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ABSTRACT

Copper is an essential clement in a variety ot biological processes, but 1t ¢an be toxic
when prcselit in excessive amounts. The central regulators of cellular copper metabolism
include  copper-binding .prolcins, copper  transporters, metal  membrane  active
Iransporters and copper-dependent enzymes. Untl now, several copper transporters and
copper related proteins hz;vc been identified. However, a fi‘lu profile of p{athway in which
copper 1ous cause ccliutar changc's"in prolci‘ns and lead 10 1oxic effects s Jess
well-known. Hence, lhcﬁ: is a need W identify more copper binding proteins 1o Tulfill a
complete copper transportation system. The aims of this study are toidentity some novel
copper binding profeins and  proteins  related to Cu™ loxicity or dctoxification
mechanisms in the hlapia (Oreochromis niloticus) and the zebrafish (Danio rerio) using
a protcomic approach, and to reveal the mechanism of copper tolerance and copper
sensiltvity by companng, the different biochemical vesponses 10 copper exposures
between the tive model species.

Firstly, a cell line derived from the liver of tilapia, Hepa-T1, was used as a model

: . »
and cxposcd 10 two sub-lethal concentrations of waterborne copper for 96 h. The
proteins expressed in l-lcr;a Tl were investizaied by differential protein profiling using
two-dimensional gel clectrophoresis (2-DE). It was found thaleu:' (120 uM and 300
M) caused diffcrential expression of 93 different proteins, 18 of which were turther
! F
verifred by real-time quantitative polymerase chan reaction (PCR) analysis. Following
analysis with ingenuity pathway software, several proteins were found 10 be involved in
lipd mietabolism, tissue connective development and cell eycle control. thus indicating

that copper toxicity affects these cellular funclians,



Sccondly, the high copper contents Iin"l’he liver of the tillapra make this tish a suitable
maodel for the study of copper binding prot.cins. Liver was dissc;clcd from 1ilapia injcc.lcd
with Cu™' and cylosolic  fractions were separated by using Superdex 75 column
chromatography followed with atomic absorption spectrometry. Tractions containing
copper-binding proteins averc found in two major peaks, analyzed using differential
proteomic approaches, and loaded on a Cu chclal_ing ion-unimobihized affinaty column
(Cu-IMAC). O 1the 113 differentialty cxp:’css;cd protems i these two peaks, some
well-characterized copper binding proteins were found, mncluding copper transporter
A'I‘P?A. cylochfme ¢ oxidast, mclallpll;ioncin. collagen. catalase, and wicllogemn,
These proteins are mainly involved in endocrine disruption, mitochondria dysfunction,
wn competnon, lipid metabolism, copper transfer, and cytoskeleton disruption. In
addition, a more concrete mage about copper transportation pathway was hyvpothesized
according to the function of the novel copper binding proteins identificd.

Thirdly, zcbrafish hver cell line (ZFL) was also used as a maodel to study the
mechamism of copper toxicity. Alter processing sinular expgrimental procedures of
previous Hepa T1 experiment, 72 different protems were idcnl.i lied to be regulated by
Cu™ (100 uM and 200 pM). More than 50 %4 of these prulcma-; were also found
Lill‘[‘Cl‘Cllli;lll}’ expressed in the ulapia. The results suggested that the toxicity mechamsm
between zebrafish and tilapia was generally conserved. Although, in l'\]_l-'l., the regulation
ol several proteins, related to ROS ellect, mitochondrion copper transportation, and
stress responsc, was quite different from that in tilapia,

Fourthly, to further reveal the mechanism of copper tolerance and sensitivity an
litapia  and  zcbralish, fvo important  copper  transporters (ATP7A & B) and

mctallothioncin (MT) were chosen for studying. Until now. a {ull length of ATP7A and

11



partial length of ATP7B were obtained in tilapia. Then a l'éal time quanttative PCR was
conducted lol study the different regulations of these three gencs in tilapra and zcbl';liﬁsh.
ll_was found that Cu’" could induce more MT and ATP7A & B in tlapia than zebrafish
both in vive and in virro. These results help us to understand that the copper tolerance of
tilapia is possibly dueteriigher expression level of both copper lrans;pn.rlcrs and M1,

Last but not least, I also compared the toxicity and biomarker gene expression n
/Qbraﬁsh exposed w CuxO nanoparticle (NP) and CuCl;, rcspccli\‘cl&, It was found tha
the toxicny of CuCla is m.m:h higher than that of CuyO NP, Then seven genes. including
ML, ATP7A & B, copper transporter 1 (Culy, metal 1'cgu];npry transcription lactor |
(MTIH). ghuathione sulfur 1ransferase (GST), Cu/Zn superoxide dismutase (Cu'Zn
SOD). were chosen for studying. It was found that both Cu-O NP and CuCl-
up-regulated the mRNA levels of M1, CuZn SOD. and Cuel. ATP7TA & 7B but
down-regulated the mRNA levels of GST. Interestingly, the mductions ol M1, Cul,
ATP7A & B in the Cu:O NP exposure groups were much higher than that of CuCl»
exposure groups in vivo, Furthennore, as detennined by using Cirl. ATP7A and ATP7B
gene expression, the no observable effect levels (NOELS)Y of CuCl and nano-CuxO were
1T ppb and 50 ppb, whereas the lowest observable eftect levels (1LOELs) of CuCl; and
nano-Cu-0 were 43 ppb and 125 ppb.

