normal ATP7B variants is still missing. The functional data 

available on ATP7B variants are very limited. H1069Q is the only variant that has been 

tested in all reported ATP7B functional assays. Therefore, the accuracy of these 

programs will be limited until adequate functional and clinical information are available. 

The presence of true positive predictions (functionally defective, predicted 

defective) and false negative predictions (functionally defective, predicted normal) 

allows us to assess the sensitivity of each of the prediction programs used. SIFT-cor 

with a sensitivity factor of 92.5% was the most sensitive score in predicting defective 

ATP7B variants. Align GVGD-def had the least sensitivity of 55%. The prediction 

sensitivity obtained by SIFT-cor and SIFT-def were 92.5% and 87.5% respectively. 

Therefore, changing the multiple sequence alignment from default to corrected did not 

result in a significant change in SIFT analysis. The slight decrease in sensitivity might 

be contributed to the multiple sequence alignment used for every analysis. Both 
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alignments included sequences of ATP7B orthologues and paralogues. However, the 

multiple sequence alignment for default analysis included more sequences for Cu 

ATPases that are less related to ATP7B making the algorithm more tolerant and thus 

less sensitive in picking up the defective variants. 

Suspected non disease causing ATP7B variants are classified based on reasons 

suggested by authors, as described in Table 3.5. Sometimes the same variant is predicted 

in the three programs as normal. Table 3.5 showed 14 variants that are normal in the 

three scores. Half of these (seven out of 14 variants) are reported by various authors as 

having a conserved amino acid substitution. Most of these variants are located in the N-

terminal region. In contrast, p.N728D, p.T935M, p.V995A, and p.D1271E are predicted 

by the three programs as defective although they were classified as having a conserved 

amino acid substitution. None of these four variants is located in the N-terminus. The 

variants p.N728D, p.T935M, and p.V995A are located in transmembrane domains, 

whereas p.D1271E is found in the ATP loop. Some amino acid residues are located in 

critical positions of the protein. Such domains are more sensitive to missense mutations 

as they depend on strict interactions to maintain the appropriate conformation. 

Transmembrane domains tend to be more sensitive to missense mutations. For example, 

a change that weakens the hydrophobicity is more deleterious to a transmembrane 

domain as compared with a more flexible region such as the N-terminus. Therefore, a 

slight change in the biochemistry of this position will be identified as a defective variant 

by the prediction program. 

Prediction programs have varied sensitivity for different proteins. Proteins that 

are more conserved and have a significant amount of structural data associated with 
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their domains will be analyzed more accurately in the prediction programs. Furthermore, 

prediction programs might have varied accuracy in the same protein among various 

domains. A prediction program will analyze a variant that is located in a highly 

characterized domain with a higher accuracy. Prediction scores, such as PolyPhen, that 

depend directly on structural data will be more accurate if the variant studied is located 

in regions that have sufficient structural data. Active motifs are usually more conserved 

in the multiple sequence alignment and might not tolerate an amino acid substitution 

although it is chemically very similar. 

In this chapter, we have reported significant progress in the classification of 

normal versus disease-causing variants of ATP7B. The reliability of prediction 

programs used may be dependent upon the specific protein tested. Our data suggests that 

PolyPhen and SIFT are useful for predicting ATP7B defective mutations. Align-GVGD 

is not as useful for ATP7B analysis, particularly for diagnostic applications. 
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CHAPTER 4 

CONCLUSIONS AND FUTURE DIRECTIONS 

Wilson disease (WND) is a potentially lethal hereditary disease that affects vital 

organs including, liver and brain, and is clinically variable. Early diagnosis, followed by 

appropriate treatment, can effectively avoid tissue damage. In addition to clinical and 

biochemical features, mutation analysis of the relevant gene, ATP7B, provides an 

accurate tool for diagnosis. ATP7B is involved in various functions that control copper 

homeostasis in the body. Distinguishing between disease and normal variants is critical 

for reliable molecular diagnosis of WND. However, functional data on ATP7B variants 

are still limited. 

In order to functionally characterize ATP7B missense variants, I developed a 96-

well plate oxidase assay that uses intact yeast cells to determine the oxidase activity of 

ATP7B variants. The assay presents a quantitative tool that measures the oxidase 

activity of each ATP7B variant as a percentage of the wild type oxidase activity. This 

new assay is less laborious and quicker than the previous gel-format assay. The WND 

mutation database includes 518 variants. This assay will allow us to investigate these 

variants in a high throughput assay that saves time and reagents. In WND patients there 

is usually not a high phenotype genotype correlation. Functional assays that identify 

ATP7B defective variants will aid in understanding phenotype-genotype correlations 

especially in the case of severe mutations. 

