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ABSTRACT

| dentification of Novel M utations and thair
Functional Roles of the Human ATP7B Gene

in Korean Patients with Wilson Disease

Wilson disease (WND), an autosomal recessive disorder of copper
transport, is characterized by excessive accumulation of intracellular copper
in the liver and extrahepatic tissues. Due to the impaired biliary copper
excretion and disturbed incorporation of copper into the ceruloplasmin,
hepatic cirrhosis and neuronal degeneration are major symptoms in WND.
The ATP7B, identified as the gene responsible for WND, has 21 exons and
encodes 165 kDa copper transporting P-type ATPase. Screening of A7FP7B
mutation was performed in Korean patients with WND. Among the 125
unrelated Korean patients with WND, thirty different mutations were
identified, including p.R778L, p.A874V, p.N1270S, c.2513delA, p.T1029]I,
p.G1035V, p.L1083F, ¢.2630_2656del, ¢.2304_2305insC, p.R919G, p.V1106]I,
p.D1267A, p.C108R, p.E412X, p.C656X, p.M729V, p.R778Q, p.G891D, p.1929V,

p.G943S, p.P992L, p.V1024A, p. T1031A, p.C1091Y, p.I1148T, p.A1168S,

XI



p.G1186S, p.V1216M, p.P1273L and c.1543+ 1 G>T and ten novel mutations

were identified. In order to evaluate the functional defects of ATP7B protein

caused by novel mutations, yeast complementation system and confocal

microscope were used for analyzing the localization of mutants after

transient expression in mammalian cell system. Five novel mutations,

p.C656X, p.GRI1D, p.V1106I, p.T1029], and p. T1031A were constructed into

the yeast expression vector, pSY114 and the mammalian expression vector,

pEGFPC1. Three novel mutant, p.C656X, T.1029I and p.T1031A, were unable

to rescue the Accc?2 mutant yeast due to the reduced affinity iron uptake in

the yeast complementation system, indicating their defective ATP7B

function. A novel mutation found in a patient with less severe symptom,

p.G891D partially restored Accc?2 mutant yeast. A p.V1106I was completely

restored as wild type which suggested p.V1106] was not a mutation, but a

polymorphism. In the trafficking of the mutant ATP7B with confocal

microscope, the mutant p.C656X was dispersedly throughout transfected

COS-7 cells. The mutant p.G891D was partially localized to the site of the

trans—Golgi network. Two mutants, p.T10291 and p.T1031A were

predominantly mislocalized to perinuclear regions. A mutant p.V1106I was

normally targeted to the frans—Golgi network, which was concordant with the

result in the yeast complementation system. In characterizing functional

defects of ATP7B and correlate genotype-phenotype in patients with WND,

XII



yeast complementation system and confocal microscopic evaluation were

useful tools for functional study on mutant ATP7B protein.

Keywords: Wilson disease (WND), ATP7B, yeast complementation system,

confocal microscope

XII



CHAPTER |

| dentification of genetic mutations
In the human ATP7B gene of Korean

patients with Wilson disease



|. INTRODUCTION

Wilson disease (WND; OMIM: #277900), an autosomal recessive disorder
of copper transport, is characterized by excessive accumulation of
intracellular copper in the liver and extrahepatic tissues resulting from
impaired biliary copper excretion and disturbed incorporation of copper into
the ceruloplasmin (Scheinberg [H et al., 1984).

Although sporadic reports of a similar clinical syndrome appeared in the
literature as early as 1850, WND was recognized as a distinct entity in 1912
by Samuel Alexander Kinnear Wilson, who reported several cases of a new
familial disorder resulting in progressive degeneration of the lenticular nuclei
invariably associated with hepatic cirrhosis at autopsy (Wilson SAK, 1912).
The WND gene, A7P7B, identified as the gene responsible for this disease,
has 21 exons spanning more than 60 kb on chromosome 13ql4.3 and
encodes the 165 kDa copper transporting P-type ATPase (Petrukhin K et al,
1994). ATP7B gene was cloned and shown to encode a member of family of
cation—transporting P-type ATPases in 1993 (Yamaguchi Y et al, 1993; Bull
PC et al, 1993; Tanzi RE et al, 1993). The ATP7B gene was isolated and
fully characterized in 1994 (Wu J et al., 1994).

Copper is an essential trace metal, utilized as a cofactor by numerous
enzymes regulating vital cellular functions, including cellular respiration,

oxidative phosphorylation, pigment formation, neurotransmitter biosynthesis,



radical detoxification, iron uptake and connective tissue formation (Culotta
VC et al, 2001). The importance of copper for normal cell metabolism is best
illustrated by the existence of severe genetic disorders, in which the normal
distribution of copper is disrupted. The copper—transporting ATPase, ATP7B,
plays an essential role in removing excess copper from human body by
transporting copper from the liver to the bile. Mutations of A7P7B lead to
vast accumulation of copper in the liver, brain and kidneys, causing a set of
pathological symptoms, known as Wilson disease. Severe liver lesions,
neurological problems and a wide spectrum of psychiatric abnormalities are
common symptoms of WND. Although little known about their precise
mechanisms of copper excretion and physiologic functions, identification of
causative mutations in WND patients has been carried out in European and
Northern American patients for confirmation of the clinical diagnosis,
enabling presymtomatic recognition of affected sibs of a definite patients. In
Asian populations, mutation reports have been described in Japanese,
Taiwanese and Chinese with WND patients (Liu XQ et al, 2004; Okada T et
al, 2000; Tsai CH et al, 1998). The age of onset of WND patients vary
widely as well as clinical presentation and no exact incidence has been
determined in Korea.

Analysis of the derived amino acid sequence from the A7P7B revealed a

membrane protein predicted to transport copper across the lipid bilayer in an



ATP-dependent manner. A homologous copper—transporting P-type ATPase
has been identified in a wide variety of prokaryotic and eukaryotic species
(Lutsenko S et al, 1995; Solioz M et al, 1996). The ATP7B contains a
number of amino acid motifs; MXCXXC, CPC, ITGEA, DKTGT, GDGVND and
SEHPL sequences, characteristic of such ATPases including MXCXXC
copper—binding sequences in the N-terminus, a transmembrane CPC that is
essential for metal transfer across the membrane, an [TGEA phosphatase
domain, a conserved DKTGT sequence that is the site of the aspartyl-
phosphate intermediate (acylphosphate) essential for energy transduction,
and a GDGVND motif forming the ATP-binding domain and a highly
conserved sequence, SEHPL, is found proximal to the ATP-binding domain.
Analysis of mutations in patients with WND reveals an enormous
heterogeneity, consisting of a very small number of frequent mutations that
are specific in the population, as well as a much greater number of rare
individual alleles. To date, almost 270 different mutations have been
described in WND patients from varying ethnic origins (Gu YH er al, 2003;
Loudianos G et al, 2002; Nanji MS et al, 1997). Of these, more than four-
fifths are missense mutations, occurring in transmembrane domains or the
ATP-binding region. The remainders of the characterized mutations consist
of small deletions/insertions, nonsense mutations, and splicing site

abnormalities. Absence of specific mutations in coding regions implies the



presence of mutations in promoter regions controlling transcription of the
WND gene (Cullen LM, 2003). Among the common mutations, p.R778L in
transmembrane domain 4, has been identified in about 30 percent of the
alleles in Asian populations (Chuang LM et al., 1996; Kim EK et al., 1998).
The diverse malfunctions of liver with copper toxicity include variable
combinations of acute or chronic hepatitis, cirrhosis, fulminant liver failure,
hemolysis, neurological symptoms largely with motional disorder and renal
failure (Sherlock S, et al, 1993). When WND patients are untreated, they are
usually crippling and frequently fatal in affected individuals, but highly
effective therapy is available in the forms of various copper chelator; D-
penicillamine, Dihydrochloride (trientine), and alternatively zinc salts
(Scheinberg IH et al., 1987; Walshe JM et al., 1982). The goal of treatment in
WND is to restore the normal copper homeostasis through systemic chelation
therapy by removing or detoxifying accumulated copper in the liver. However,
the treatment with those drugs is complicated during his/her lifelong and side
effects cannot be tolerated (Sherlock S, et al, 1993). Therefore, liver
transplantation is one of the curable treatments, but there is significant
morbidity and risk associated with the procedure (Schilsky ML et a/, 1994).
Wilson disease has worldwide frequency of one in 30,000 with a carrier
frequency of one of 90 (Scheinber I et a/, 1984). The diagnostic criteria is

based on a combination of low serum ceruloplasmin (<20 pg/dl) and



increased urinary excretion of copper (> 100 pg/day), demonstrating chronic
presentation of movemental disorder associated with Kayser—-Fleischer (KF)
rings with or without cirrhosis. Diagnostic failure of WND can result in lost
opportunities for effective copper-chelating therapy and the development of
crippling complications. The biochemical laboratory tests may give false
positive results in heterozygote carriers. It may result in inappropriate
lifelong administration of potentially toxic drugs and genetic stigmatization
(Frommer D et al., 1997, Steindl P et a/, 1997). Furthermore, the biochemical
criteria cannot be applied for prenatal diagnosis because hepatic
ceruloplasmin synthesis occurs after birth and is associated with a gradual
rise in plasma. Therefore, genetic diagnosis can be substituted to overcome
all of these limitations and it may provide prognostic information.

This study aims to identify genetic molecular defects in Korean patients
with WND and also is to establish the in vitro plating assay based on the
yeast complementation. To validate the usefulness of yeast complementation
system for routine mutation screening of A7P7B, we analyzed ATP7B gene
with WND and subsequently applied novel mutations or polymorphisms for
the yeast complementation assay. The novel mutants were also constructed
into mammalian vector system, and then the localization of wild type protein,
ATP7B and mutant one was simultaneously examined under a confocal

microscope.



Il. MATERIALS AND METHODS

Materials

PCR 7ag DNA polymerase and restriction enzymes were purchased from
Promega (Medison, WI, USA). Silver stain solutions were purchased from
Bio-Rad (Hercules, CA, USA). BigDye Termination version 3.0 Kit was
purchased from United States Biochemical (Cheveland, OH, USA). All other

chemicals and solvents were reagent grade.

Subjects

This study was approved by Institutional Review Board (IRB) of Asan
Medical Center. All of patients were Korean and underwent clinical
examinations. The study included 125 patients from 120 unrelated families,
diagnosed on the basis of two biochemical findings; a low serum
ceruloplasmin level (<20 mg/d¢) and increased urinary copper excretion (>

100 pg/day).

Establishment of lymphoid cell lines

Peripheral blood samples of participating individuals were collected with
informed consent from 120 unrelated probands with WND and those family

members. Lymphoid cell lines were established using cyclosporine A and



Epstein-Barr virus (EBV).

Genomic DNA isolation

Genomic DNA was extracted from peripheral blood leukocytes of patients
or EBV immortalized cell lines. Specimens were centrifuged at 1,300 g for 10
minutes and the supernatant plasma was discarded. After the pellets
suspended with 0.5% sodium dodecyl sulfate, proteinase K was added to a
final concentration of 100 ug/m¢ and then the mixture was placed on a water
bath for 3 hours at 50C. After the reaction was completed, genomic DNA
was extracted with phenol, chloroform and isoamylalcohol (25:24:1) and
centrifuged 12,000 g for 10 minutes. Subsequently, genomic DNA was
precipitated with 99.9% pure ethanol, and the precipitated genomic DNA was
washed twice with 70% ethanol. Finally, the genomic DNA was briefly dried
and resuspended with TE buffer (10 mM Tris' Cl; 1 mM EDTA, pH 8.0). The
purity and concentration of DNA was determined by measuring of absorbance
at 260 nm/280 nm. (Aldridge J et al, 1984) using a Spectrophotometer

(NonoDrop—1000, Wilmington, USA).

Polymerase chain reaction (PCR)

The amplification for all of 21 coding exons and flanking intronic regions

of ATP7B gene was performed with 21 pairs of synthetic oligonucleotide



primers (Table I-1) designed to cover all of the exons and their proximal
intergenic sequences. The amplification was performed in 30 cycles, each
cycle consisting of denaturation at 95C for 30 seconds, annealing at 60T
for 30 seconds, and extension at 72C for 35 seconds. PCR was carried out
in reaction volumes of 20 ¢ in a thermocycler, GeneAmp® PCR System 9700
(Applied Biosystems, USA), containing 100 ng of genomic DNA template, 0.5
uM each of primers, 200 uM each of dNTPs, 1.5 mM MgCl,, 10 X buffer [50
mM KCl, 10 mM Tris-HCI (pH 9.0 at 25C), 50 mM KCI and 0.1% Triton® X~

10011 and 1.0 unit of 7ag polymerase.