[n conclusion, this study provided a comprehensive profile of gene expression in fish
tiver cells aller the adninistration of waterbone copper 1ons. Many copper binding
proteins and copper transporters were identificd and some arc uscful blomarkers of
cffects and cxposures to copper contamination. Tilapia as a copper resistant species
rclative 1o zcbrafihs can have stronger expression of copper transporters and binding

proicins than zebrafish.
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Chapter One
INTRODUCTION

1.1 Environmental health concerns of copper

Copper 1s a reddish metal occurs naturally in rock, soil, water, sediment, and air. Its
average concentration in the earth's crust is about 50 parts per million (E}pm) n normal
soil. Copper can be easily molded or shaped. {ts “reddish-gold™ color 1s most commonly
scen i the penny, clcctrical] wiring, and somce water pipes. 10is also found m many
mixtures of metals, called alloys, such as brass and bronze. Many compounds
{substanccs formed by joining two or more chemicals) of copper exist. These include
natural occurring mincrals as well as man-made chemicals, including nanoparticles.
Many copper compounds can be recognized by their bive-green color. When we speak
of copper, we will not only be referring to copper metal. but also to compounds of
copper that may be in the environiment. Copper is cxiensively mined and processed in
worldwide and is primarily uscd as the metal or alloy in the manufacture of wire. sheet
mclal, pipe, and other metal products. Copper compounds are most commonly used in
agricul.lurc to treat plant diseases, like mildew, or for water. The most commonly used
compeund of copper 1s copper sulfate which is blue n colour and a compound used as
tungicide and algacide. It 1s generally believed that copper is an essenual element to
human health and tight regulatory system is available in our body, thus normally we can
handle cxcessive copper exposures. Since copper is a easlly avaiblabe metal and the
cxtensive use of copper pipes to replace plastic or iron pipces, copper uptake in human

body has been a concemn of environmental health issue.

In 1992, copper was included by the World Health Organization (WHOQO) in the “Last



of Chemicals of Health Significance in Drnking-water”, with a provisional guideline
value of 2 mg/liter (ppm). WHO cstimated that 30 mg of copper was the accepled
maximum daily copper load. Considering an average adult body weight of 60 Kg and
that a total of 10 % of the copper could be obtained through drinking water (an average
adult has an intake of 2 liters per day); a concentration limit of 1.5 mg of copper per iter
was suggested. The WHO approximated this to 2 mg/l., as the provisional guideline
value (PGV) based on human health effeets. This caused the wmmediate concern of the
copper industry, since up to that point, copper had been regulated on the basis of 1s
cffcets on the color and taste of water, as well as on the possibic staming of laundry and
santtary apphances. The report of the International Programme on Chemical Safety
(IPCS) made reference to an unpubhished study m dogs, which found transitory etfects
such as necrosis and increased liver fibrosis in animals daily exposed 1o 5 g of copper
per kg of body weight. Thus, the reccommendation was not based on cpidemiological or
clinical studics 1n humans, or on animal studies. In addition, no risk analysis or

considerations on the duration of exposure were made.

1.2 Copper related discases

Copper occurs naturally in plants and animals and plays a vital role as a catalytic
co-factor for a varicty of metalloenzymes including superoxide dismutasc {for protection
against trec radicals), cytochrome ¢ oxidase (mitochondrial clectron transport cham),
tyrosinase (pigimentation), peptidylglycine alpha-amidating mono-oxygenase (PAM)
{neuropcptide and peptide hormone processing) and lysyl oxidase (collagen maturation)
(Harris, 2000; Pena ctal, 1999; Uauy et al., 1998). At the same time, copper is toxic

~

10 both cukaryotic and prokaryotic cclls, not lcast due to is ability to catalyce, via the



so-called Fenton reaction, the generation of aggressive free radicals. Also by binding
ectopically to proteins, copper can disturb their structure (Bartsch and Nair, 2004; Koch
ct al., 1997; Valko et al., 2005). Therefore, cvery orgamism has a number of claborate
mechanisms at its disposal to control cellular uptake, distribution, detoxification and

elimination of copper (Bertinato and L'Abbe, 2004; Pui.g and Thicle, 2002a).

Cellular contents of copper arc tightly controlied and balanced. otherwise, free
copper ions will cause scrious mmpacts and toxic effects. Menkes discase and Wilson
discasce are well known inhented disorders of copper metabolism in humans ¢Table 1.1},
The essential role of copper in the developing central nervous system 1s evidenced by
Menkes discase, during which impaired copper transport ito and within the developing
brain results in demyelimation and ncurpdegencration (Kaler. 1998. Kodama ¢t al.. 1999).
Brain copper accumulation in Wilson’s discase results in dystona, dysarthria, and other
Parkinsonian symptoms, as well as psychiatric symptoms of depression, cognitive
deterioration, personality change, psychosis, and schizophrema (Ferenci, 2004).
Although the signs and symptoms of Menkes and Wilson’s diseases arc distinct, each
disorder results from inherited loss-of-{unction mutations in genes encoding homologous
copper-transporting P-type adenosine triphosphatases (Alpases) ATP7A (Mcenkes) and

ATP7B (Wilson's) (Fig 1.1).



Table 1.1 Hereditary disorders of copper metabolism (Modified from Madsen and
Gitlin, 2007)

Wilson’s disease

Menkes discase

Genetics

Presentation

Defect

Pathogenesis

Clinical

Pathology

Autosomal recessive
Loss-of-function mutations
ATP7B gene

Late childhood: liver
second-third decade,
neuropsychiatric

Biliary copper excretion

Copper accumulation
Cirrhosis, dystonia, dysarthria
Parkinsonian tremor, psychiatric

Basal gangha copper accumulation

Neuronal cell loss

X-hnked
L.oss-of-function mutations
ATP7A gene

Early infancy

Copper transport across the
placenta, brain, and gastrointestinal
tract

Copper deficiency
Hypothermia, hypopigmentation,
abnormal hair, tortuous arteries

mtractable scizures, failure 1o thnve

Cercbral and cerebellar
degeneration

Purkinje cell axonal swelling
Abnormal arborization
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Fig. 1.1. Homeostatic regulation of copper in mammals (redrawn from Mercer and

Llanos, 2003). The dircctions of copper flow arc shown by the arrows and the steps
imvolving the Cu ATPases, ATP7A and ATP7B, are also indicated. Ceruloplasmin (CP) is
the main copper transport protein in the blood. Transport of copper to the fetus and
neonate 1s vital for normal development and is regulated by ATP7A in the placenta and

ATPTB in the mammary gland.