Chapter 2 of this thesis reports my characterization of 21 ATP7B missense 

variants. The information on these variants is summarized as follows: 



93 

The variants p.S657R (hinge), p.T766M (Tm4), p.L795F (Td), p.GlOOOR (Ph), 

p.G1176E (ATP loop), p.G1341V (Tm7), p.C1375S (Tm8), are single copy variants that 

show a defective phenotype in both growth and oxidase assays. Each of those variants 

expresses ATP7B. Therefore, these seven variants are apparently disease-causing and 

affect the transport mechanism of ATP7B. This highlights the fact that these residues are 

located in critical regions of ATP7B. 

The variants p.R616Q (hinge) and p.T991M (Ph) were recognized as normal 

variants in growth and oxidase assays. Both variants express ATP7B. Therefore, these 

variants have no measurable effect on the transport mechanism of ATP7B. The variants 

p.R616Q and p.T991M might be non-disease causing variants. Further investigation is 

required to explore the role of these variants on other functions of ATP7B including 

trafficking. 

The variant p.G1287S (ATP loop) is a variant defective in growth and oxidase 

assays. A western blot shows no ATP7B band. Therefore, p.G1287S is probably a 

defective variant, where ATP7B might be mislocalized to an inappropriate cellular 

fraction. 

The variants p.M665I (Tml) and p.G711R (Tm2) were studied as multiple copy 

variants, and were found to be defective in growth and oxidase assays. The western blot 

results suggest that these two variants express ATP7B in its correct size. Therefore, 

p.M665I and p.G711R are predicted to be disease causing variants. Further analysis 

using single copy variants would provide more accurate evidence on the functional 

impact of these two missense variants. 



The variants p.N41S (N-ter), p.S744P (Tm3), p.S921N (Td), p.G943C (Tm5), 

p.A1328T (Tm7), p.G1341S (Tm8), and p.R1415Q (C-ter) were defective in both the 

growth and oxidase assays. The copy number of these variants is not determined yet, 

however the PCR results suggest that these ATP7B variants were inserted into the yeast 

genome. These variants are likely to be disease-causing variants. 

The two missense variants p.R616Q and p.A604P are located in the N-terminal 

hinge region. In yeast growth assay, p.R616Q was normal, while A604P was defective. 

Modeling analysis has shown that side chain of p.R616 is superficial and extending to 

the exterior of the molecule, suggesting a possible role in interaction with other proteins. 

The variant p. A604P is embedded in the hinge domain and is associated with a beta-

sheet. Therefore, a proline mutation causes disruptive effects on the conformation of the 

hinge and blocks the transport activity of ATP7B. I have shown that modeling analysis 

is a useful tool to understand the phenotype of ATP7B missense variants. 

Prediction scores have been used to identify putative functional missense 

variants in several other genes. The functional data available on ATP7B missense 

variants were used to analyze PolyPhen, SIFT and Align GVGD programs. SIFT 

(92.5%) and PolyPhen (87.5%) are more sensitive than Align-GVGD (55%) in 

identifying defective ATP7B variants. The specificity of these programs is still 

questionable. True normal ATP7B variants are required as gold standards in order to 

assess the specificity of these programs. The WND mutation database includes missense 

variants that are classified as suspected non-disease causing variants. These variants 

were reported in the literature based on several reasons as indicated in the results. A 

further analysis is needed in order to identify the true normal variants. Prediction 
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analysis on the suspected non-disease variants has scored 14 variants as defective. 

Therefore, missense variants that are predicted defective using PolyPhen, and SIFT 

might require further functional assessment. 

ATP7B is involved in various functions that are required for copper homeostasis. 

Therefore, identifying the effects of ATP7B missense variants on WND is challenging 

and requires extensive functional testing in various model systems. The yeast assay 

measures only the transport aspect of ATP7B. Therefore, variants that have normal the 

function in yeast assay should be investigated in other assays that involve other aspects 

of ATP7B function including trafficking. A cytotoxicity assay using mammalian cells is 

under development in our laboratory and will be useful to further assess the function of 

ATP7B variants. The non-disease causing variants that are reported in our prediction 

analysis as defective could be studied further, if possible, to obtain additional 

information from relevant authors regarding frequency. 

In summary, the yeast assay was used to study 21 missense variants and their 

effects on the transport mechanism of ATP7B. The functional data available on these 

variants will be a useful aid for reliable diagnosis of Wilson disease. My prediction 

analysis shows that PolyPhen and SIFT are the most useful algorithms for predicting 

ATP7B defective mutations, although further evaluation is needed. Align-GVGD is less 

useful for ATP7B diagnostic applications. Functional characterization of ATP7B 

variants presents an important tool to explore significant residues and domains of 

ATP7B. This will have important implications for understanding ATP7B function and 

the diagnosis and treatment of Wilson disease. 
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