Table I-1. Sequences of oligonucleotide primers uddor amplification of

ATP7B gene
Primer Sequence (5-3) Size of
Exon Amplicon
Forward Reverse (bp)

1 TTCCCGGACCCCTGTTTGCT AATCCTCCTGGTGGGAGTGAGCAC 274
2a GTTTCAAGGTTAAAAAATGT GGCACATATTTCACAGTGG 392
2b GGCCACCAGCAC AGTC CTGGGCAGGCAAGGAC 402
2c GAGGCCAGCATTGCAGA AGCCACTTTGCTCTTGATG 406
2d GCCCAAGTAAAGTATGACCC GACACCGATATTTGCTGCAC 311
2e GGCACATGCAG ACCACTCT GGCTCACCTATACCACCATCC 301

3 ATATTTTCTGACATTTTATCC GCAGCATTCCTAAGTTCA 427
4 CCACCCAGAGTGTTACAGCC ACCCCGTAACGCACCCA 390

5 CCTGGGTCTGTGGGATTCT AAAGGTGACTACAATTTTTTAATG 357

6 CTGCCAATGCATATTTTAAC GGTAGAGGAAGGGACTTAGA 278

7 TGTAATCCAGGTGACAAGCAG CACAGCATGGAAGGGAGAG 380

8 CAGCCTTCATGTCCTTGTC GAGCAGCTCTTTTCTGAAC 369

9 TTTCGATAGCTCTCATTTCACA TGCCCACACTCACAAGGTC 321
10 AGTGGCCATGTGAGTGATAA CTGAGGGAACATGAAACAA 289
11 CTGTCAGGTCACATGAGTGC TTTCCCAGAACTCTTCACA 347
12 CTTGTGGTGTTTTATTTCTTC ACCACCATATAGCCCAAG 364

10



Table I-1 (Continued)

Primer Sequence (5-3") Size of
Exon Amplicon

Forward Reverse (bp)
13 TGAACTCTCAACCTGCCT TCAGGATGGGGAAAGCCG 378
14 TCCATCTGTATTGTGGTCAG CAGCTAGGAGAGAAGGACAT 345
15 CTTTCACTTCACCCCTCT CAGCTGCAGAGACAAAAGC 385
16 CCATTTAGAAATAACCACAG AGGAAGGCAGAAGCAGA 362
17 CAAGTGTGGTATCTTGGTG CTGGTGCTTACTTTTGTCTC 357
18 ACCTTTTGCCAACACTAGGCA TCCCAGCACCCACAGCC 345
19 GGCAGACCCCTTCCTCAC CCTGGGAGACAGAAGCCTTT 334
20 CTAGGTGTGAGTGCGAGTT CAGCATTTGTCCCAGGT 317
21 AATGGCTCAGATGCTGTT GCTTGTGGTGAGTGG AGG 407

11



Single-strand conformational polymorphism (SSCP) aalysis
Primer pairs to the 5 major hot-spot exons (exon 8, 10, 11, 15, 18) were
tested for PCR amplification and polymorphic genotypes on SSCP gels. Four—
microliter of PCR amplicon was mixed with the same volume of loading buffer
(95% formamide, 20 mM EDTA, 0.05% bromphenol blue, 0.5% xylene cyanol
FF) and loaded on 8% non-denaturating polyacrylamide gel. The PCR
products were denatured to single-stranded DNA by heating at 95°C for 5
minutes and immediately cooled on ice. Three—microliter of this mixture was
separated on 8% non-denaturating polyacrylamide, 100 x 80 x 0.75 mm SSCP
gels with a mutation detection gel solution. The gel mixture was prepared in
a 5 m¢ total volume, containing a final concentration of 8% acrylamide
/bisacrylamide solution (29:1), 20% glycerol and 1.0 x TBE buffer and
polymerized by adding the 20 0 of 10% ammonium persulphate and 3 { of
tetramethylenediamine (TEMED). Fragments were subjected to
electrophoresis for 3 hours at a constant power of 200 V and 40 mA at 4°C in
a water cooler apparatus and then silver stained according to the

manufacturer’s recommended methods (Amersham, Genephore, USA).

Direct sequencing of double stranded PCR products

When a mobility shift band was detected by the single-stranded

conformational polymorphism (SSCP) analysis, the PCR product was

12



subsequently utilized for direct double-stranded DNA sequencing with the
same primers used in PCR reaction and a BigDye Termination version 3.0 kit
(ABI system, Forster, USA) according to the manufacturer’s instructions with
following modifications. The amount of template for each sequencing reaction
ranged from 0.1 to 0.5 u¢ of each PCR products and 1.0 uM each of primers.
The BigDye was diluted eight volumes with enzyme dilution buffer (400 mM
TrisCl; 10 mM MgCl,, pH 9.0). After the reaction was completed, the
reactant was subjected to electrophoresis on ABI 3100 Genetic Analyzer
(ABI system, Forster, CA, USA) with POP6 polymer as running matrix.
Chromatographic results of sequences were analyzed by a computational
software ABI PRISM Sequence Analysis version 3.7 (ABI system, Forster city,

CA, USA).

Restriction fragment length polymorphism (RFLP) andysis
Novel mutations were amplified using modified PCR primers and
subsequently, 5 ¢l of the PCR amplicon was digested with a restriction
endonuclease (Table 1-2) in a total volume of 10 uxl at 37C for 1 hour 30
minutes to monitor the mutations in WND patients. Electrophoresis was
carried out with 5 ¢ of the digested DNA on 10% native polyacrylamide gels.
The mobility shift bands were visualized using ethidium bromide (10 mg/mf)

under a U.V. transilluminator.
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Table I-2. Primer pairs used for PCR-RFLP analysis

Novel
Enzyme 2 Primer synthesis for restriction enzyme site
mutant

Sense GGT CTCACATGCTCTTGG TC
p.M729V Apal | _

Antisense  AGG ACGATGAGCACGTGCA

Sense CAT TAAAGC TAC CCACGTCG
p.G891D Sl _

Antisense  TTT CCC AGAACT CTT CACA

Sense CTTGTGGTGTTTTATTTCTTC
p.1929V Taq | i

Antisense  CGT CAAAGT TGA CAT GATGT

Sense GTC AAG GTC AAG CCT CAG TG
p.V1024A | Hhal _

Antisense  TGC CAG TCT TGT CAAACAGC

Sense CTTTCACTT CAC CCCTCT
p.C1091Y | Hhal ,

Antisense  GCACTG CCT GGAAGT CC TG

_ Sense AGACTG TGATGT TTG ACAAR"

p.T1029I Hind 111 _

Antisense CAG CTA GGA GAG AAG GAC AT
p.T1031A Internal restriction site: Hha l

Sense GCT GTG GAATTG GGT GG AT
p.V1106I EcoR V )

Antisense  CAG CTG CAG AGA CAAAAG C

Y All of primers are given in 5 to 3” directions.

b . . . . .
) Italic bold basepairs are for creation of a new endonuclease restriction site

within the PCR products.
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Ill. RESULTS

Polymerase chain reaction of theATP7B gene in Korean

patients with Wilson disease

Twenty one exons and their intergenic sequences were PCR-amplified
with 25 sets of primers (Fig. I-1). Subsequently, The PCR products were
subjected to electrophoresis on 1.5% agarose gel to examine whether the
targeted template was specifically amplified. When a single band was
amplified, the PCR products were subsequently utilized as a template for

direct double stranded DNA sequencing.

Identification of the candidate novel mutations ofthe ATP7B
gene in Korean patients with Wilson disease

DNA sequencing of PCR product was performed in both directions using
forward and reverse PCR primers using the same primers for PCR analysis.
Thirty different mutations were identified in 125 subjects from 120 unrelated
Korean patients with WND. Ten different mutations, involved in evolutionarily
conserved nucleotide sequences over species, have not been previously
described: ¢.1234G>T (p.E412X), c.1968C>A (p.C656X), c.2185A>G
(p.M729V), ¢.2672G>A  (p.G8I1D), «¢.2785A>G (p.1929V), ¢.3071T>C

(p.V1024A), ¢.3086C>T (p. T10291D), c.3091A>G (p. T1031A),

15
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Figure 1-1. PCR amplification of the humanATP7B gene.
Genomic DNA regions spanning all exons and adjacent introns were amplified,
and electrophoresed on 1.5% agarose gel. The 100 bp DNA ladder (Promega,

Madison, USA) was used as a size marker. All lanes represent each exon.
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Figure I-2. Identification of novel mutations in the ATP7B gene with

Wilson disease.

Partial genomic DNA sequence showed novel mutations of the A7P7B gene.
Capillary electrophoresis was performed in ABI3100 Genetic Analyzer with
BigDye terminator version 3.0 Kit. Arrowheads indicate a nucleotide
substitution. The novel mutations are following as A; p.E412X, B; p.C656X,
C; p.M729V, D; p.G891D, E; p.1929V, F; p.V1024A, G; p.T1029I, H; p. T1031A,

I; p.C1091Y and J; p.V1106I.
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c.3272G>A (p.C1091Y) and c.3316G>A (p.V1106D) (Fig. I-2). On the other
hand, twenty other mutations were previously reported in other studies:
c.2333G>T (p.R778L) (Thomas et al, 1995), c.2621C>T (p.A874V)
(Yamaguchi et al,1998), c¢.3809A>G (p.N1270S) (Tanzi et al,1993),
c.2513delA (p.LL.838SfsX34), ¢.3104G>T (p.G1035V) (Nanji et al, 1997),
c.3247C>T (p.L1083F) (Kim et al, 1998), ¢.1543+1 G>T (IVS3+1 G>T)
(Loudianos et al,1998), c.2304_2305insC (p.M769Hf{sX25) (Figus et al,
1995), ¢.2630_2656del (p.1877_1885del) (Yamaguchi et al., 1998) in frame
deletion, ¢.2755C>G  (p.R919G) (Yamaguchi et al,1998), ¢.3800A>C
(p.D1267A) (Yamaguchi et al., 1998), c.322T>C (p.C108R), ¢.2333G>A
(p.R778Q) (Chuang et al,1996), c.2827G>A (p.G943S) (Thomas GR et al.,
1995), ¢.2975C>T (p.P992L) (Nanji et al, 1997), c.3443T>C (p.I1148T)
(Loudianos et al,1998), ¢.3502G>T (p.A1168S) (Yoo, 2002), c.3556G>A
(p.G1186S) (Yamaguchi et al, 1998), c.3646G>A (p.V1216M) (Loudianos et
al, 1998) and c.3818C>T (p.P1273L) (Loudianos et al., 1996).

The rate of mutation detected was 75.6% (189/250) by direct sequence
analysis of all exons amplified from A7PF7B gene of the 125 patients. A total
of 30 different mutations were found across 21 exons or adjacent introns.
Among them, 20 mutations have been reported previously, while ten were
candidate novel mutations, consisting of 8 missense mutations, 2 nonsense

mutations (Table I-3). Since the variations were not observed in any of the
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Table I-3.Novel mutations identified in the humanATP7B gene

Exon cDNA Nucleotide Protein codon change Affected protein
change domain
2 c.1234G>T p.E412X @ Cu binding
7 c.1968C>A p.C656X Tm1l "
8 c.2185A>G p.M729V Tm4 ”
11 c.2672G>A p.G891D Td ©
12 c.2785A>G p.1929V Tm5 "
14 ¢.3071T>C p.V1024A ATP loop
14 c.3086C>T p. T10291 ATP loop
14 ¢.3091A>G p.T1031A ATP loop
15 c.3272G>A p.C1091Y ATP loop
15 .3316G>A p.V1106I ATP loop

Y Allele frequencies in healthy Korean population were not determined since
they would result in generation of truncated proteins. Functional domains are

as described. ” Tm; transmembrane, 9 Td; transduction.
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50 healthy Korean individuals, the 10 novel mutations were not
polymorphisms. Four different mutations in exon & were found in 41.2% of
alleles, three different mutations in exon 11 were found in 9.6% of alleles and
three different mutations in exon 18 were found in 7.6% of alleles, thereby
indicating that exons 8, 11 and 18 are three important exons for detecting
mutations in Korean patients with WND. In particular, the p.R778L mutation in
exon 8 was found in 39.6% of these Korean patients in at least one allele.
Twenty—four patients with WND were homozygotes for p.R778L and 51
patients with WND were heterozygotes for p.R778L.

In exon 2, p.C108R and p.E412X mutations were identified. A T-to-C (TGC-
to-CGC) transversion of the 108" codon of the A7P7B gene (p.C108R)
induced an amino acid change to arginine. A G-to-T (GAA-to-TAA)
transversion of 412" codon resulted in a glutamic acid to a termination codon
change.

Between exon 3 and juxtaintronic sequence, a mutation of splicing donor
site, ¢.1543+ 1G>T was identified. This aberrant splicing mutation will give
rise to a difficulty in formation of a lariat for normal splicing.

In exon 7, p.C6566X mutation was identified as novel. The p.C656X
mutation was C-to—A (TGC-to-TGA) transversion that resulted in a
substitution of a stop codon for a 656" cysteine.

In exon 8, mutations of p.R778L, p.R778Q, p.M729V and
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c.2304_2305insC were identified. A p.R778L mutation was a G-to-T (CGG-
to-CTG) transversion that resulted in a substitution of leucine for 778"
arginine. A p.R778Q mutation was a G-to—A (CGG-to—CAG) transition that
converted 778" arginine to glutamine. A p.M729V mutation was a A-to-G
(ATG-to-GTG) transition that resulted in 729" methione to valine. An
insertion C between c¢.2304 and ¢.2305 nucleotide was identified. The
mutation caused a frameshift leading to termination at 25" codon.

In exon 10, an insertion A mutation, c.2513delA resulted a deletion of
838" amino acid, causing a frameshift from 838" amino acid, and led to a
termination at 872" codon.

In exon 11, p.A874V, p.GR91D and ¢.2630_2656del mutations were
identified. A p.A874V mutation caused by a C-to-T transition at 84" codon
(GCG-to-GTG) converted an amino acid arginine to valine. A p.G891D
mutation, which is a G-to-A transition at 891" codon (GGC-to-GAC),
converted an amino acid glycine to aspartic acid. A 27 bp in—frame deletion
mutation, ¢.2630_2656del induced an in—frame deletion of 877"-885™ amino
acid.

In exon 12, p.R919G, p.1929V and p.G943S mutations were identified. A
p.R919G mutation caused by a C-to—G transversion at 919" codon (CGG-to-
GGG) induced an amino acid arginine to valine. A p.I1929V mutation caused by

a A-to-G transition at 929" codon (ATC-to GTC) converted an amino acid
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isoleucine to valine. A p.G943S mutation caused by a G-to—A transition at
943th codon (GGT-to—-AGT) converted an amino acid glycine to serine.

In exon 13, A p.P992L mutation was identified. A p.P992L mutation
caused by a C-to-T transition at 992" codon (CCC-to-CTC) converted an
amino acid proline to leucine.

In exon 14, mutations were identified with the p.G1035V, p.T1029I,
p. T1031A, and p.T1024A. A p.G1035V mutation was a G-to-T (GGC-to-
GTC) transversion that converted the 1035% glycine to valine. A p. T1029I
mutation was a C-to—T (ACT-to-ATT) transition that converted the 1029"
threonine to isoleucine. A p. T1031A mutation was a A-to—-G (ACC-to-GCC)
transition that induced the 1031" threonine to alanine. A p.V1024A mutation
was a T-to-C (GTG-to-GCG) transition that converted the 1024™ valine to
alanine.

In exon 15, mutations were identified with the p.L1083F, p.V1106I and
p.C1091Y. A p.LL1083F mutation was a C-to-T (CTT-to-TTT) transition that
converted the 1083™ leucine to phenylalanine. A p.V1106I mutation was a G-
to-A (GTC-to-ATC) transition that converted the 1106" valine to isoleucine.
A p.C1091Y mutation was a G-to-A (TGC-to-TAC) transition that induced
the 1091" cysteine to tyrosine.

In exon 16, mutations were identified with the pI1148T, p.A1168S and

p.G1186S. A p.I11148T mutation was a T-to—C (ATT-to-ACT) transition that
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converted the 1148" isoleucine to threonine. A p.A1168S mutation was a G-
to-T (GCT-to-TCT) transversion that converted the 1168" alanine to serine.
A p.G1186S mutation was a G-to—A (GGT-to-AGT) transition that changed
the 1186" glycine to serine.