1.2.1 Menkes Discase

Menkes disease i1s an X-linked disorder charactenized by growth faiture, bnitile hair,
hypopigmentation, arterial tortuosity, and neuronal degeneration due 1o loss-of-function
mutations in the gene encoding ATP7A (Mercer ¢t al., 1993; Vulpe ct al,, 1993). The
pleiotropic features of this disease arc the result of nmpaired activity of specific
cuproenzymes resulting from mmpaired ATP7A function. The neurologic features are

present in early infancy, revealing a critical role for ATP7A and copper in ncuronal



developmem (Mercer, 1998). Magnctic resonance imaging of the brain reveals deficient
myelination with ccrebellar and cerebral atrophy (Geller ct al., 1997; Leventer et al.,
1997), and ncuropathologic cxamination demonstrates focal degeneration of the
graymalter and ncuronal loss most prominent in the hippocampus and cercbellum
(Barnard ct al., 1978). Studies 1n a murnine model of Menkes discase suggest a role for
ATP7A and copper in axon extension and synaptogenesis durnng development (L et al.,
2005). ATP7A mediates the availlability of an NMDA receptor- dependent, releasable
pool of copper in hippocampal neurens, and the absence of ATP7A acuvity in Menkes
discasc markedly affcct NMDA receptor—mediated  cxaitotoxicity in these neurons
(Schlief et al_, 2006). These data suggest a model whercby loss of ATP7A contnibutes o
both scizures and ncuronal degencration in alfected patients and raisc the possibility of
therapeutic approaches based on NMDA receptor blockade (Hardingham and Bading,
2003).
1.2.2 Wilson-’s Discase

Wilson’s discasc is an autosomal recessive disorder resulting in hepatie earhosis and
progressive basal ganglia degencration duc to loss-of-lunction mutations in the gene
encoding the copper-transporter ATP7B (Bull ct al., 1993; Tanzi ¢t al., 1993). The
resulting impairmient in biliary copper cxcretion leads to copper accumulation in
hepatocyte, copper-mediated liver damage, activation of cell-death pathways, leakage of
copper inlo the plasma, and cventual copper overload in a_ll tissucs (1. 1.2) (Githin,
2003). Although ATP7B is expressed in somc regions of the brz_iin, in Wilson's discasc
copper overload in cxtrahepatic tissues is duc to excess accumulation (rom the plasma

following liver injury because this is entirely reversed following liver transplantation



(Schumacher et al., 2001). Ceruloplasmin is an essential ferroxidase that contains greater
than 95% of the copper present in plasma. This protein is synthesized in hepatocytes and
secreted into the plasma following the incorporation of six copper atoms in the late
secretory pathway. In Wilson’s disease, loss of function of ATP7B results in synthesis of
apoceruloplasmin that is rapidly degraded in the plasma (Fig. 1.2). As a result, the serum
ceruloplasmin concentration is a useful diagnostic indicator of Wilson’s disease

(Hellman and Gitlin, 2002).

hepatocyte

Bile

Cuv 4— -8— Cu'

Wilson’s
disease

Fig. 1.2. Pathogenesis of Wilson’s disease (Mbdiﬁed from Kim et al., 2008). Proposed
model of the proposed pathways and proteins relevant to copper metabolism in human
hepatocyte. Copper transport to the trans-Golgi network (TGN) is shown as the process
mediating intracellular homeostasis by ATP7B. Dysfunction of ATP7B results in

cytosolic copper accumulation with associated cellular damage.



1.2.3 Alzheimer’s discase

Alzheimer’s diseasc (ADD) 1s the most common form of neurodegenerative dementia.
The formation of senile plagues precipitated in the bram 1s a pathological marker of the
discasc {(Barnham ct al,, 2004). Their core clement of AD 15 an aggregated form of an
acid peptide molecule involving 39 - 43 amino acid residues, which s termed the A3
peptide (Fig. 1.3), a fragment of amyloid precursor protein (APP). This peptde 1s
geacrally accepted o be neurotoxic and. as such, 1s a therapeutic target as well as a
diagnostic marker. The cores of Alzheimic plaques consist of aggregated AP peptides
and have been described as metal sinks because of their high metal content: Cu, 0.44
mM: Zn, | mM; Fe, 1| mM (Curtain et al., 2001). In vitro, cach of these metals 1s capabie
of mducing aggregation of the peptide (Cherny et al.. 1999), which has a high affunty
for Cu®" and complexation results in altered morphology of the aggregated Ab fibrils,

10 20 k1) 40

DAEFRHDSGY LVGGQKLVEF ALDVGSNKGA HHGLMVGGVV 1A

Fig. 1.3. Sequences of the A peptides (Donnelly et al., 2007).

Emerging cvidence suggested that AD might be characterized by copper deficiency
as reeent data indicated that AD patients had higher levels of copper in the plasma but
lower levels in the brain (Bayer and Multhaup, 2005). In a transgenic mouse model of
AD, an incrcase in neuronal copper levels (induced either by genetic manipulation or by
copper supplementation of diet} led to a significant decrease in bramn A levels (Bayeret
al., 2005; Phinney et al, 2003). In addition, a recent study of 33 paucnts revealed a
ncgative correlation between plasma copper levels and cognitive decline which was

interpreted in terms of a mild copper deficiency i most AD patients (Kessler et al., 2006,



Pajonk ct al.,, 2005). Although the mechanisin leading to these changes 1s not understood,
the observations suggested that copper supplements might have therapeutic potential, A
clinical trial of daily supplementation via the salt Cu™' orotate is currently underway in

Germany (http://www.alzhetmer-bayer.de/alzh stl.htmi) (Pajonket al., 2005).

1.3 Copper homeostasis in cukaryotic cells

Over the past few decades, crnitical progress was madce in the wWdentification of genes
encoding proteins which function in copper uptake, intracellular distribution, cffiux and
in the regulation of the copper homeostasts machinery (Kimet al.. 2008a; Puiget al.,
2002a). Many of the structural, functional and regulatory details have been strikingly
conserved from microbes to humans. Fig. 1.4 shows a model for copper homeostasis in a

typtcal mammalian ccll.

1.3.1 Cellular uptake of copper

Ctri 1s an integral membrane protein that functions as a major copper importer ai the
plasma membranc. Genetie, biochemical and structural studies support a model wv which
Ctrl homotrimerizes to form a central region ot low electron density through which
copper may traverse the plasma membrane (Aller and Unger, 2006, Dancis et al.
1994). The genctic requirement for a metalloreductase in yeast for Cirl-mediated high
affinity copper uptake, in addition o other data (Kimet al., 2008a), all support the
transport of Cu' rather than Cu®’. Conserved methionine residues are present in the Cirl
cxtra-cellular domlain as Met-X-Mct or Met-X2-Met and, while not essentral for activity,
arc nceded for high affinity of Cu’ import. Additionally, a conserved Met motif,

Met-X3-Mect present in the Ctrl second transmembrane domain. is essential for Cu’


http://ww/v.alzhciincr-bavcr.de/alzh.st

unport (Puig et al.,, 2002). These and other expenmental results are consistent with

thiocther-Cu” coordination to Ctrl at one or more steps in the import process.