In exon 17, A ¢.3577delG mutation was identified. The ¢.3577delG
mutation caused by a deletion of G at 1193™ codon followed by a frameshift
stop at 1218" codon. A p.V1216M mutation, which was a G-to—A transition at
1216™ codon (GTG-to-ATG), converted an amino acid valine to methionine.

In exon 18, mutations were identified with the p.N1270S, p.D1267A, and
p.P1273L. The p.N1270S mutation was a A-to-G (AAT-to-AGT) transition
that converted the 1270" asparagine to serine. A p.P1267A mutation was a
A-to-C (GAT-to-GCT) transversion that converted the 1267™ proline to
alanine. A p.P1273L mutation was a C-to—-T (CCG-to-CTQG) transition that
induced the 1273™ proline to leucine. In summary, there were two nonsense
mutations (p.C656X, p.E412X), two small deletion mutations (c.2513delA,
c.2630-2656del). There was also a splicing site substitution (c.1543+ 1 G>T)
and a small insertion mutation (c.2304_2305insC). Among all the mutations,

24 mutations were missense (Fig. [-3, Table [-4).

Detection of mobility shift in SSCP

Aberrant migration bands were detected in exon 8 (p.R778L) and exon

18 (p.N1270S), which were hot—spot mutation sites in WND patients in Korea.

24



It showed strongly that the exon 8 and 18 of A7FP7B gene might be one of
the regions with a higher mutation frequency (Fig. [-4). Although mutation of
exon 11 (p.A874V), one of the major mutation sites in this study, was not
detected in the SSCP analysis, the p.A874V was elucidated as a major
aberrant site in Korean Wilson patients with direct sequencing methods. Of
these, mobility shifts were observed with 2304_2305insC in exon 8 (Fig. I-5)
and IVS17+6 C>T in exon 18 (Fig. I-6). All of the samples that showed
mobility shift bands were subsequently confirmed by direct sequencing

methods.
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Figure 1-3. Locations of mutations identified in the humanATP7B gene.
Novel mutations demonstrated on the bar are indicated as coding DNA or
affected protein. The novel mutations are shown over the exon bar. The
mutations under the exons are shown the reported ones. The p.T1029] and
p. T1031A mutations are located in the conserved DKTGT motif that is the

essential site for energy transduction.
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Table I-4. Distribution of mutations in the human ATP7B of Korean
Wilson disease patients

Mutation Frequency
Exon | Domain
Coding DNA Affected Protein (%)
Missense

€.2333G>T p.R778L 8 Tm4 99 (39.6)
.2621C>T p.A874V 11 Td 21 (8.4)
.3809A>G p.N1270S 18 ATP hinge 16 (6.4)
€.3086C>T p.T10291 14 | DKTGT motif 5(2.0)
c.3104G>T p.G1035V 14 ATP loop 5 (2.0)
€.3247G>T p.L1083F 15 ATP loop 3(1.2)
¢.3556G>A p.G1186S 16| ATP pocket 3(1.2)
€.2755C>G p.R919G 12 Tm5 2 (0.8)
C.3316G>A p.V1106l 15 ATP loop 2 (0.8)
¢.3800A>C p.D1267A 18 ATP hinge 2 (0.8)
€.322T>C p.C108R 2 Cul 1 (0.4)
C.2185A>G p-M729V 8 Tm4 1(0.4)
C.2333G>A p.R778Q 8 Tm4 1 (0.4)
C.2672G>A p.G891D 11 Td 1(0.4)
C.2785A>G p.1929V 12 Tm5 1 (0.4)
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Table 1-4. (Continued)

Mutation Frequency
Exon | Domain
Coding DNA Affected Protein (%)
Missense
C.2827G>A p.G943S 12 Tms 1 (0.4)
.2975C>T p.P992L 13 Tmé 1(0.4)
.3071T>C p.V1024A 14 ATP loop 1 (0.4)
C.3091A>G p.T1031A 14 ATP loop 1(0.4)
C.3272G>A p.C1091Y 15 ATP loop 1 (0.4)
c.3502G>T p.A1168S 16| ATP pocket 1(0.4)
€.3443T7>C p.11148T 16 | ATP pocket 1(0.4)
c.3646G>A p.V1216M 17 | ATP pocket 1(0.4)
c.3818C>T p.P1273L 18 ATP hings 1(0.4)
¢.3800A>C p.D1267A 18 ATP hinge 2 (0.8)
Nonsense
c.2513delA p.L838SfsX34 10 Td 9 (3.6)
.1234G>T p.E412X 2 Cu 4 1(0.4)
€.1968C>A p.C656X 7 Tml 1(0.4)
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Table I-4 (Continued)

Mutation Frequency
Exon | Domain
Coding DNA Affected Protein (%)
Insertion/Deletion
€.2630-2656del p.1877_885del 11 Td 2 (0.8)
€.2304-2305insC p.-.M769HfsX25 8 Tm4 2 (0.8)
Splice site
€.1543+1G>T Intron Cub 2 (0.8)
Total 189 (75.6)

Novel mutations are mentioned as a black—bold italic style on the table.

29



Normal R778L

A
249bp
214bp
GtoT PCR-RFLP with Msp1
B Normal T
A B Normal N1270S
! 1 III llil [\
276bp
141bp
| 135bp
c N rmal — PCR-RFLP with Mae III

C&T
Figure I-4. Three major mutations of human ATP7B gene identified in

Korean Wilson disease patients.

Partial genomic DNA sequences were obtained with capillary electrophoresis in
ABI3100 Genetic analyzer and subsequently digested by two restriction enzymes
(Msp 1, Mae I1I) (A) The p.R778L homozygote was confirmed with Msp L. (B) The
p.N1270S heterozygote was confirmed with Mae I, (C) The p.A874V

heterozygote had only direct sequencing data.
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Q5!
™ p.R778L mutations

AR ENAL

Heteroduplex effect of ¢.2304_2305insC

Figure I-5. PCR-SSCP analysis of the p.R778L of thATP7B gene in

exon 8.

Downward arrows indicate mobility shifts in the presence of p.R778L
mutation. An upward arrow indicates an additional band due to heteroduplex

effect.
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p.N1270S mutations
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Figure 1-6. PCR-SSCP analysis of the p.N1270S of dr/ATP7B gene in

exon 18.

Two downward arrows show that mobility band shifts resulting from
p.N1270S mutation. Three upward arrows indicate several untypical bands

which were resulted from intragenic polymorphisms.
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RFLP analysis of novel mutations

In order to exclude the possibility of polymorphism instead of the
candidate novel mutations; p.M729V (c.2185 A>QG), p.G891D (c.2672 G>A),
p.1929V (c.2785 A>G), p.V1024A (c.3071 T>C), p.T10291 (c.3086 C>T),
p.T1031A (c.3091 A>G), p.C1091Y (c.3272 G>A) and p.V11061 (¢.3316 G>A),
the presence of mutations were analyzed by a PCR-RFLP analysis in 50

healthy individuals of Korean populations (Fig. I-7)
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Figure I-7. PCR-RFLP analysis for novel mutations.

Novel mutations modifying endonuclease restriction sites were subjected to
electrophoresis on non-denaturating polyacrylamide gel. A: p.M729V with
Apal. I; Bt p.G891D with Sa/I; C: p.1929V with Taqg I; D: p.V1024A with FHha
[; E: p. T10291 with Hind 1II; F: p. T1031A with Hha I; G: p.C1091Y with Hha [;
H: p.V1106I with £coR V. In figures of A through F, 1: cut for patient (mutant
type: heteroduplex), 2: uncut for normal (wild type), 3: PCR product (negative
control). In figure of G, 1: cut for normal (wild type), 2 cut for 2" normal
(wild type), 3: uncut for patient (mutant type: heteroduplex). In the figure of
H, 1: uncut for patient (mutant type: heteroduplex), 2: cut for normal (wild

type), 3: cut for 2"¢ normal (wild type).
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V. DISCUSSION

A mutation screening of the peripheral A7FP7B gene in 125 patients by
PCR-SSCP analysis following direct sequencing has revealed 30 different
mutations, which of them represented ten novel changes. All mutations
identified and affected domains were documented (Table 1-4).

The p.H1069Q mutation which is the most common WND mutation in
eastern and northern European populations, accounting for approximately
30% of the WND chromosomes (Tanzi et al, 1993; Thomas et al., 1995) was
not detected. On the other hand, the p.R778L mutations were common in the
human A7PFP7B in Korean patients with WND, occurring in more than 40% of
these alleles, which meant the p.R778L in the 4™ transmembrane domain
might reflect a founder effect. The 30 mutations identified in this study
accounted for 75.6% of the WND chromosomes screened by PCR-SSCP
following a direct sequence analysis. Failure to detect the remaining
mutations could be due to the limitation of PCR-SSCP analysis, the
experimental conditions used in this study, the presence of mutations in the
promoter, introns, and other DNA control regions outside of the exons and
their flanking sequences. The normal healthy volunteers were not examined
as control subjects in the study. The nonsense mutations, p.E412X in 4"
copper binding domain and p.C656X in the first transmembrane domain, most

likely resulted in the premature stop codon, leading to produce shortened
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protein products or nonsense-mediated truncated protein. The former was
found as a compound heterozygote with neurological symptoms, and the
latter was also found as a compound heterozygote with the p.R778L mutation.
The p.M729V amino acid substitution represented the molecular cause for
the hepatopathy with no neurological symptom, which was an mutation in the
4" transmembrane domain except that of p.R778L in the same exon. This
observation might be explained by leaky alternative splicing transcripts
including some exons (exon 6, 7 and, 8 or only exon 8) in the brain. Since the
p.M729V is located in exon 8 and a transcript of the A7P7B gene in the brain
is lack of exon 8, brain tissues would not be involved in this mutation.
However, homozygotes of the p.R778L mutation have been reported to be
associated with neurological involvement. The amino acid 729 resides in the
4" transmembrane domain of the protein. The side chain length and polarity
of valine are different from those of methionine and may display a steric
hindrance in the large transmembrane region, thus a functional loss of the
transmembrane helix can be occured.

The p.G891D, detected in exon 11, was a novel mutation and replaced
a small nonpolar residue with a larger acidic side chain. It was reported as
p.G891V previously at this amino acid in other study (Loudianos et a/., 1996)
which was located 23 amino acids to the transduction domain in a sequence

that was highly conserved in Menkes and other P-type ATPase. Patients with
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this mutation showed no clinical symptoms related with WND. Although
heterozygotes often function perfectly normally, it is postulated that this is a
kind of gain of function mutation, inducing a modified gene to cause a normal
phenotype. The p.A874V, detected in exon 11, is the second most common
mutation with an allele frequency of 8.4% and replaces a simple nonpolar
resudue with a larger one, which is proximal to the phosphatase domain
(Giltin et al., 2001). It will presumably disrupt the transduction related domain
of the ATP7B protein.

Two mutations, p.T1029] and p.T1031A detected in exon 14 were
novel mutations, replacing a hydrophilic residue with a hydrophobic one.
Interestingly, these mutations were located in the motif of conserved DKTGT
sequence. The mutant p. T1031A was an unknown mutation but other amino
acid substitution was reported by other group at the same amino acid position
(Duc HH et al, 1998), the mutation of p.T1029I was also considered to be
novel, since these aberration was not detected among 100 normal alleles.
Patients with this mutation represented neurological symptoms. The highly
conserved DKTGT sequence, which was the site of the aspartyl-phosphate
intermediate essential for energy transduction might be disrupted from the
mutations and no ATP energy dependent copper—transporting ATPase could
be definitely expected. Although the substitution of alanine for valine may be

negligible subtle change, the p.V1024A is highly proximal to the DKTGT
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motif that may provide the causal impairment of energy transduction. The
p.V1106] mutation was present in the ATP loop resulting in ATP binding
domain which was not also found in 100 alleles in normal population study.
This mutation was a conservative region with comparison of the ATP7B
orthologue among other species including the paralogue ATP7A (Fig.II-11).
The yeast complementation assay was developed, enhancing the
certainty of the significance of amino acid changes in the study. When a
functional protein assay is available on the basis of metal-dependent yeast
homeostasis, it will be of great advances for DNA diagnostic tests. Wilson
disease is a curable disorder when the disease is diagnosed as early as
possible. Establishment of an early detection protocol such as the massive
screening method will be very helpful for the patients as well as medical
practitioners. This study expanded our knowledge on the spectrum of
mutations in the A7P7B gene in Koran patients and provided new information

on critical DNA sequences for the gene function.
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CHAPTERIII

Functional analysis of the mutant ATP7B
protein using yeast complementation

assay and confocal microscopy



|.INTRODUCTION

Wilson disease is a genetic disorder of copper metabolism
characterized by the toxic accumulation of copper in the liver and in
extrahepatic sites. Copper is an essential trace element that permits the
facile transfer of electrons in a diverse group of cuproenzymes required for
cellular respiration, iron oxidation, pigment formation, neurotransmitter
biosynthesis, antioxidant defense, peptide amidation and connective tissue
formation. Numerous dietary foods are rich in copper that is absorbed
primarily through the stomach and duodenum. Biliary excretion is the only
physiological route for copper elimination and each day, an amount of copper
is excreted in the bile that is equivalent to that absorbed in the gut (Gitlin JD,
2003).

The liver plays a critical role in copper metabolism, serving as the site of
storage for this metal and the primary determinant regulating biliary
excretion (Tao TY et al, 2003). Studies using copper isotopes show rapid
clearance of this metal from the portal circulation with 10% of the isotope
reappearing in the serum bound to the plasma protein ceruloplasmin within
24 hours after a single dose. Ceruloplasmin is a ferroxidase that has an
essential role in iron metabolism and contains greater than 95% of the plasma
copper. The remaining copper present in the plasma is bound to amino acids,

and it is believed that these complexes provide the mechanism for transport
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of this metal to various tissues (Hellman NE et a/., 2002).

The uptake and storage of copper in the liver occurs in hepatocytes,
which determine the rate of biliary excretion of this metal. The essential role
of hepatocytes in copper metabolism is shown by the normalization of copper
homeostasis in copper-overloaded individuals with WND after liver
transplantation (Emre S et al, 2001). At steady state, the amount of copper
excreted in the bile is directly proportional to the size of the hepatic copper
pool. The normal hepatocyte is capable of rapidly increasing biliary copper
excretion in response to systemic copper overload, and therefore, hepatic
copper overload is an unusual occurrence under normal physiological
conditions (Gollan JL et al, 1973). There is no enterohepatic circulation of
copper, and once excreted into the bile, this metal exists as an unabsorbable
complex that is excreted in the stool. Ceruloplasmin is synthesized in
hepatocytes and secreted into the plasma after the incorporation of copper
late in the secretory pathway (Hellman NE e a/, 2002). Failure to
incorporate copper during ceruloplasmin biosynthesis results in the secretion
of an apoprotein that is devoid of enzymatic activity and rapidly degraded
(Olivares M et al., 2000).

Wilson disease protein (ATP7B) is a copper—transporting P-type ATPase
expressed within the secretory pathway of hepatocytes, and inherited loss—

of-function mutations in the gene that encodes this ATPase result in WND
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(Schaefer M et al,, 1999). ATP7B is predominantly located at the frans—Golgi
network and functions to transfer copper into the secretory pathway for both
incorporatioin into apoceruloplasmin and excretion into the bile (Lutsenko S
et al., 2003). As the hepatocyte copper content increases, ATP7B cycles to a
cytoplasmic compartment near the canalicular membrane, where copper is
accumulated in vesicles before biliary excretion (Schaefer M et al., 1999). In
patients with WND, the lack of functional ATP7B limits the copper available
for incorporation into ceruloplasmin, resulting in secretion of a rapidly
degraded apoprotein. The resulting decrease in serum ceruloplasmin
concentration is a diagnostic hallmark of this disorder. Although the cell
biological mechanisms of vesicular membrane of hepatocytes are unknown,
recent studies in Bedlington terrier copper toxicosis have identified a small
cytosolic protein termed Murrl that is required for this process (van De Sluis
B et al., 2002). A homologous protein has been detected in human liver
suggesting that further analysis of Murrl function will provide useful insights
into this pathway of hepatic copper metabolism.

Several motifs found in all P-type ATPases are present in ATP7B,
including an invariant aspartate residue that is the site of the PB-aspartyl
phosphoryl intermediate required for adenosine triphosphate-dependent
copper transport across the lipid bilayer (Payne AS et al, 1998). Copper

transport requires metal transfer from the amino-terminus to a high—affinity
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site in the transmembrane channel, accompanied by adenosine triphosphate
binding and aspartate phosphorylation (Moller JV et al.,, 1996). P-type
ATPases defined as the forming a covalent phosphorylated intermediate in
their reaction cycle transport a variety of cations across membranes. The
general features of those include the TGEA/S motif (phosphatase domain),
the DKTGT/S motif (phosphorylation domain), the TGDN motif (ATP-binding
domain), and the sequence MXGDGXNDXP that connects the ATP binding
domain to the transmembrane segment. ATP7B is further classified as a
heavy metal transporting P-type ATPase which pumps copper or cadmium.
The six repeated motifs, MXCXXC, at the N-terminus of A7P7B are thought
to be copper binding domains from their homology with CopA, a copper
transporting ATPase in copper resistant strains of Enterococcus hirae. The
ATP7B also contains the SEHPL and CPC motifs, conserved in heavy metal
transporting ATPases and involved in heavy metal translocation. The most
common disease allele found in Northern European populations with WND is
an H1069Q misense mutation found within a conserved SEHPL motif in the
cytoplasmic loop between the fifth and sixth transmembrane domains
(Petrukhin K et al, 1994; Thoma GR et a/, 1995). This mutation results in a
temperature-sensitive defect in ATP7B folding and copper—dependent
trafficking, suggesting a potential role for this motif in the intracellular

localization of ATP7B .
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Copper and iron metabolism in eukaryotic cells have been developed
with the baker’s yeast Saccharomyces cerevisiae (Askwith C et al, 1998;
Labbe S et al, 1999). Iron transport in S cerevisiae has revealed a
dependence of iron metabolism on adequate copper nutrition and this
molecular interaction has provided valuable insight into the basis for the
connection between copper and iron nutrition in mammals. The yeast CeccZ
gene, orthologous to the human Wilson (ATP7B) and Menkes (ATP7A) genes,
has been shown to encode a copper transporting P-type ATPase with two
coplies of the conserved copper binding motif. In yeast Saccharomyces
cerevisiae, the plasma membrane protein, Ctrlp transports copper into the
cytoplasm, in which it is carried by the copper chaperone, Atxl to Ccc2p.
Copper is supplied to Fet3p across the membrane of a frans—Golgi
compartment (Yuan DS et al, 1997). Fet3p protein, known as a membrane
bound ceruloplasmin-like protein in yeast, is required for ferrous transport
indispensable for yeast growth. The copper binding to Fet3p is necessary to
manifest its oxidase activity. Therefore, Ccc2p is involved in high affinity
iron uptake. On the other hand, Accc2, the yeast mutant strain lacking CecZ,
can survive In an iron rich environment, suggesting the existence of an
alternative pathway for iron transport into cells.

In order to understand the mutations or polymorphisms in the overall

copper transport function of ATP7B, we were using complementation of the
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high—-affinity iron-uptake deficiency phenotype of the ccc2 mutant as an
indirect assay and confocal microscopy for ATP7B localization. The assay is
based on the complementation of null mutant, Accc2 yeast by mutant ATP7B
to determine the effect of missense or nonsense mutations on ATP7B
function in WND. When yeast lack Ccc2p, the yeast become lack high—affinity
iron uptake through Fet3p, permitting them unable to grow on iron-limiting
conditions. ATP7B variant proteins retaining all or most copper transport
activity may be rare normal variants that have not yet found previously or
variant proteins with normal copper transport activity that are mislocalized in
hepatocytes. This study describes the copper—dependent localization or
mislocalization of variant ATP7B proteins by confocal microscopy and yeast
assayed for ATP7B function. We are aimed to understand the interrelation
between ATP7B intracellular copper—-dependent localization and copper

transport function.
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II. MATERIALSAND METHODS

Construction of mutated ATP7B cDNAS

The 4.7 kb full length ¢cDNA of A7P7B cloned into pBlueScript I KS(-)
was kindly donated and also the yeast expression vector, pSY114 and
Saccaromyces cerevisiae YPH499(A ccc2) were willingly contributed from Dr.
Terada and Dr. Sugiyama (Akita University School of Medicine, Japan). To
obtain point—-mutated cDNAs utilized in this study, PCR-based site—directed
mutagenesis was performed. First, primers were designed to amplify a Bg/
[I-EcoR I fragment (cDNA nucleotide; nt 163-1488) from A7P75 cDNAs with
or without a Kozak sequence (CCATT) just before the start codon (Table II-
1). Subsequently, the digested PCR products (Bg/ [I-EcoR 1) were directly
inserted into the mammalian expression vector, pEGFPC1 (BD Biosciences,
Palo Alto, USA). A second EcoRI1-BamH 1 fragment (nt 1488-4557) amplified
from the cDNAs was also ligated into the same expression vector and used
as template for mutagenesis PCR. The complete 4.4 kb ¢cDNA of pEGFPC1-
ATP7B which contains the entire coding region of the wild type of ATP7B
was generated. The presence of mutation and the fidelity of the entire cDNA
sequence were confirmed using a 3100 ABI Sequence analyzer (ABI system,

Foster, USA).
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Yeast strains, growth conditions and transfomations

The CCCZ2 gene was disrupted from chromosomal DNA of Saccharomyces
cerevisiae YPH499 (MATa, ura3-52, leu2-A1, trpl-A63 his3-A200, adeZ2—-
101,1lys2-801) Accc2 yeast cells were transformed with the constructed
cDNA by the modified lithium acetate method and the transformants were
selected on solid synthetic dextrose (SD) medium (0.67% yeast nitrogen base
without amino acids, 2% glucose, 2% agar) supplemented with adenine, uracil,
tryptophan, and lysine. For the metal dependent complementary assay,
histidine (20 mg/m¢) was added to the same medium with 2% agarose instead
of 0.7% agar. The selected transformants were grown at 30C for 4 days on
the test medium containing 400 uM of bathocuproine dissulfonate and/or 400
uM ferrozine [3-(2-pyridyl)-5.6-bis(4-phenylsulfonic acid)-1,2,4-triazinel,

or without both chelators.
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Table 11-1. PCR primers used for cloning of wild type ATP7B cDNA

coding sequence

Bgl II-GFPC1F | GGAAGATCT CCACC? ATG CCT GAG CAG GAG AGA CAG

EcoRI-GFPC1R | CTG CAC AGA TGT AGG TGT ACC

EcoR I-GFPC1F | CTG AAA GCT GTT CTA CTA ACC

BamH I-GFPC1R| CGGGATCC GAT GTACTG CTC CTC ATC CC

Y Kozak sequences underlined were inserted just before start condon. Italic
bold nucleotides were used as a restriction enzyme site for plasmid

manipulation.
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Transient transfection

The 4.4 kb full-length ¢cDNA of AT7PFP7B and those variants of site-
directed mutation were constructed as described above. For transient
transfection into mammalian cells, expression plasmids were isolated from
100 ml of bacteria cultures grown in Lubria—Barteny (LB) broth medium
containing 50 pug/m¢{ kanamycin using ion exchange chromatography
(Promega, Madison, USA) according to the manufacturer’s protocol.

Prior to transfection, cells were plated to 70-80% confluence (4 X 10°
cells/35—-mm well) onto sterile glass coverslips in six-well tissue culture
plates, in 2 ml of medium. The cells grown overnight (18-20 hours) were
transfected with the mixture of 2.0 pg of plasmid DNA containing 12.4 xf of
2 M calcium solution and 100 @ 2X HEPES-buffered saline (HBS) (BD

™ , USA) according to the manufacturer’s

Biosciences Clontech, CalPhos
protocols. The plasmid DNA of 2 pg with an empty vector, pEGFPC1 were
transfected as a control. The cells were incubated with the transfection
mixture for 3-4 hours, 37C, followed by replacement with 10% MEM medium.
Following overnight growth (24-30 hours), the medium was left
unsupplemented, or was supplemented with 100 uM copper chelator, BCS.

The cells were further incubated for 2-3 hours prior to immunofluorescence

experiments.
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Confocal images with indirect immunofluor escence

Cells attached to coverslips were transferred to a new six-well plate and
processed for immunofluorescence staining. The cells were rinsed twice with
1 X PBS then fixed for 15 minutes at room temperature with 4%
paraformaldehyde (pH 7.2) in PBS. The fixed cells were rinsed twice with
PBS then permeabilized by incubation for 10 minutes in 0.2% Triton X-100 in
PBS. The permeablilzed cells were blocked with 1% bovine serum albumin
(BSA) in PBS for 1 hour. To detect the Golgi network, Golgi-58K antibody
(Abcam, Cambridge, UK) was diluted at a 1:1000 ratio. The primary antibody
was incubated for 90 minutes at room temperature. The cells were rinsed
twice with PBS. Secondary antibody incubation was done at room
temperature for 1 hour in 1% blocking buffer using a 1:200 dilution of goat
anti-mouse IgG (H+L) (Alexa Fluor® 555 Molecular Probes, Eugene, USA).
Then washed 3 times for 10 minutes each with PBS. Coverslips were then
mounted onto slides using mounting media (DakoCytomation, Carpinteria,
USA) and stored in the slide box until reading. Confocal microscopy was
performed on a fluorescence microscope using a 100 X objective lens and oil
immersion. Photographs were saved in a file with the assistance of

instrumental lab—technician.
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Cdl culture

COS-7 cells were purchased from American Type Culture Collection
(ATCC, Manassas, USA). COS-7 cells were stably maintained in Dulbecco’s
modified Eagle’s medium (Gibco BRL, Gaithersburg, USA) containing 10%
heat-inactivated fetal bovine serum, penicillin (100 U/ml) and streptomycin
(100 pg/ml) (Gibco BRL, Gaithersburg, USA). The cells were maintained

under 5% COs incubation at 37C.

Plasmid preparations

The cDNAs of ATP7B gene were established in mammalian expression
plasmid vector and/or yeast expression plasmid vector, designated as
pEGFPC1-ATP7B and pSY114-ATP7B, respectively.

The plasmid DNAs used in all experiments were prepared with DNA
purification columns (Quiagen, Valencia, USA) according to manufacturer’s
instructions. Following isopropanol precipitation, the plasmid was dissolved
in TE buffer (10 mM Tis'Cl, 1 mM EDTA, pH 8.0), and the plasmid was
precipitated with 2.5 volumes of ethanol. After washing the pellet in 70%
ethanol, the plasmid was dissolved in TE buffer to obtain a final

concentration of 0.5-1.0 mg/ml.
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Transformation of recombinant plasmids

Transformation of all plasmids was carried out with the chemical
methods (Hanahan et al, 1983 and Okayama et al, 1987). The competent
cells, IM109 were grown in LB medium (tryptone 1%; yeast extract 0.5%;
NaCl 1%). The JM109 was Escherichia coli K12 strain and its genotype has
been described as recAl, endAl, gyrA96, thi, hsdR17 (r,—,myt), supE44,
relAl, Alac-proA,B), F traD36, proA,B and laclgZ-M15. To prepare an
ultra-competent cell, transformation buffer was made from the components
(10 mM Pipes, 55 mM MnCly, 15 mM CaCl,, 250 mM KCl) and the pH was
adjusted to 6.7 with KOH. The solution was sterilized by filtration through a
prerinsed 0.45 mm filter and stored at 4C. A frozen stock (in LB containing
20% glycerol) of JM109 was thawed, streaked on an LB agar plate, and
cultured for overnight at 37C. A colony was isolated with a sterile
inoculation loop, inoculated to 100 ml of SOB medium in a 500 m¢ flask, and
grown to an ODgyo of 0.6 at 18C, with vigorous shaking (200 rpm). The flask
was removed from the incubator and placed on ice for 10 minutes. The
culture was transferred to 50 ml centrifuge bottles and spun at 3,000 g for 10
minutes at 4C. The pellets were gently resuspended in 1/3 volume of ice-
cold TB of total volume, incubated in an ice bath for 10 minutes, and spun
down as described above. The cell pellet was gently resuspended in 1/12

volume of ice-cold TB, and DMSO (dimethyl sulfoxide) was added with

52



gentle swirling to a final concentration of 7%. After incubating in an ice bath
for 10 min, the cell suspension was dispensed by 1 ml into cell freezing tubes,
and immediately stored by soaking in liquid nitrogen tank and stored in a
deep freezer (-80T). A tube of competent cells was thawed in water bath at
37C. One microliter of recombinant plasmid was added to the competent cell,
and the cells were incubated in an ice bath for 30 minutes. Then the cells
were heat-pulsed without agitation at 37C for 30 seconds twice and
transferred to an ice bath for 2 minutes. After 0.9 ml of LB was added, the
tubes were placed in a 37 T incubator and shaken vigorously for 1 hour
before spreading on LB agar plate, containing ampicillin (50 pg/mé) or
kanamycin (50 pg/ml). Colonies were collected after overnight incubation