Unlike many other high affinity mectal transporters {such as ATPTA/B, sce below),
Ctr does not require ATP for copper uptake (Lee et al., 2002; Petris, 2004). Its transport
ability is stimulated by extracellular K' and probably facilitated by the extremely low
imracellular concentration of free copper: while the concentratton of intracellular total
frec copper 1on concentration is approximate 10 to 100 mucromolar. And several orders
of magnitude lower are duc to an instant association of imported copper with chaperones,

scavengers and other proteins (Rae et al., 1999).

In yeasl, three copper lransporters termed yCurl, yCiur2 and vCud have been
described. The yCirl and yCtrd are functionally redundant, plasma membrane-integrated.
high-aftinity copper transporters. Extracellular copper, usually Cu’*, has to be reduced to
Cu’ by plasma membrane reductases encoded by FREL and FRE2 before being imported
by yC!rl and yCtrd (Petris, 2004;  Rutherford and Bird, 2004). Any excess copper s
sequestered in the vacuole (somewhat analogous to the mamimalian fysosome), a storage
container of yeast for substances intended for recycling/degradation, including valuable
mctabolites such as phosphatc, selected amino acids, metals, and sequestercd oxins
{(Huang and Klionsky, 2002). Since yCtr2 1s localized in the vacuolar membrane and
upon copper deplction, imports copper from the vacuole to the cytoplasm, 1t plays an
important role in ycast copper homceoslasis {Rees et al,, 2004). The function of all these
copper importers was characterized by specific mutagenesis and by targeted gene

disruption.
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1.3.2. Copper delivery to secretory compartments

Many Cu-dependent proteins traverse the secrctory pathway en route 1o the plasma
membrane, tracellular membranes or scerehon from cells. These include scercted
rather than intracellular forms of lysyl oxidase and Cw/Zn SOD, tyrosinase, blood.
clotting factors and the mulucopper ferroxidases ceruloplasmmn and hephaestin. The
Atox] Cu chaperone, which is composed of Paffafl folds, coordinotes 10 a
solvent-cxposed Cu' atom for delivery to the seeretory compar.lmcm { Anastassopoulou
ct al., 2004; Wemimont et al, 20000 Cu' is translerred from the surface of Atox) o a
metal binding domain repeat with the consensus scquence of GMTCXXC in the N
terminus of the Cu'-transporting ATPases ATP7A and ATP7B (Pufahl ct al.. 1997). This
transfer occurs via a series of mterprotein ligand exchange reactions, ulimately leading
to the movement of Cu’” across the membranc of the secretory compartment (ATP7A and
ATP7B), across the basolaleral 111c:nbranc of IECs (ATP7A) or out of hepatocytes and
mto the bile (ATP7B). Though much progress has been made 1n understanding the
catalytic mechanisms used by Cu'-transporting ATPases, what is not clear at present are
the mechanisins by which Cu' is transferred from the N-terminal Cu” binding domain of
the transporters to the transmembrane domain for transfer across the membranc.
Whercas mutations in the genes encoding ATP7A and ATP7B cause Menkes discase and
Wilson’s discase, respectively (and similar states in mouse knockout modcls (luster et
al.. 2006; Lutsenko et al., 2007), loss of the gene encoding Atox] in mice resulted i
perinatal lethality. This likely reflects the central role this Cu chapcrone plays in
delivering Cu’ to both the ATP7A and ATP7B (ransporters, and perhaps other

intraccllular targets that have not yet been identified.

¥
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Fig. 1.4. Cellular copper homeostasis (Modified from Balamurugan and Schaffner,
2006). Model of copper trafficking in polarized cell reveals copper entry via Ctrl
followed by distribution to the copper chaperones. The copper chaperone for superoxide
dismutase (CCS) delivers copper to Cu/Zn superoxide dismutase (SOD), Atox1 delivers
copper 1o one of the Atpases (ATP7A/ATP7B) in ;hc late Golgi and Cox17, and Scol
and Cox17 are involved in the pathway of copper trafficking to mitochondria and
cytochrome oxidase (Cox). The Atpases transport copper into the secretory pathway for
incorporation into newly synthesized cuproproteins and for export from the cell.
Metallothionein (MT) serves to chelate most available copper and is critical for cell
survival in copper excess. MTF1 scrved as a transcription factor to modulaie the

regulation of MT and Ctrl.



1.3.3. Controlling cytosolic copper

Without the Cu cofactor, Cu/Zn SOD is catalytically inactive for superoxide
disproportionation, and thus organisms lacking either Ctrl or SOD are deficient in
oxidative stress protection (De Freitas et al., 2000). Indecd, Asodl yeast accumulated
DNA mutations, and SOD~ mice developed hepatocellular carcinoma, presumably as a
result of oxidative damage of DNA. Importantly. mutant forms of Cu/Zn SOD that cause
a familial form of amyotropic lateral sclerosis are more prone to unfolding and
ageregation when metal-free, which underscores the importance of deciphenng the

mechanisms for metal loading of this enzyme.

Copper delivery to Cuw/Zn SOD requires the Cu chaperone for SOD called CCS
{copper chaperon for SOD). Though CCS bears strong structural similarity 10 Cu/Zn
SOD, CCS is catalytically inactive and delivers Cu to Cu/Zn SOD by direcily docking
with the apo or zinc-loaded monomer (Furukawa et al., 2004; Lamb ct al., 2001). In an
oxygen-dependent mechanmism accompanicd by Cuw/Zn SOD intramolecular disﬁlﬁdc
bond formation, and a serics of ligand cxchange reactions between CCS and Cw/Zn SOD.
Cu?'is transforred from CCS o four histidine ligands of Cu/Zn SOD, with water
as the fifth ligand bound to Cu®” in square pyramidal coordination geometry. In addition
 their residency tn the cytoplasm, both CCS and Cu/Zn SOD are also localized to the
mitochondrial IMS, where active Cu/Zn SOD is thought to protect cells {rom signilicant
quantities of superoxide given ofl from the incomplete reduction of oxygen durning

mitochondrial electron transport (Field et al., 2003).