(12-20 hours) at 37 C.
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Site-directed mutagenesis for construction of mutant ATP7B

The site-directed mutagenesis was performed with a PCR-based Dpn
[-treatment method (i S et a/, 1997). The PCR reaction was carried out in
20 0 reaction mixture with 1 unit of LA DNA 7ag polymerase (TAKARA,
Shiga, Japan), containing 50 ng of template plasmid DNA consisting of the
ATP7B cDNA cloned in pSY114 and pEGFPC1, 10 pmole of specific primers,
200 uM of each dNTPs and LA reaction buffer (200 mM Tric-Cl, 100 mM KCl,
1 mM DTT, 100 mM (NH,),SO,, 20 mM MgSO,, 1% Triton X-100, 1 mg/ml
acetylated BSA, pH 8.8). After PCR reaction was completed, 5 u¢ of the PCR
product was run on a 1% agarose gel to confirm the expected amplified
products. The PCR products were resuspended in 10 0 of ligase buffer with
1 unit of T4 DNA ligase (Promega, Madison, USA) and incubated at 14C for
3-16 hours. Then the ligation mixture solution was placed in a water bath
with 10 units of Dpnl (Promega, Madison, USA) at 37C for 90 minutes. Then,
the reaction mixture was incubated again at 65C for 10 minutes to heat-
inactivate the T4 DNA ligase. One microliter of mixture was transformed to
JM109 competent cells following a modified Inoue method (Inoue et a/, 1990)
as described above. The mutation sites were confirmed by sequence analysis
with BigDye termination version 3.0 (ABI, Foster, CA, USA). The sequences

of oligonucleotides for site—directed mutagenesis are listed in Tabel II-2.
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1. RESULTS

Construction of the expression vector of wild type ATP7B

The ¢cDNA PCR primers were designed to amplify desired regions from
pBluscript SK(-) cloned-ATP7B (Table II-1). PCR reaction was performed in
a thermal cycler. Two PCR products were ligated at the restriction enzyme
sites, Bgl I-EcoR I, EcoR I-BamH 1 to generate an in-frame fusion clones.
The expression plasmid, encoding the entire coding region of the wild type of
ATP7B, pEGFPC1-ATP7B was generated as described above. There were no

missense or nonsense point mutations in full sequences.

Mutated ATP7B introduced into a mammalian expression

vector

The expression plasmids, pEGFPC1-ATP7B and pEGFPC1-MUT
(p.C656X, p.G891D, p.T10291, p.T1031A, p.V1106I), containing the entire
coding region of the mutant form of A7FP7B gene were constructed by PCR-
based site—directed mutagenesis (Table II-2). Mutant sequences were

confirmed by sequence analysis.
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Table I1-2. Sequences of oligonucleotides used in the site-directed

mutagenesis of wild type cDNA of the ATP7B gene

Sequence
Mutations
Sense Antisense

p.C656X | 5-CTT TCC TGT @A GCC TGG TG-3 5-CAC CAG GCTITICA CAG GAAAG -3
p.G891D | 5-ACC CAC GTG BC AAT GAC AC-3 5-GTG TCATTGIT|CC ACG TGG GT-3
p.T1029I | 5-GAC AAG ATIT GGC ACC ATT ACC-3 5-GGT AAT GGT GCC [T CTT GTC-3
p.T1031A | 5-GAC AAG ACT GGOGICC ATT ACC-3 5-GGT AAT GAC| GCC AGT CTT GTC-3
p.T1106l | 5-GGT GCAAAA TCA GCAACG TGG-3 5-CCACGT TGC TGAT|TT TGC ACC-3
p.R778L | 5-GCCIT|GT GGC TGG AAC ACT TGG-3 5-CCAAGT GTT CCA GCC Al GGC
p.S406A | 5-ATAATC COG|CTG TAATTA GC-3 5-GCT AAT TAC AGC| GGG ATT AT-3
p.K832R | 5-GAT ATC GTC AG|G GTG GTC CCT G-3 | 5-CAG GGA CCA C(] TGA CGA TAT C-3
p.K952R | 5-GTT GTT CAG AGA TAC TTT CC-3 5-GGAAAG TAT[CITC TGAACAAC-3
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Generation of mutant yeast constructs to analyze the

restoration of Accc2

To determine the functional significance of an amino acid change
identified from hospitalized patients, a series of mutant constructs into yeast
vector pSY114-MUT (p.C656X, p.GRI91D, p.T1029I, p.T1031A, p.V1106],
pS406L, pK832R, pK952R, p.R778L) were generated in the full-length mutant
cDNA by PCR based site-directed mutagenesis. Mutant sequences were

confirmed by sequence analysis.

Compar ative alignment analysis of the ATP7B

To obtain information regarding the complete amino acids of A7P7B
with its orthologues, sequence alignments were performed in comparison
with its paralogous copper-transporting protein, ATP7A and with its
orthologues; mouse, rat, sheep, and yeast. Comparative alignment analysis
revealed that the novel mutations were high conservation of peptide
sequence. The alignment analysis showed that the DKTGT motif was the
most conserved even in a yeast strain (Saccaromyces seravisiea) (Fig. 11-9).
The relatively high conservation of this motif among different species

suggests its functional importance.

57



Assessment of copper transport function by the yeast growth
assay

To identify whether the ATP7B variants have an effects on ATP7B
copper transport function, mutant yeast constructs were transformed into
Accc?2 yeast. The transformed strains were assayed for their ability to
complement the mutants with low-affinity iron-uptake (Fig. II-1). Growth
rates of the mutant transformed yeast were measured in an iron-limited
medium and compared between ccc2 mutants and ATP7B-transformed
construct (Fig. II-5). A p.C656X-expressing mutant yeast lacking the entire
of C-terminus was completely unable to grow in the iron-limited medium (Fig.
[1-2,3). No growth of p.T1929I, p.T1031A mutant yeast were also observed
in the iron-limited medium (Fig. II-4). In contrast, a pG891D mutant yeast
inactivated some growth under these conditions, suggesting in partial
restoration of ATP7B function (Fig.II-2,3). This consequence also correlates
with genotype-phenotype. On the other hand, a p.R778L mutant yeast such
as disease—causing mutations disturbed the ATP7B transporting activity (Fig.
[1-2,3). Thus, this yeast was unable to grow in the medium, accordant with
the phenotype with WND patient. Postive control groups, containing single
nucleotide polymorphic change, p.406L, p.K832R and p.K952R, exhibited

compatible growth appearance with the ATP7B rescued yeast (Fig. [I-2).
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plasma membrane

Figurell-1. A model of copper and iron homeostasisin yeast.

The plasma membrane protein, Ctrlp transports coppers into the cytoplasm
(Dancis et al. 1994). Coppers are carried in the cytoplasm by the copper
chaperone, Atx1p (Lin et al. 1997), which delivers coppers to Ccc2p. Coppers
are supplied by Ccc2p, within a post-Golgi compartment (Yuan e# al. 1997),
to the plasma membrane oxidase Fet3p, which functions with the high-
affinity iron transporter Ftrlp to import iron (Stearman et al. 1996). When
yeast cells lack Ccc2p, coppers are not incorporated into Fet3p, and
subsequently the cells lack iron uptake efficiently (Yuan ez al. 1995). In the
absence of high—-affinity iron uptake, ccc?2 mutant yeast cells were unable to
grow on the iron-limited medium. This diagram was adapted from recent

report (Forbes JR et a/, 1998).
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Figure 11-2. Metal dependent yeast complementation assay (p.C656X,
p.G891D, p.R778L, p.S406L , p.K832R, p.K952R).

Metal dependent yeast complementation assay for the growth of the yeast
Accc?2 strain transformed with full-length A7P7B cDNA and its mutant
ATP7B. The Accc? yeast cells were transformed with the mutated A7P7B
cDNAs. A, no chelators; B, 300 uM bathocuproine disulfonate for chelating
copper; C, 300 uM bathocuproine disulfonate and 300 uM ferrozine; D, 300
uM ferrozine for chelating iron. Strains grown on each plate Accc?2
transformed with wild type A7TP7B (area @), Accc?2 with p.C656X (area @),
Accc?2 with p.G891D (area @), Accc?2 with p.R778L (area @), Accc?2 with
p.S406L (area ®), Accc?2 with p.K832R (area ®), and Accc?2 with p.K952R

(area @).

60



Figure 11-3. Metal dependent yeast complementation assay (p.C656X,
p.G891D, p.R778L, p.S406L ).

Metal dependent yeast complementation assay for the growth of the yeast
Accc?2 strain transformed with full-length A7P7B cDNA and its mutated
ATP7B. An arrow indicates that restoration of p.G891D proteins were proven
to colonize partially depending on the iron concentration. A, no chelators; B,
400 uM bathocuproine disulfonate for chelating copper; C, 400 uM
bathocuproine disulfonate and 400 uM ferrozine; D, 400 uM ferrozine for
chelating iron. Strains grown on each plate Accc?2 transformed with wild type
ATP7B (area D), Accc2 with vector alone (area @), Accc2 with p.C656X
(area @), Accc?2 with p.G891D (area @), Accc?2 with p.R778L (area @), and

Accc?2 with p.S406L (area ®).
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Figure 11-4. Metal dependent yeast complementation assay (p.T1029I,
p.T1031A, p.vV1106l).

Metal dependent yeast complementation assay for the growth of the yeast
Accc?2 strain transformed with full-length A7P7B cDNA and its mutated
ATP7B. The Accc? yeast cells were transformed with the mutated A7P7B
cDNAs and the transformants were selected on solid synthetic dextrose (SD)
medium as described in materials and methods. A, no chelators; B, 400 uM
bathocuproine disulfonate for chelating copper; C, 400 uM bathocuproine
disulfonate and 400 uM ferrozine; D, 400 uM ferrozine for chelating iron.
Strains grown on each plate Accc?2 transformed with wild type A7P7B (area
D), Accc2 with p. T10291 (area @), Accc2 with p. T1031A (area @), and

Accc?2 with p. V11061 (area @).
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Figure I1-5. Quantitation of restored Accc2 transformed with wild type
ATP7B and Accc2 with its mutant yeast.

Growth curves were generated in the iron-limited medium (ferrozine 400 uM)
of yeasts expressing normal or mutant ATP7B over a b-day period at 30C.
ATP7B; Accc?2 transformed with A7P7B cDNA, p.C656X; Accc?2 with
pSY114-p.C665X, p.GRI1D; Accc?2 with pSY114-p.G891D, p. T1029I, Accc2
with pSY114-p. T1029I, p. T1031A; Accc2 with pSY114-p. T1031A, p.V11061;
Accc?2 with pSY114-p.V1106I, p.R778L; Accc2 with pSY114-p.R778L,
pSY114; Accc?2 with vector alone, p.K832R; Accc2 with pSY114-p.K832R,
p.K952R; Accc2 with pSY114-p.K952R, p.S406L; Accc?2 with pSY114-
p.S406L and ATP7B (B+F) containing metal ion chelators (400 uM

bathocuproine disulphonate and ferrozine); Accc2 with A7P75 cDNA.
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L ocalization of human ATP7B mutant proteins

The novel mutant protein constructs, pEGFPC1-p.C656X, p.GR91D,
p. T10291, p. T1031A, and p.V1106, were expressed in COS-7 cells, each of
which showed abnormal or partially normal targeting in trans—Golgi network
other than p.V1106I, depending on copper condition. suggesting that the
copper transporting activity was working normally in vitro system. A
confocal images of pEGFPC1-p.C656X were visualized as a representative of
deletion of C-terminus, which demonstrated a severely defective ATP7B
function in the previous yeast complementation assay. The majority of mutant
p.C656X protein was distributed throughout the transfected cells, indicating
the mis-localization of ATP7B protein, which was accordance with
consequences in the yeast system (Fig. [I-7). A pEGFPC1-p.G891D mutant
ATP7B was partially localized to the position of the frans—Golgi network
when transfected into COS-7 cells. This phenomenon was virtually observed
in all expressed cells (Fig. II-8). A pEGFPC1-p.T1029I, p. T1031A, mutant
ATP7B proteins were predominantly localized to the perinuclear region of
the trans—-Golgi network or even to the nuclear compartment (Fig. 1I-7,8).
Although a pEGFPC1-p.V1106I was inefficiently transfeced in COS-7 cells,
the patterns of immunofluorescent images using a confocal microscope were
compatible with the Golgi -58K marker. It revealed that the pEGFPC1-

V11061 protein colocalized with wild type ATP7B in COS-7 cells (Fig. II-6).
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GFP-ATP7B Golgi-58K Merge

p.v1106l

Figure 11-6. Confocal laser microscopic images of GFP-ATP7B
transfected COS-7 cells incubated for 30 hours with a Golgi marker,
Golgi-58K (WT & p.v1106l).

COS-7 cells were transiently transfected with anPAB expression construct,
PEGFPC1-ATP7B or a variant ATP7B expression coestrpEGFPC1-p.V1106l.
The pEGFPC1-ATP7B or p.V1106lproteins intrans-Golgi compartment were
visualized by immunostaining. The primary antibadys incubated with the mouse
monoclonal Golgi-58K antibody which was detectedhsy labeled goat anti-mouse

IgG (H+L) (Alexa FluoP 555).
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GFP-ATP7B Golgi-58K Merge

p.C656X

p.T1029

Figure 11-7. Confocal laser microscopic images of GFP-ATP7B
transfected COS-7 cells incubated for 30 hours with a Golgi
marker, Golgi-58K (p.C656X & p.T1029l).