13



1.3.4. Copper delivery to mitgchon_dria

]’n addition 1o delivery of Cu®' to cytosolic proteins and 1o the secretory compartment,
Cu™ must be targeted to mitochondria, where cytochrome oxidasc uses Cu’ for
oxidative phosphorylation. Genetic studies in microbes, and the mapping of mutated
genes that are responsible for defeets in cytochrome oxidase assembly, have also
identified many proteins involved 1 cytochrome oxidase copper binding In
mitochondria (Cobine ¢t al., 2006). These proteins include Cox17 in the mtochondrial
inter-membrane space, Cox11 in the mitochondrial inner membrane, and Scol and Sco2,
structurally simtlar proteins that play a more proximal role in copper delivery to
cytochrome oxidase. Defects in Scol and Sco2 caused catastrophic defects in
cytochrome ¢ oxidase assembly and resulted in severe human discase {lLearv et al.,

2004).

1.4. Detoxification/climination
1.4.1. Metallothioneins: a safeguard of the cell

Even though copper export and import are subject to c¢laborate control mechanisms,
there can be conditions where copper is imported in excess. For example, Drosophila
Ctrl, the major larval copper importer, is regulated at the transcriptional level while
other specics the Ctrs are regulated posttranscriptionally. However, because Ctrs arc not
active transporters both down-regulation mcchanisms may not be fast enough to cope
with a sudden increase in ambient copper concentration (Petris et al., 2003; Seclvaraj et
al., 2005). Thcrcﬂ)rc,_zf*nponant aspect of metal homcostasis 1s the scquestration of
intracellular toxic heavy meals, cspecially copper, a task that is mainly performed by

intraceullar proteins, such as metallothioneins (Kagi, 1991).
N
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Metallothioneins constitute a group of low molecular weight, cysteine-rich proteins
with high metal binding capacity (Baskin et al., 1998; Kagi, 1991; Palmiter, 1998;
Quaifc et al., 1998; Schwartz ct al., 1998; Thomas and Palmiter, 1998). They are tound
in all eukaryotes as well as 1n some prokaryotes and mainly function as intraccllular
metal scavengers/mctal storage proteins {(Ecker et al., 1986; Tumer and Robinson, 1995).
Typically, metallothioncin genes are expressed at a basal level but their transcription s

strongly induced upon heavy metal load {Andrews, 2000).

Among the approximatcly 60 amino acids of a typical vertebrate metaliothionein,
closc 1o one third are cysteines. All mammals contain four major members of the
metallothioncin family, termed MT-1 to MT-1V (or MT-1 to MT-4) (Kagi, 1991, Palmuter,
1998). In mouse, ¢ach type is represented by one member, while in humans, M7= has
expanded into a gene family of its own with over 12 genes (some are pscudogenes).
MT-1 and M-I are expressed at all stages of development in most, if not all cell types.
Their transcriptions are resp(;nsive to adverse conditions, especially heavy metal load,
oxidlalivc stress, iomzing radiation and a number of other stress conditions (Dumam and
Palmiter, 1987, Palmiter, 1998). M-I ts constitutively expressed, predominantly in
neurons but also in glia and male reproductive organs, and its climination in the mousc
increased susceptibility to scizures (Aschner et al., 1997). MT-1V expression ts confined
to diffcrentiaicd squamous epithelia and the MT-1V gene, which also contains a metal
rcsponse element {MRE) in the promoter region, is al least partially metal responsive

(Quaife et al., 1994).



1.4.2. Metallothioneins and ATPase transporters handle cxcess cellular copper
Meiallothioneins can storc copper but they are nol smitable to climinate an cxcess ol
it from the cell. For this, there are the aforementioncd ATP7 transporters, which in some
multicellular organisms redistribute copper from one cell to the others but do not affect
total body copper. In veriebrates, as mentioned before, there is nevertheless a specific
way of eliminating excess copper from the organism utilizing the liver-specific ATP7B
Wilson transporter, which upon copper load translocates from the Golg) 1o the plasma
membrarce o export copper into the so-called canaliculi, the smallest bile transport
channels that ultimately lead into the gall bladder {Camakaris ct al., 1999; Petns et al.,

2002).

1.4.3 Transcriptional regulation of coppcr homeostasis
As mentioned, the expression of metaliothioncins is regulated at the transcriptional
k . - - - -
level. Upon heavy metal load, specilic metal-responsive transcription factors bind to
metallothioncin gene promoters to boost their expression. The cis-acting clement on the
metallothionein gene promoter is called meltal-responsive element (MRE) and it
associated bmding protein or trans-acting lranscriptional factor is known as

MRE-binding transcription factor, MTF].

MTF-1 is a unique transcription factor which is able to handle both extremes, namely,
copper load anci copper starvation. At high copper level, it activates mectatlothionein
genes for morc metallothionein to sequester extra’copper ions, while at low copper level
MTF-1 activates the genc for the copper importer Ctrl to remove copper ions. The

upstream region of the Ctrt gene, which mediates transcriptional induction upon copper



scarcity, includes a segment with three uniquely spaced, strong MREs that is highly
conserved among several Drosophila and other animal species. These MREs are bound
by MTF-1 both at low ahd high copper, and due to their specific arrangement, possibly
in conjunction with auxiliary factors, confer activity upon copper starvation, While
Drosophita Curi is predominantly, if not exclusively, regulated at lhe- transcriptional
level (Selvarajet al., 2005), ycast and human Ctrs are regulated posttranscriptionally,
whereby excessive copper concentration was rcported to stimulate rapid protein
degradation and/or endocytosis (Guo et al., 2004, Petriset al., 2003). Each of these
mechanisms, whether transcriptional or posttranscriptional, allows for a finc tuning of
Ctrl levels and thus of copper import by controlling the amounts of copper transporters

and metallothionein.

1.5 Copper in the environment

Soluble copper compounds (those that dissolve in water), that are most commonly
used in agriculture, are more likely to be health threatening. The concentration of copper
in air raﬁgcs from a few nanograms in a cubic meter of air (ng/m3) to about 200 ng/m3.
Near smelters, which process copper ore into metal, concentrations may rcach 5000
ng/ml. The average concentration of copper in lakes and rivers i1s 4 ppb (Craig et al.,
2007a). The average copper concentration in groundwater is similar to that tn lakes and
rivers; however, monitoring data indicated tha.l some ground water, contained higher
levels of copper. ‘I'his Copper is generally strongly attached to particles in the water.
"Lakes and reservoirs recently treated with copper compounds to control algae or receive
cooling water from a power plant may have high concentrations of disselved copper.

Once in natural water, much of this copper soon attaches to particles or converts o
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forms that cannot easily cnter the body.

Although copper is important, it is toxic when concentrations exceed that of natural
co‘ncentralions {<0.05 mmol/L.). At concentrations cven found in natural waters, the
ionic form of copper is very poisonous towards photosynthesis and growth of unicellular
algae (Contreras ct al., 2009). Copper is onc of the world’s most widely used metals,
with the clectrical industry probably making use of 1t the most. It reaches aguatic
systems through anthropogenic sources such as industrial, mining. plating operations,
usage of copper salts to control aquatic vegelation or influxes of copper containing
fertilizers (Nussey et al., 1995). Copper has an unclear mode of action on aquatic
organisms, but toxicity is largely attributable to Cu®’ {Sandnim et al., 2009), that forms
complexes with other 1ons and many useful proteins (Nusseyet al., 1995). Changes in the
amount of free Cu®' in solution will affect the amount of copper that is bioavailable and
hence become toxic (Welsh et al, 2008). A reduction in water dissolved oxygen,
hardness, temperature, pH, and chelating agents can change the Cu’’ toxicity (Nusseyet
al., 1995). Organic and inorganic substances can .easily complex the cupric form of
copper, which is the most common speciation of this metal, and it’s then adsorbed on to
particulate matter. The chemical speciation of copper 1ons strongly depends on the pH of
water. Copper, in water, precipitates at higbfp'ﬂ (alkahine) and is thus not toxic, whilst at

i
low pH (acidic) it is mobile, soluble and toxic (Nusscyet al., 1995). The main difference
in copper toxicity between mammals and fish concerns cnvironmental uptake, occurring
almost exclusively through the gills in fish. This organ is the impontant site of toxic

insult and important in the start of compensatory responses (Pelgrom ct al., 1995).
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1.6. Biomarkers

Traditionally, chemical analysis was the principal approach 1n  assessing
environmental impacts and setting water quality standards (Hallare ¢t al., 2005; Kohler
ct al., 2007). It mcasurcs ambicnt contamination concentrations to assess the pollution
level, and also the health status of aquatic organisms in the environment (Hallare ¢t al .
2005). Nevertheless, chemical analysis docs not show the bioavailablity of
cnvi.ronmcnlal pollutants and thus only little information can b¢ provided on the
potential or actual biological effects or environmental damage caused by the
contaminants (Hook and Fisher, 2001). Using the water quahty paramcters coliccled
merely from chemical analysis to portray the biological and ccological condition of the
aquatic system, in many cases, inaccurate predicalions are resulted (Adams, 2002).

Thercfore, an idea of using the molecular biomarker for prompt assessment of water
cytotoxicity was also proposed carlicrjﬁ Biomarkers have been defined by Nation
Research Council as ‘xenot.)iotically induced variations in ccllular or biochemical
components or proceses, structures, or [unctions that arc measurable in a biological
system or sample” in 1987, They are classified as marker of exposure to a toxicant,
markers of cffects and markers of susceptibility to the cffects of exposure. The use of
biomarkers in cnvironmental pollution asscssment cnables monitoring of stress
responscs ranging from biochemical (o the population and community level (Lagadic ct
al., 1964).

As to the biomarkers for monitoring the copper contamination, it I?as been found
scveral proteins had the potential to act as biomarkers, such as catalase, heat shock
proteins (HSPs), and metallothionein (MT) (Airaksincn et al., 2003; Dang ct al,, 1999).

However, most of these proteins werc not specifically responsed to the copper
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contamination. For example, the MT can be induced by other metals, including cadmium,
lead (Chan, 1995). And the heat shock proteins can also regulated by many other factors
(Chen ct al., 2004}, Therefore, it 1s important to find several proteins, which can be act
as biomarkers to specially monitor the copper contamination.

The potential for multiplc markers, using high throughput mcthods such as
prolcon';ics. transcriptomics and other mecthods is being investigated. Proteomics
technology offers sigmificant potential for the identification of novel Cu biomarkers
particularly in relation to the analysis of Cu-transporting or Cu-binding proteins in both
healthy individuals and those with Cu-rclated conditions (Park et al., 2009; Smyth ct al ,
2009). There are- specific technological problems associated with the investigation of
metalloproteins, including analysis at low concentrations and the inherent mstability in
response to environmenlal changes. Consequently, isolation of Cu-containing proteins in
phystological conformations is paniéularly challenging. The ability ol these techniques
to screen the entire protcome of a cell may ultimately facilitate the idenufication of
biomarker(s) with no obvious role in Cu metabolism. Potentially, a protein-product
subslanliéllly down-stream from processes clearly related to Cu metabolism may provide
an unexpected component of the *suite’ of Cu biomarkers. Ultimately, a combmation of
‘standard’ protcomics and transcriptomics technologies in conjunction with a range of

innovative mctal detection techniques will be required to drive the scarch for robust

copper biomarkers.

1.7. Effects of copper on fish
Copper is an cssential micronutrient and Cu’' acts as a eco-factor in multiple

enzymatic processes bul is potentially toxic to aquatic organisms. While copper ions arc
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present in all aquatic cnvironments, multiple anthropogenic activitics may result n

elevated concentrations, increased exposure, and potential toxicily to aquatic organisms.

1.7.1. Copper toxicity in fish

At the cellular level, Cuz." inhibits the sodium/potassium-ATPase, caused hipid
peroxidation, and produced morphological damage, leading to disturbances in sodium
the vertebral column occurred. According to (Lewis and Dickson, 1971), damage to the
gill and head arca of fish, could probably cause mucous to accumulaic on the gill area
and the formation of edema of gill filaments. This could then lead to resprratory
problems, which in turn affects the fish even more negatively resulting i stress and
cventually death. A dccrease in hcart rate (bradycardia), venttlation increascs and
anacmia may occur, whilst the locomotor activity increases, although glycogen content
of liver and muscle 1s reduced. Copper exposure could also reduce lish growth, often
with impacts to specific growth rates most evident during initial exposure times
(Clearwater ct al., 2002). It also interferes with branchial ion transport and affects
various blood parameters such as plasma ton concentrations, hematologic parameters,
and enzyme activitics in blood and liver (Sappal et al., 2009). Cu’' may also cause
immunosuppression, vertebral deformities and neurological disorders wn tlapia (Betun

¢t al,, 2006).