COS-7 cells were transiently transfected with an variant ATP7B expression
construct, pEGFPC1-p.C656X or a variant ATP7B expression construct,
pEGFPC1-p.T10291. The scattered ATP7B of mutant pEGFPC1-p.C656X was
visualized to be dotted with green fluorescence within the whole cytoplasm
(Top). The aberration of mutant pEGFPC1-p.T1029I protein was observed in
the nucleus (Bottom). The primary antibody was incubated with the mouse
monoclonal Golgi—-58K antibody which was detected by the labeled goat anti—

mouse IgG (H+ L) (Alexa Fluor® 555 ).
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GFP-ATP7B Golgi-58K Merge

p.T1031

p.G891D

Figure 11-8. Confocal laser microscopic images of GFP-ATP7B
transfected COS-7 cells incubated for 30 hours with a Golgi

marker,Golgi-58K (p.G891D & p.T1031A).

COS-7 cells were transiently transfected with an variant ATP7B expression
construct, pEGFPC1-p. T1031A and pEGFPC1-p.G891D. The mutant ATP7B
of pEGFPC1-p.G891D was partially colocalized in t#rans—Golgi compartment
by immunostaining The mutant ATP7B of pEGFPC1-p. T1031A was
mislocalized in the perinuclear regions. An arrow indicates the mislocalization
of the mutant ATP7B. The primary antibody was incubated with the mouse
monoclonal Golgi-58K antibody which was detected by the labeled goat anti-

mouse 1gG (H+ L) (Alexa Fluor® 555 ).
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60 70 80 90 100 111
hunen ATP7B MPEERGI TAREGASRKI LSKLSLPTRAVEPANKKSFAFD\VGYEGGLECLCPSS
L MCPSNGVNSVTI SVEGNTCNSCWTI EQGI GKVNGVHH KVSLEEKNATI | YCPKLGTPKTLGEAI CENGFEAVI HNPCFLP
nouse_ATP7B - MCPRKNLASVGTPEGER- QUTAKEASRKI LSKLALPGRPVEGSNKGSFAFCNVGYEGGLESTSSSP

Rat_ATP7B MPECER- KVTAKEASRKI LSKLALPTRPVGCSNKGSFAFDNVGYEGGLESTCFI L
sheep_ ATPTB (1) NERAGCGAPGNPEPSSL ATLGLPQYTLLTVFKRVSFKRSFGTCGSSRPVI SEEECPPPSEEGEFSCKVLNCSEE! SSKGI LSKLFCPANKCSFAFCNNGYECCLECVCPSG

Consensus (1) NCPSNVGVNSVTI SVEGNTCNSCWTI ECCI CKVNGVHET KVSLEEKNATI | YEPKLCTPKTLCEAI CENCGFCAVI HNPCPLP
(112) 112 120 130 140 150 160 170 180 190 200 210 222

huren ATP7B  (56) QUATSTVRI LCNTCCSCVKSI ECRI S!\LKCI | ‘:NK\/SLECE‘ATVKYVPQWCLCCVCFCI CENCFEASI AECKAASVPSK- SLPACEAVVKLRVECNTCCSCVSSI ECKV
huren ATP7A  (83) VLTOTLFLTVTASLTLPVCH CSTLLKTKGVTCI KI YPCKRTVAVTI | PSI VNANCI KELVPELSLCTCGTLEKKSGACECHSNACAGEVVLKNKVECGNTCHSCTSTI ECKI
mouse ATP7B  (67) - AATCVVN LENTCHSCVKSI ECRI SSLKCI VN KVSLECCKETVRYVPSVIVNLQCI CLCI EENCFEASAAECKAASVPSK- SSPACEAVVKLRVECNTCCSCVSSI ECKI

Rat ATP7B  (55) CLTTCVVSI LENTCHSCVKSI ECRI SSLKCI VSI KVSLECCSATVKYVPSVLNLCCI CLCI EENCFEASAAECKAASVPSK- SSPACEAVVKLRVECNTCCSCVSSI ECKI
sheep ATP7B (112) - TAAGTI SI VENTCCSCVKSI ECRVSSLKCI VS| KVSLECSSAEVRYVPSWSLNCI CHCl EENCFCASVAECKATSVASK- VSPTSEAVVKLRVECGNTCCSCVSSI ECKI

yeast Q02 (1)
Consensus (112) VLTCTLFLTVTASLTLPVEH CSTLLKTKCVTLI KI YPCKRTVAVTI | PSI VNANCI KELVPELSLETCTLEKKSCACELHSMVACAGEVVLKNKVEGNTCHSCTSTI ECKI

©3)223 230 240 250 260 270 280 290 300 310 320 333
huren ATP7B (166) RKLQGVVRVKVSLSNCEAVI TYGPYLI CPECLRCHVNCNGFEAAT KSKVAPLSLGPI Cl ERLCSTNPKRPLSSANGNFNNSETLCHCGSFWITLGLRI CGM-CKSCVLNI E
humen ATP7A (194) GKLQGVGRI KVSLONGEATI VYGPHLI SVEENKKG! EANGFPAFVKKGPKYLKLGAI CVERLKNTPVK:- - - - - - - - SSEGSCCRSPSYTNCSTATFI | CEM-CKSCVSNI E

mouse_ ATP7B (176) RKLGGWHI KVSLSNGEAVI TYGPYLI CPECLRCH CONGFEAAI KNRTAPLRLGPI CVNKLESTNLKKETVSPVGI SNHFETLCHCGSYLATLPLRI CGMFCKSCVLNI E
Rat_ATP7B  (165) RKLCGVWRVKVSLSNGEAVI TYGPYLI CPECLRCH CONGFEAAI KNRTAPLRLGPI DI NKLESTNLKRAAVPPI QNSNHFLETPCHCGNFLATLPLRI CGM-CKSCVLNI E
sheep_ ATPTB  (221) GKLCCVNVRVRVSLSNCEAVI TYGPYLI CPCELRCH! TENGFEAVI KNKVAPVSLGFI DVRRLCSTLSVAPPAPVNGNENNSETPCGCG- - - VPLHLRVEGM-CKSCVLNI E
e s S
Consensus (223) GKLQGVGRI KVSLONGEATI VYGPHLI SVEENKKGI EANGFPAFVKKGPKYLKLGAI DVERLKNTPVK SSEGSCGRSPSYTNCSTATFI | CGM-CKSCVSNI E
34334 340 350 360 370 380 390 400 410 420 430 444

humen ATP7B (277) ENI CQLLGVCSI QUSLENKTAGVKYCPSCTSPVALCRAI EALPPGNFKVSLPLGAECSCTLHRSSSSFSPCSPPRNGVGGTCSTTLI Al ACNTCASCVESI EGNI SCLEGY
humen ATP7A (297) STLSALGYVSSI WSLENRSAI VKYNASSVTPESLRKAI EAVSPCLYRVSI TSEVESTSNSP- - SSSSLCKI PLN\VSCPLTCETVI NI CGNTCNSCVGSI EGVI SKKPGY
mouse_ ATP7B (287) CN GCLPGVCN FVSLENKTAGH GYCPSCVTPMFLGTAI EALPPGHEKVSLPCGVEENE- - - - - - - - PGSCSSCRFGECCPGRTAVLTI SCI TCASSVGPI ECNLSCRKCGY
Rat_ATP7B (276) CNl CCLPGVNI FVSLENKTAQVGYCSSCI TPLFLCTAI EALPPGYFKVSLPCGLEKESCSS- - - SVPSLGSSQRGCEPGPCRTAVLTI TGl PRESSVGPNEDMLSCMKGY
sheep_ ATP7B  (329) CNl CCLPGVCSI FVSLESRTARVCYNPSLVSPCALRRAI EALPPGNFKVSFPNGAECS - - - PDSRTPPAPSAPCTMVLAI AGNTCKSCVGSI EGLI SCRVGY
yeast 002 NREVI LAVFGNTCSACTNTI NTGLRALKGY
Consensus (334) STLSALGYVSSI WSLENRSAI VKYNASSVTPESLRKAI EAVSPGLYRVSI TSEVESTSNSP  SSSSLGKI PLAVVSGPLTGETVI N CGNTCNSCVGS| EGVI SKKPGV

p.E412X

(445) 445 |‘150 ‘150 v‘l?ﬂ IQBO 490 500 SlU 520 530 5‘10 555

human_ATFT B [3%8) Q0T8WSLARCTATVLY NP S TS PEELBA AT RO MCF EAST S BSOS TN P LGNHS A SMUQ T TD G TP TSV AEFAPHT G L PANHATD TLARS POS TRAV AP IECFLQ TEGIT
human_ATP7 A (406) B8 TDY S LANSHGTVEYD PLL TS PETLEGAT EDMCFDATLED THEP LUV IAQ - -~ - = === == == PESEMPLLTSTNEFYTEGHNTPYODEE----EGENSSECTIQVTCHT

mouse ATPTE (390) 00TSISLAEGTGAVLYDPSIVELDELRTAVEDNGF EVEWNEETFT INPYRENFE SGHEV PQTHGD TAGEV QKMA PDT RG LPTHAGPGHE S ET PSS PEATAS (R CFRO IR GIT
Rat_#TPTE (3#4) QQIDISLAEGT GAVLYDPEWYSSDELRTAVEDHGE EVEVHPENIT THEVS - - - 86N SV POAVGD 8P 8V INMASD TRG L LTHO G PETLEDE PPEPGGTASORCFRQ IR GIT
sheep ATRTE (4£29) HOISVFLARGTAVVL YD PSRTHPEEL BAAVEDMCF EASTLARNCE SN OVGNHSAGE AV GP EAAGAPYPMQGEAF 0P GG LHTNHI FHO S PRS LLAST TVAPKRECFLATS G NT

weast CCET (3) TRODISLVTHECQUTYDNEWT -ADSIREITED CCFDCEIL DD EITAIST HEGLLEVQEHT
Consensus (445) KSINVSLANSNGTVEYDPLLTSPETLDGATEDMCFDATLED THEP LYY IAD PESEMPLLTSTNEFYTECHTIVODKE ECENZSECTIQVTGHT
(556) 556 570 580 590 600 610 620 630 640 650 666

human_ATP7B (499) CASCVSNI ERNLCKEACVLSVLVALNACKAEI KYCFEVI CPLEI ACFI CELCFEAAVVECYAGSCCN ELTI TCNTCASCVEN ESKLTRTNG- | TYASVALA
humen_ATP7A (499) CASCVANI ERNLRREECI YSI LVALNACKAEVRYNFAVI CPPMI AEFI RELCFCATVI ENACECCCGVLELVWRCNTCASCVEKI ESSLTKRRG- - - - - - - - - | LYCSVALA
mouse_ATP7B (501) CASCVSNI ERSLCRFACI LSVLVALNSCKAEVKYCPEI | CSPRI ACLI CCLCFEASVIVECNTVSECEI ELI | TCNTCASCVEN ESKLTRTNG- - - - - - - - - | TYASVALA
Rat_ATP7B (492) CASCVSNI ERSLCRFACI LSVLVALNSCKAEVKYCFEVI CSPRI ACLI EELCFEAAI NECNTVSECEI ELI I TCNTCASCVEN ESKLTRTNG- -- 1 TYASVALA
sheep_ATP7B (540) CASCVSNI ERNLCKEPCI LSVLVALNACKAEVKYNPEAI CPLEI AKLVCELCFEAAVNVECYTCSCCELELM TCNTCASCVEN ESKLRRTEG- - - --- - - - | TYASVALA
yeast 002 (91) CESCVSTVTKQVECI ECVESVWWVSLVTEECHVI YEPSKTTLETAREM ECCCFCSN | NCGNGNACNTEKTVI LKVTKAFECESPLI LSSVSERFCFLLELGVKSI El SCC
Consensus (556) CASCVANI ERNLRREECI YSI LVALNACKAEVRYNPAVI CPPM AEFI RELCGFCATVI ENACECCCVLELVWRCNTCASCVEKI ESSLTKHERCG | LYCSVALA

p.C656X
(BATY 667 g&o E20 qon aL qzn v KEd) 140 150 50 177
huran_TPTB (501 TSRALVEFDPETICEIDITHT TEEICFHASLAC-- - BN AHHLDHEN ETEQUERSFLCE LYF G IEYHA IMTYHLI P EHED - ———— = —— === —— == HISHVLDHNIITG

huran_ATPT A (G01) TNRAHIRYDPEIIGPRDIJHTIESLGFEASLVR———RDPSASHLDHRREIRamDRSFLvsLFFcIPV'HGmIYHmﬂmHHFMLHHJ\IQNHSKEEHINLHSSHFLERQILPG
mouse ATPTE (503) TERAHVHFDPEIVCEED IIKITEEIGFHASLAN—--BNFNAHHLDHE T EIKQUEKSFLCE LYFG IPVHG LMV Y MLIPEE TR -~
Rat_#TP7E (594) TSRAHVHFDPEIIGPRDITRVIEEIGFHASLAH-—-BHPHAHHLDHE T ETRQURKEFLCS LYF GIPVHG LMIYHLI P 5 8K
sheep ATPTE (842) TRAHVHFDPEIIGPRED IVKLIEELGFRASLAG-- - RIPHAHHLDHEV ETRQUENSFLOS LYFGIPYHGLMIYHLI P SHE-~~ -POSSVLIHNVIPG
east CCET (20%) M TLTIEY CCHELCIDDLLPHLERT C¥EFTWF SHLDNTTOLPLLEHED ET RFUEEN S IRE TLLA TI CHLLYMIV P PTIVAD - --IFPEREETSFVRC
Consenzus (§67) THRAHIEYDPEIIGPEDITHTIESLGFEASLVE  KDRSASHLDHREEIRQWPRSFLUSLFFCIPVHGIMIYMMVMDHEFAT LHENQNMSEEENINLES SNFLERQILEG

p.M729v

e 77 Ta0 oo gL v szu 320 gan §50 50 g 558
human_ATPT B (892) [3TLNLIFFILCTFVOLLGOWY FYW0ATHSL PHESANMDV L IVLAT § TAY VY S LW T LYVATAEE AR R-— SO TFFD TP PMLFVF TALC WL EHLAK SR TS EA LARLME LOA
hurman_ATPT A (709) 1 SYMNLLSFLLCVPVOFFGGIY FYI0AYRALEERT ANNDVL IVLAT TTAFAY SLITLLVAMYERARY - NP I TFFD TPPULFVF IALG PWL ERTAKGE TSEALARL TS LOA
mouse_ATPTB (384) LSYLNLIFFILCTFVOF LGEWY FYVQATRS L PHESANNDYL IVIAT T TAYAY S LY I LVVAVAERATK -~ SEWTFFD T PPULFVF AL GEWL EHVARSR TS EALARLHS LOA

Rat_#TP7B (585) LaVLNLIFFILCTFVOFLGGY F¥Qa YRS L BHES ANNDVL IVIAT TTAYAY S LW I LW VAL AERARK -~ SPYTFFD TRPNLFVF LALGRWL EHV AR SE TS EA LARLHEL QA
sheep ATPTE (732) L3 TLNLIFFILCTFYOF LGGY FYWOA YRS L BHGHANNDYL IVLAT 8 TAYVY & LWL LV VAVAERAE R~ - SPVTFFD TP PHLFVF LAL G RWL EHVVESE TS EA LARLHMS LA
yeast CCCI (798) LFYRDILCVILASYIOFSVCEY FYRAAIASLREGEGTHDT LUCYE T TCAY TF SUF S LVHNMFH D8 TCRLP RIVFD TS INI I8Y I8 TCKYLETLARS 0 TE TALEELIALTE
Consenzus (F7%) LEVMNLLEFLLCYFYOFFOCY FYIQAYHALEHRT ANNDVL IVLAT TIAFAYSLIILLVAMYERAKY NPITFFDTDIMLFVFIALGRWLEBIARCETSEALAFLISLOA

p.G891D

(Bag) 559 Joo a1 azo Jn 240 g50 g0 g10 »380 293
huran_ATPTB (801) TEATYVTLCEDNLITREEQVEME LY O RGO IVEVYE CORFPUD CEVLECHTMAD ES LI T CEANPY TREP G STV T A RS THAHC SV L TIRATHVGND T TLAQ TVRLVE RAQH 1A
human_ATPT A (318) TEATIVTLDSDNILLSEEVDYELVORGLIIEYYE GOEFPVDGEVIEGHSMVD ES LI T GEAMPVARKPESTY LA GE TN ONGE LLICATHYGAD T TLEQTVELYEEAOTSEL
mouse ATPPE (303) TEATYVTLGEDNLILREEQVPHELYORGLVIKYYE GOEFPVD GEVLECHTMAD ES LI TGEAMPU TEEPGEIVIAGE IHAHG SV LIFATHVGHD T TLAQ IVELY EELOMSEA

Rat_ATP7B (794) TEATYVTLCEDNLILREE VPN ELVORGDIIEVVE GORFPVD GEVLEGNTMAD ES LI T GEAMPY THEPGEIVLAGE [NARGSY L IKATHVGND T TLAQ TVELVEEL N SEA
sheep ATRTE (341) TEATVVTLCEDNWIIREEQVPMELY(RGLIIRVVE GOEFPVD CRVLECNTMAD ESLITGEAMPY THKP GEMY 1A GEMEANGSVLITATHVGND T TLAQ IVELVEELOMSRA
jeas CCCT (H0) BuCBTISDVED-—-NETEELPIELLOUNDIVEIRP GME DAL CIITRCESEIDES LY T CEST LY PEE T GOV LAGE VNG PCHFY FRT TTVGEETELAN TIHUNE EAQ L SEL
Consensus (889) TEATIVTLDSDNILLSEEQVDVELYODGDIIRVYE CORFPVDGIVIECHSMVDES LI T CEANPVAKK P GSTVIAGS INQNCS LLICATHYCAD T TLEQIVKLVEEAQ T SEA
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p.1929v

1000 1010 v 1020 1030 1040 1080 1060 1070 1080 1090 1100 1110
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h
hurren ATFB (912) PIQQLADRFSGYFVPFITIMSTLTLYWIIVI GFI:DFGVV Y FPNPNEHIS)TEVIIRFAFQT SITVLCIACPCSLGLAT PTAVHVGT CVALONGI LT KGGEP LEMARKTIR
huren ATPZA, (29) PIOQFADKLSGYFVP FIVFVSTATL LYW IVI GFLNFEIVETY FPGYN RS T SRTETIIRFAFQASITVLCIACPC SLGLAT PTAVHVGT GVGAQNGT LT KGGEP LEMARKYE
mouse ATF/B (914) PIQQLADBFSGYFVP FITTISTLTLY VU IVI GF¥D FOYV (RYFPSPSMIT SO TEVIIRFAFQT SITVLCIACPC 3LGL AT PTAVHVGT GVAL QNG LT KGGRP LEMARKTE
{
{

Pat_ATFB (905) PIOQLADRFSGYFYP FIIIISTLTLY VU III GF¥0 FGIV (KYFPSPSRIISUTEVIIRFAFQT SITVLCIACPCSLGLAT PTAVIVET GVaL ONGY LI KGGK P LEMARKIE
shegp ATFB ($2) PIOQLADRFSGYFVP FIITISTVILYVWIVIGFID FGYV (RYFPAP SR I S0 AEVVLRFAFOT SITVLCIACPC 3LGLAT PTAVHYGT GVAAQNGI LIKGGRP LEMAEKTE

yemm ['E'IB] PINGYAD YLASTIFVPGILILAVLTFFINCFIINISANPP VAFTAN -~ — -~ TEADNFFICLOTATSVVIVACPCALGLAT PTATHYGT GVGAQNGY LIKGGEVLEKFNSIT
Cmsenaus{ 1000 PI0QFAD KL GYFY P FIFFVa IATL LV IVI GFLNFEIVET Y FPGYN RS ISRTETIIRFAF QA SI TV LCIACPCS LG LAT PTAVIYGT GVGAQNGI LIKGGE P LEMAHKVE
p.T10291
p.V1024A p.T1031A p.C1091Y  p.V1106I
[ARREVE ] ¥ wllZo ‘.1.].30 ‘I.!.’m I}.LSI'I 1160 Ill'lﬂ hd IllS‘O L] I1200

huran_ATPT B(1023) TYMFORTCTITHEVE IVMIVLLLCDWA-TL P LIEW LAY WCT AEAS S EH LGV AUTRY CREELCTET LEYCTDF QAW CCEICCRVENUECILAHSE - -
huran_AT PT A(1040) YYYFDRTCTI THE TRYVHOVEY L TESH- FISHBET LA TWCTAESHE BB PLOT A ITRY CROELDTET LG TCIDF QWY P GCET S CEVTHT EGL LHRNNUN TED NN TRNAS LV
mouse ATPPB(1025) TUMFLETGTITHGYPRVHNEFLLLADVA—TLPL PR L AW VGTARAS SEH LGV ARTRY CREELGTET LEY STOFOAVP GLGISCEVENVEGILARSD - ——
Rat_ATP7B (1016) TYMFDETGIITHGVPRYMFFLLLVDVA-TLSLEKYLAVUGTAER . EELGTETLGYSTDFQAVPGCGISCEVENY ESILAH MG~ -~
sheep ATPTB (1063) TYMFDETGTITHEWRRY S IWLLLVDLA-TLPLEEWLAWVGTAEA. CHEELGTETLGCCMDFUAVPGCGISCRVSSVESILAUGER-~
weast CCLE (B23) TRUFDETGTLT TGFMVVERF LEDSNIV GIVD ED BN LACIRATESTSDH IIRYCLGLN-———————=— CHEALNAVVLESEYYLEKGIV K- -
Consenauz (111) YYYFDKTGTITHG TRFVVHOVEVLTESH BFISHEEILAIVGTAESHSEHPLGTAITKYCROELDTETLGTCIDFQVVEGCGIS CEVTHIEGL LHKHNN IEDNH IRNAS LV

(2221222 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320 1332
humen_ATP7B (1119) - - - PLSAPASFLNEACSLPAEKCAVPCTESVLI CNREVLRRNGL TI SSCVSCANTERENKGCTAT LVAI CGVLCGM Al ACAVKGEAAL AVFTLCSNGVEWWL] TGENRKT
humen_ATP7A(1150) | CASNEGSSTSSSM | CAGI SNALNAGGYKVLI GNREVIVI RNGLVI NNEVNCFNTERERKCRTAVLVAVECELCCLI Al ACTVKPEAELAI H LKSNGLEVWLNTGENSKT
nouse_ATP7B(L120) - - - - - - - LTAFPVGVGNPPTGEGAGPCTESVLI GNREVIVRRNGLTI SSCI SCANTEHENKCCTAI LVAI CGVLCGN Al ACAVKPEAAL A YTLKSNGVEVALI TCCNRKT

Ra_ATP7B(L111) - - FTARP| GVGNPPI GEGTCPGTESVLI GNREWNRRNGL TI SSCI SCANTEREMKGCTAI LVAI CGVLCCNI Al ACAVKPEAALASI TLKSNGVEVALI TGENRKT
sheep ATP7B(1159) - - - LGGPFTAFCNRVGSEPSETCAATCTRSVLI GNREWNRRNGL TVTSCVRCANTERETKGCTAI LVAI CGVLCG AVACSVKGEAALAVHTLKSVGVBVWWLI TGENRKT
yeast OOC2 (708) - - - - -~ - - - - - CQUNGN- - - - == - - - - TYCI Cl GNEALI LECALKKS- - - - GFI NSNVECGNTVSYVSVNGHVFCLFEI NCEVKFBSYATVGYLGRNGYETYM TGENNSA
Consensus(1222) | CASNEGSSTSSSM | CAGI SNALNAGGYKVLI GNREVIM RNGLVI NNCVNDFNTEHERKGRTAVLVAVECELCCLI Al ALTVKPEAELAI HI LKSNGLEVWLNTGENSKT

(1333 1333 1340 1350 1360 1370 1380 1390 1400 1410 1420 1430 1443
humen_ATP7B (1227) ARAI ATQVCI - - KVFAEVLPSFKVAKVCEL CNK- - GKKVAMVGEGVNCSPALAGACNGVAI GTGTEVAI EAACVVLI R- - - - - - NCLLEWASI FLSKRTVRRI RI NLVL
humen_ATP7A(1261) ARSI ASQVGI T- - KVFAEVLPSHKVAKVKGLCEE- - CKRVAMCECI NCSPALANANVCI Al GTGTEVAI EAACVVLI R- NCLLEWAS| CLSRKTVKRI RI NFVF
mouse_ATP7B(1224) ARAI ATQUGI N- - KVFAEVLPSHKVAKVGEL GNE- - GKKVANVGEGUNCSPALAGACVCI Al GTGTEVAI EAACWVLI R- NCLLEWAS HLSKRTVRRI RUNLVL

Rat_ATP7B(1215) ARAI ATQVCI - - KVFAEVLPSHKVAKVGEL GNK- - GKKVANVGEGUNCSPALAGACVCI Al GTGTEVAI BAACWLI R- NCLLEWAS HLSKRTVRRI RVNLVL

sheep ATP7B(1267) ARAI ATGVCI \- - KVFAEVLPSHKVAKVCELGNG- - GKRVAWGEGUNCSPALAGALVC] Al GTGTEVAI EAACVLI R- - - - - - NCLLEWAS| HLSRRTWRI RLNLVL
yeast COC2 (794) AKRVAREVC| SFENVYSEVSPTCKCELVKKI CEKEGNNKVAVVGEGH NCAPALALSELCI Al STGTEI Al EAAC] VI LCGNELNTNSLRCLANAI Tl SLKTFKRI KLNLFY
Consensus(1333) ARSI ASQVGI T~ KVFAEVLPSHKVAKVKGLGEE ~ GKRVANVCEGI NCSPALANANVC Al GTGTEVAI EAACWLI R NCLLEWASI CLSRKTVKRI RI NFVF
(1444) 1444 1450 1460 1470 1480 1490 1500 1510 1520 1530 1540 1554

huren_ATP7B(1328) ALI YNLVCI Pl AAGVFNPI Gl VLCPVYNGSAANAASSVSVVL SSLCLKCYKKPCLERYEACARCHNKPLTASCQVSVHI CNCCRVRCSPRATPVCCQVSYVSCVSLSSLTSCKP
huren_ATP7A(1362) ALI YNLVCI Pl AACVFENPI CLVLCPVYNGSAANAASSVSVVL SSLFLKLYRKPTYESYELPARSCI CCKSPSEI SVHVCI CCTSRNSPKLCLLERI VNYSRASI NSLLSCKR
mouse_ATP7B(1325) ALI YNWVCI FI AACVENPI CI VLCFVYNGSAANAASSVSVVL SSLCLKCYRKPCLERYEACARCRNKPLSASCQVSVHI CNCCRRRCSPRATAVCCQVSYVSCVSLSSLTSCRL
Rat ATP7B(1316) ALl YNNVCI FI AACVENPI Cl VLCPVING- - SAAASSVSVVL SSLCLKCYRKPCLERYEACAHCRNVKPLSASCVSVFVENCCRRRCSPRATPYCQVSYVSCVSLSSLTSCRL
sheep_ATP7B(1368) ALI YNLI Cl PVAACVFI PI GVWWLCPVNCGSAANAASSVSVVL SSLCLKCYRKPELARYEACAHCHNKPLSASCQVSVRVCENCCRRRCSPRASAVECQVSYVSCVSLSPLKSEKL
yeast COC2 (905) ALCYN FNI PI ANGVLI PVCl TLPPNLACLANAFSSVSVVLSSLIVLKKVTPPCI ESECGI SCFKSKFSI C- - - N- FWSRLFSTRAI AGECCI ESCAGLNSNEEVL- - - - - - -
Consensus (1444) ALl YNLVCI PI AAGVFNPI CLVLCPVINGSAANAASSVSVVL SSLFLKLYRKPTYESYELPARSCI CCKSPSEI SVRVGI CCTSRNSPKLCLLERI VNYSRASI NSLLSCKR

(1507) 1507 1520 1530 1540 1550 1560 1570 1582
humen_ATP7A(1425) Cl CCKSPSEI SVIVCGI CCTSRNSPKLCLLERI VNYSRASI NSLLSCKRSLNSVVTSEPCKSLLVCGCFRECCCTAL
humen_ATP7B(1391) HVKPLTASCQVSVH CNCCRVRCSPRATPVECQVSYVECVSL SSLTSCKPSR-SAAACCCCEKVSLLLNGREEECY! -
mouse_ATP7B(1388) RVKPLSASCVSVH CNCCRRRCSPRATAVECQVSYVSCVSL SSLTSCRL SR-CCAAECCCEKVSLLL SCREEECCI -

Rat_ATP7B(1377) RNKPLSASCVSVIFVCNCCRRRCSPRATPVEQVSYVECVSL SSLTSCRLSR-CCNAECCCCKWSLLL SCREEECCI -
sheep_ATP7B(1431) HNVKPLSASCQVSVRVCNCCRRRCSPRASAVECQVSYVECVSL SPLKSECKL SR-SCGAACCRCEKVSLLLNCREEECC -
yeast Q02 (968) SKFSI G- - - N- FVSRLFSTRAI AGECCI ESCAGLNSNEEVL- - - - - === - - m o e e e
Consensus (1507) Gl CCKSPSEI SVFVCI CETSRNSPKLCLLERI VNYSRASI NSLLSCKRSLNSVVTSEPCKFSLLVCGEFRECCCTAL

Figure I1-9. Comparative alignment analysis of human ATP7B proten
and other orthologous amino acids of ATP7B proteins.