1.7.2. Mechanism of acute copper toxicity in fish
The mechanism of acute copper toxicity to fish is well known and can be casily

explained by direct target organ effects of Cu®*. Copper concentrations of the order of
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10150 pg/l (0.16-2.3 pmol/l) or more arc acutely toxic to {ish in soft water (¢.g. 24 h
LCsq for rainbow trout, Oncorhvachus mykiss, 15 90 pug/l total Cu, (Taylor ¢t al., 2000).
Toxicity is gencrally reduced by increasing water hardness, addition of humic substances,
and changes in pH so that both frec Cu™" ions at low pH and cationic hydroxides at high

pH (CuOH™ and CugOl-I;2+) cause toxicity (Grosell et al., 2007).

The primary targel organ for aqueous exposure ts the gill cpithchum, which sulfers
an acute ocdema and cpithelial lifting during exposure. This oedema 1s probably imtiated
by Cu’ -dependent inhibition of the branchial Na K -ATPasc (Li et al., [998) leading 10
solute accumulation in the epithehal cells and the conscquent osmotic influx of water
mto the cclls. This imtial disruption is then followed by a general loss of 1onorcgulatory
control by the gill, cfflux of clectrolytes from the blood over the gl epithelium,
resulting in cardiovascular collapse and death (Pelgrom et al., 1995; Pilgaard et al,,
1994). A moderate hypoxia due to gill injury probably also contributes to the latter
stages of toxicity. The acute toxicology for dietary exposures 10 Cu has somewhat
different etiology, but the end point 1s the same. It may involve protracted vomiting,
resulting in ionoregulatory and acid—base disturbances, and cventually icading to severe

lesions of the foregut which ultimately causc death via gastro-intestinal hacmorthage

(Handy ¢t al., 1999).

1.7.3 Mechanism of chrenic copper toxicity in fish
Environmental quality standards (EQS) protect fresh waters from acute Cu
contamination (¢.g. in the EU the EQS for Cu is 1 pg/l in soit {reshwater) and 1t 15 rare

for Cu concentrations to exceed more than a few pg/l (or 0.1 umol/l) in fresh waters

22



(Brix et al., 2001). Chronic effects of Cu around the EQS are, therefore, more
environmentally rclevant. Chronic toxicity estimates vary between fish species, lile
stage, and water quality; but values between 2 and 14 pg/l {(0.03 - 0.22 umol/l) are
typical for freshwater fish (Brixet al., 2001). Arguably thc longest and most
comprchensive chronic cffects study to date is that of (Mckim and Benoit, 1971) which
explored sub-lethal cffects over 18 months in bro'ok wout (Salvelinus fontinalis). Some
studies reported a maximum acceptable toxicant concentration between 17.4 and 9.5 pg/d
of total copper in rclatively sofl water. In a subsequent study on the same species
(Mckim and Benoit, 1971) reported "no adverse cffect’ of 9.4 pg/l (0.15 pmol/l) total Cu
based on survival, growth, and reproductive end points. There are relatively few chronic
tloxicity data for dictary Cu exposures, the lethal dose for rainbow tront is higher than 10
g Cu/kg food and sub-lethal effects occur between 1000 and 500 mg Cukg tood

F
N

(Ifandyct al,, 1999, Kamundc et al., 2001).

The notion that responses to chronic Cu exposure are morc a matter of physiological
and metabolic adjustment, rather than a consequence of simple target organ toxicity are
illustrated by adjustment to Cu homeostasis itself in the organs of fishes. Aqueous Cu
accumula_les in several tissues during chronic cxposure including the gill, liver, kidney;
and to a lesser cxtent in the muscle (McGeer ct al., 2000; MCKIMet al., 1971). Whilst
these targel tissues are broadly the same as acutc exposures, in chronic exposure lish
have more lime to down-regulate Cu uptake across the gills and re-distribute newly
acquired Cu to the liver for cxcretion (Grosell ct al, 1997, Grosell ct al, 1998} to
minimize toxic effects. The above work by Grosell’s group also showed that fish shares

important similarities with mammals: (1) fish regulates whole body Cu status using the
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liver as central compartment for controlling excretion and circulating Cu concentrations,
and (11) hepatic excretion of Cu is stimulated by chronic sub-lethal exposurc. Whole
body Cu status in fish isl also a function of body size. Adult fish arc able to regulate
tissuc Cu concentrations to lower levels than smaller juvenite fish of the same species
(e.g. muscle, (Grosellet al., 2007). Both the temporal adjustment of Cu distribution”and
excretion, and apparent body-mass dependence of these cvents suggested a well

regulated physiological process in {ish.

In addition to the control of whole body Cu status itsell, many other physiological
processes are modified during chronic Cu exposure. They include altered cellularity
{both cell type and turnover) in the gut or gill cpithclium (Berntssen ct al., 1999},
transient changes in 1onorcgulatory physiology, modified redox status (3aker et al.
1998), alicred ummumity (Dethioft and Batley, 1998), reduced swinming speeds to
preserve metabolic scope for acrobic metabolism, or modified aerobic metabolism to

preserve swimming performance, and allered reproductive strategy.