Comparative alignment analysis showed evolutionarily conserved sequences
in the areas of novel missense/nonsense mutations. Comparative alignment
analysis of peptide sequences of 6 strains was carried out with VectorNTI'
BROSUM protocol of Infomax (Invitrogen, Carlsbad, USA). The 5 strains
were Homo sapiens (human), Mus musclus (mouse), Rattus novegicus (rat),

Ovis aries (sheep), and Saccharomyces cerevisiae (yeast).
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V. DISCUSSION

The yeast CccZ gene, encoding a copper transporting P-type ATPase,
is an orthologue of the human ATP7B. The yeast Accc2 mutant lacking the
Ccc2 gene was unable to colonize on the iron-limiting media due to reduced
iron uptake resulting from the disturbed incorporation of copper into Fet3p
(Fig. 1I-1). Recent reports suggested that Ccc2p function was rescued by
introducing cua-1, encoding a copper transporter of Caenorhabditis elegans,
into the Accc?2 mutant (Sambongi ef a/, 1998). The human ATP7B was able
to restore the yeast Accc2 mutant, but mutant pSY114-p.R778L protein, the
most common mutation reported in WND in Korean and Asian populations
(Yoo HW, 2002; Chuang LM et al, 1996), was unable to recover the yeast
AcccZ2 mutant on iron-limiting conditions in the yeast complementation
system. Characteristics of colony formations showed that yeast pSY114-
MUT proteins were not grown on iron-limiting conditions, but pSY114-
ATP7B was rescued from the yeast Accc?2 mutant, suggesting the possibility
of their novel mutations. The null mutant, demolishing activity of yeast Ccc2p,
could be rescued by expression of exogenous human ATP7B protein,
suggesting that the ATP7B functions could be evaluated indirectly depending
on iron concentrations. The Accc?2 yeast mutants can survive on Synthetic
Dextrose (SD) media with copper and/or iron chelator, however the yeasts

cannot survive on complete iron depletion media, depending on an iron-—
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limiting concentration. This result provides an information for indirect testing
of the copper transport function via iron uptake (Fig. II-1).

In order to examine the usefulness of yeast complementation assay for
the screening of mutant ATP7B function, the pSY114-MUT clones were
obtained from the site—directed mutagenesis targeted on full-length cDNA of
pSY114-ATP7B. The Accc?2 yeast strains were transformed with the
pSY114-p.C656X, p.G8I1D, p. T10291, p. T1031A, p.R778L, p.V1106I novel
mutants and p.S406A, p.K832R, p.K952R normal variations as positive
control. The most frequent mutation in Korean WND patients, p.R778L,
represented about 38% of frequency (Yoo HW, 2002). This mutation is
located in the 4™ transmembrane domain, which may conformational change
due to hydrocarbon length and hydrophobicity of leucine from arginine with
highly hydrophilicity of relatively long side chains. The partial
complementation of Ccc2p function by mutant pSY114-p.G891D might
explain the variable clinical manifestations in patients with this mutation. This
mutant was virtually colonized in part and demonstrated very low growth
rates during a limited period, which corresponded to clinical phenotype. In
contrast, the pSY114-p.T1029I, p.T1031A, positioned in the conserved
DKTGT motif, which played a critical role in phosphorylation for energy
transduction, could not restore the Accc?2 mutant. This finding might

correlate with a high incidence of the fulminant hepatitis, even neurological
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symptoms, and very low level ceruloplasmin level (<2 mg/d¢). The mutant
pSY114-p.V1106I located in the ATP loop domain was completely rescued in
this copper-iron dependent yeast system. To examine the possibilities of
polymorphism or novel mutation, the normal population on the novel
mutations was performed in 50 healthy individuals. However, a patient with
pSY114-p.V1106] mutant was turned out as a polymorphism. A variety of
phenotypic manifestations with a disease—-causing mutation may imply that
identification of genetic deficits in WND patients is essential and important
steps for discovering mutant ATP7B deficits.

The ATP7B protein was normally localized to the ¢rans-Golgi network
in transiently transfected COS-7 cells on copper-limiting conditions. A
recent study report, claiming the localization of ATP7B to late endosomes
rather than Golgi compartment did not document copper concentration in the
culture medium, which can be appreciable in the absence of chelators
(Harada M et al., 2000). Although the copper is a main driving force of the
redistribution of ATP7B into the cytoplasmic vesicles, which remain to be
elucidated, the ATP7B containing vesicles derived from the #rans—Golgi
network were studied with human and rat liver and hepatocytes in recent
reports (Schaefer et al, 1999; Petris et al., 1999). When immunofluorescence
experiments were directly performed by anti—-ATP7B antibodies, COS-7 cells

normally express ATP7B so that there can be detected some background due
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to the endogenous ATP7B protein. Use of commercial GFP-tagged vector
system, pEGFPC1, was applied to this experiment. With uncertainty of
ATP7B protein activity due to this foreign protein, the overexpression of
pEGFP-ATP7B may deteriorate the ATP7B functional activities or induce
mislocalization of ATP7B protein in terms of folding topology. However,
throughout the COS-7 cells, no targeting problem of normal pEGFPC1-
ATP7B was at least detected in any compartment other than frans—Golgi
network on copper limiting conditions. Determining of the precise subcelluar
localization of proteins may be ambiguous due to overexpression—induced
artifact. A recent report indicates that even normal protein of ATP7B may be
distributed in the endoplasmic reticulum (John RF et al, 2000), rating of
10~20% of transfected cells. This endoplasmic reticulum-associated
mistrafficking of normal ATP7B was observed in the cells that were stained
strongly. Therefore, the strong green fluorescience was excluded in the
study, which was easily distinguished from the dimmed transfected cell
populations for both normal and mutant ATP7B protein. Only confocal image
data were represented in successfully transfected remainder cells, which
expressed mutant ATP7B, where the localization of transfected proteins was
expected to be minimally influenced by overexpression. In order to examine
more precise assignment of subcellular localization of normal ATP7B and

mutant ATP7B, stable transfection experiments should be required for more
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accurate localization by electron microscopy. The mutant proteins could
presumably be present in lysosomes or proteasomes pathway for the
degradation of misfolded proteins.

The p.C656X protein was a rare mutation reported in Korean patients
with WND. The p.C656X was initially classified as a mutation of the early
truncated protein decay. In both ccc2 yeast mutant and confocal microscopic
image data, the properties of p.C656X demonstrated the same results as no
growth on the iron-limiting media and mislocalization of ATP7B within the
COS-7 cells. Functional analysis in the yeast system revealed that the mutant
was not restore ccc2 yeast mutant completely. The confocal image data also
showed that the premature shortened protein was dispersedly observed with
degradation within the cytoplasm by immunofluorescence microscopy. It was
suggested that the proteins were mislocalized, probably due to extensive
protein misfolding or nonsense mediated decay.

The p.G891D is a candidate novel mutation based on the population
study of normal chromosome. The p.G891D has not been confirmed as a
mutation or a rare variant due to the conservative nature of the amino acid
substitution. However, according to the yeast functional data, the p.G891D
protein had a gradual increase in its ability to restore ccc2 mutant yeast with
a slow growth curve, suggesting reduced copper transport ability and

recovered ATP7B function, simultaneously. Interestingly, confocal
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microscopic results revealed that some ATP7B proteins of p.G891D exhibited
partially localization of perinuclear endoplasmic reticulum of COS-7 cells,
others were localized to the Golgi network. Thus, the variant p.G891D
appears to be rather a protective modifying gene than disease-causing
mutation, consistent with no clinical symptoms in patient.

The mutant p. T10291 and p. T1031A, located in the highly conserved
DKTGT motif that is the aspartylphosphate intermediate essential for energy
transduction, were classified as a novel mutation. Both p.T1029I and
p. T1031A mutant proteins were not found to complement ccc2 mutant yeasts
distinguishable from the normal ATP7B. The immunofluorescent data of
these mutant proteins showed that p. T1029I proteins were likely in part
localized into the nucleus when stimulated by copper chelators and were also
unable to transport copper to cytoplasmic vesicles when stimulated by
copper. The p. T1031A proteins exhibited localization to perinucleus of COS-
7 cells, suggesting that p. T1031A proteins were mislfolded, probably due to
retention in the endoplasmic reticulum. Both p. T1029I and p. T1031A mutants
should be considered as a disease—-causing mutation.

The p.V1106I is a candidate mutation, identified in 3 patients with
WND, based on the clinical examinations of two biochemical findings, low
ceruloplasmin and increased volume of copper urine, indicative of impaired

copper transport function. However, yeast functional and mammalian
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localization data showed that the p.V1106I protein showed no slight or
significant reduction in its ability to restore ccc2 mutant yeasts and appeared
to be likely localized to the frans—Golgi network, suggesting normal copper
transport function which was consistent with asymptomatic symptoms of
disease presentation.

The current pathways of ATP7B-mediated copper excretion involve
the copper transport from the #rans—-Golgi network to an intracellular
vesicular compartments. Then, the copper fuses with the plasma membrane
to be allowed the excessive copper to across the plasma membrane and into
the bile canaliculus in hepatocytes (Schaefer ef al., 1999). Since the mutants
of p. T10291, p.T1031A were largely mislocalized to nucleus or endoplasmic
reticulum throughout the cytoplasmic cells, these defective proteins would
not mediate effective copper efflux. Similarly, the mutant p.C656X caused
WND in patients carrying this mutation because of an inability to redistribute
from the Golgi compartment to cytoplasmic vesicles by stimulation of copper.
Thus, the mutant p.C656X appeared to be aggregation as if the stars were
twinkling inside the cell, preventing effective biliary copper efflux at all times.

These results suggest the necessity for copper dependent
redistribution as a requirement of ATP7B for its role in hepatic copper efflux.
Most WND patients are compound heterozygotes that make it difficult to

define a precise genotype-phenotype correlation for an individual mutation.
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Although functional and localization data can provide a mechanism to explain
genotypic variation, the overall phenotype of the disease in patients cannot
be easily explained. That may be caused by patients’ different ingested
amounts and accumulations of hepatic coppers at different rates, which may
affect disease severity.

The data of yeast complementation assay showed that ATP7B was
able to complement the mutant yeast Accc?2, delivering copper to Fet3p,
restoring the ability of null mutant Accc2 or missense mutant ccc2 yeast to
grow on iron-limiting conditions, suggesting a reliable assay for the copper
transporter function of ATP7B. The confocal data revealed that ATP7B is
normally localized into the frans—Golgi network and redistributed into the
intracellular vesicular compartment by stimulation of copper, suggesting that
the copper transport function is related with the trafficking of ATP7B
proteins. In conclusion, the yeast complementation assay and confocal
microscopic evaluation are useful tools for a functional study on the mutant

ATP7B protein.
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CONCLUSIONS

To identify the molecular defects of WND patients in Korea, human
ATP7B gene was sequenced in 125 unrelated patients. This study aimed to
establish the system for the screening of molecular deficits, which could
distinguish from novel mutations and rare polymorphisms. In order to do this
strategy, first yeast complementation assay was set up on behalf of
functional characterization of molecular genetic defects. Second, a confocal
laser microscopy was utilized to demonstrate the localization of wild and/or

mutant types of ATP7B protein expression in COS-7 cells.

1. Thirty different mutations were identified in 125 patients in 120
unrelated Korean patients with WND. Of the mutations, ten were novel
mutations, consisting of & missense mutations, and 2 nonsense

mutations.

2. In the rate of mutation was 75.6% (189/250) of alleles on direct
sequencing of all exons of the A7P7B gene in the 125 Korean patients

with WND.

3. Four different mutations in exon 8 were found in 41.2% of alleles, three

different mutations in exon 11 were found in 9.6% of alleles, and
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three different mutations in exon 18 were found in 7.6% of alleles,
thereby indicating that exons 8, 11 and 18 were three important exons
for detecting mutations in Korean patients with WND. In particular, the
p.R778L mutation in exon 8 was found in 39.6% of these Korean
patients at least in one allele. Twenty—-four patients with WND were
homozygotes for p.R778L and 51 patients with WND were
heterozygotes for p.R778L.

The 4,398 base-pair A7P7B gene that encodes a copper-transporting
ATPase has been cloned into the mammalian expression vector,
pEGFPC1 (4.7kb). The clone, pEGFPC1-ATP7B was confirmed no

mutation by direct sequencing.

Site—directed mutagenesis was performed on the pEGFPC1-ATP7B
clone, producing the same novel mutant types as obtained from the
genotypic results; p.C656X, p.G891D, p.T1029I, p.T1031A, and

p.V1106l.

Nine mutants of ATP7B recombinant yeast vector were constructed by
site—directed mutagenesis; p.C656X, p.G891D, p. T1029I, p. T1031A,

p.V11061, p.S406L, p.K&832R, p.K952R, and p.R778L.
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The novel mutations identified in this study were highly reliable except
p.V1106I as results of metal-dependent yeast complementation and
growth assay; three mutants of p.C656X, p. T1029] and p. T1031A had
no growth in the yeast system, suggesting a mutation, three variants of
p.S406L, p.K832R and p.K952R were grown on the iron limiting plate.
The mutant p.R778L was not grown on the plate on iron-limiting
conditions, but the mutant p.G891D was partially rescued in the yeast
complementation system. However, the p.V1106]l was grown on the

media likely as the wild type, suggesting a rare polymorphism.

In the localization analysis of the mutant ATP7B with a confocal

microscope, the mutant p.C656X was scttered throughout transfected
COS-7 cells. The mutant p.G891D was partially localized to the site of
the trans-Golgi network. Two mutants, p. T1029] and p.T1031A were
predominantly mislocalized to nuclear and perinuclear regions,
respectively. However, the mutant p.V1106] was normally targeted to
the frans—Golgi network, which was concordant with the result of the

yeast complementation assay.

Optimal concentration of copper or iron chelator on the limiting media

was evaluated 400 uM in this metal-dependent yeast assay.
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10. The yeast complementation assay and confocal microscopic evaluation

were useful tools for the functional study on mutant ATP7B proteins.
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