1.7.4 Copper and oxidative damage

Many of these responses are in part duc to Cu’s high reactivity with H.0O; and
potential to undergo redox reactions to form reactive oxygen species (ROS), a process
known as the Fenton reaction. The resuiting cellular damage can be i the form of
membranc lipid pcroxidati‘on’ DNA damage, and protein carbonyl production (Powell et
al., 2005). Like other organisms, fish combat ¢levated levels of ROS with protective
ROS-scavenging enzyimes, such as superoxide dismutase (SOD) and catalase (CAT) that

converl the supcroxide anions into H;0; and further into H:0 and O3, respectively. Once
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these cnzymes are overwhelmed by excessive ROS production, irreversible cellular

damage and death can occur. '

In turn, ROS cffect in cells has also evolved a complex mechanism. known as
DNA repair system, to reduce the yield of mutations and chromosomal aberrations. This
complex cellular system acts al three levels: (a) arresting the celi cycle to allow time for
DNA repair; (b) tnggering the signal transduction cvents to activate the repair
components; and (¢) directly reversing, excising or tolerating DNA damage via
constitutive and induced activitics (Begley and Samson, 2004). T DNA damage 1s not
repared, cells undergo complex enzymatic reactions that might lead to apoptosis,

necrosis or other torms of cell death (Nyberg ¢t al., 2002).

1.8 Fish models
1.8.1 Tilapia

Nile tilapia 1s one of the most unportant freshwater finfish i world aquaculture, and
a very important species in global capture fisherics (Balirwa, 1992). Among the
numerous regions now inhabited by Nile tilapia, many are undcer threat trom metal
pollutants including copper (Khallaf et al., 2003). Nile tilapia was found 10 be a good
bioindicator as it could withstand the adversc conditions within the mimmum period (4
weeks) of active biomonitoring (Birungs et al., 2007). Active biomonitoring 1s a good

tool lor monitoring waler quality as il intcgratcs responses to combinations of all

contaminants Lthereby indicating overall cffect in a water body.

[ ]
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In Hong Kong, tilapia is very common and widely distributed in inland waters, kei
wais and cstuarine regions (Shen et al., 1998). The ulapia (7ilapia mossambica) was
introduced from East Afiica into local reservoirs in the 1950s. Nowadays, they are
. widely distributed i local water courses and Tilapia mossambica, also known as
Orcochromis mossambicus, 15 the dominant specics found 1n local watercourses,
especially therchabilitated areas. The Shing Mun River is one of the major contannnated
rivers and estuarine regions in Sha Tin (population over S80000) with two major
industnial estates: Fo Tan and Tai Wai. Comp.aring different sites in Hong Kong. Fo Tan
was found to have a rclatively high metal contents in tilapia with up o 449 ppm (dry
weight) copper (Zhou ct al., 1998). Sedunents collected from Fo Tan was also mostiy
pelluted by copper, zine, nickel, cadmium and chromium (Zhou et al., 1998, HKEPD,
1995). Another independent study also found high copper contents 1 liver and gitls of
tilapia collected from Fo Tan (Shen ct al, 1998). No significant differences in metal
contents were found in male and female tilapta, mean wet weight copper content was
328 ppm (standard deviation was 81 ppm) in liver of tilapta collected in Shing Mun

River (Shen et al., 1998).

Tilapia was alsv found to be a copper resistant fish with 24 h and 96 h halt lcthat
concentrations (LC50) of 2.8 ppm and 1.5 ppm respectively, after comparing with other
species of fish as shown in table 1.2, For example, carp is a copper sensitive spectes with
its 24 h and 96 h L.CS0 valuc of only 200 ppb and 50 ppb respectively (Lam et al.. 1998).
Liver and gill mctallothionein mRNA levels in tilapia were also found to be sensitive
biomarker of metal exposures with both injection and aqueous exposures (Lam ct al.,

1998; Cheung ct al., 2004).
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Table 1.2. The LC50 values of Cu’’ to different species of fish

Fish Species ~ LC 50 values References
Tialpia (Oreochromis 2.8 ppm (24 h) and 1.5 ppm (96 h) l.am et al., 1998
mossambicus)

Common Carp 200 ppb (24 h) and 50 ppb (96 h) Lam ct al 1998
(Cyprinus carpio)

Rainbow trout 20 ppb (96 h) Eyckmans ct al..
(Oncorhvnchus mykiss) 2010

Gibel cam (Carassius 150 ppb {96 h) Eyckmans ct at.,
auratus gibelio) 2010

Sea bream (Sparus 236 ppm (24 h)and 1.36 ppm (96 h}  Wong et al.. 1999
sarba)

Zebrafish (Danio reriv) 64 ppb (96 h) Chen and Chan,

upublished data

Until now, there have been some researches about the ccotoxicology of copper study
in Tilapia. It was found that chronic dietary copper has more toxicity than waterborne
copper exposure (Shaw and Handy, 2006). The tilapia recovermyg {rom dietary Cu
exposure needed 63 days, but recovenng from waterbome Cu exposure just needed 10
days. And some studics focused on copper uptake in tilapia larvac lound that the copper
concentration accumulated (n ulapia larvac become steady for 96 h exposed in copper
(Wu et al., 2007). Gills were the first organ to be targeted by heavy metal exposure: liver
was the major site of accumulation, biotransformation and excretion of xcnobiotic
compounds, and intestines were also the important tissuc in copper uptake. For example,
it was found that the concentrations in liver and gill were much higher than that in the
muscle afier different copper concentration exposure (Table 1.3). As 1o metal interaction
in Ulapia, it was found that external Ca’ and Na' would enhance of Cu”' resistance
fish, but reversely, exposure to sub-lethal concentrations of Cu®™ would decrease the
content of Ca®', and increase the content of Na' (Wu ct al,, 2007). It was thought thal

this interaction might be related to competition in binding with the same metal



transporter.

Table 1.3. Mean copper concentrations in the tissues of Tilapia zillii exposed to
copper for 14 days (Ay et al., 1999)

Exposure (ppb) Muscle (ppm) Gill (ppm) Liver (ppm)

Control 5.38 7.58 29.7
0.5 4.33 394 158.8
1 5.79 71.4 228.1
1.8.2 Zebrafish

The zcbrafsh (Danio rerio) has traditionally becn used as both an animal mode! for
molecular genetics of development and aquatic toxicology research (Hill et al., 2005), It
offers a significant advantage since they have small size and easy to exposc them to
different concentrations of chemicals in the laboratory with large numbers of individuals
per experiment, Furthermore, embryonic dcvclopmcqt Is external, outside the mother,
providing access to all phases of development and making it possible to observe
morphological changes associated with exposure to toxicants in the cnvironment.
Embryo-larvae of zebrafish is proven to be a sensitive and reliable model to study the
toxip cffects of sediments and pollutants such as mctal 1ons and other chemmicals (Li et al.,
2004; Chan ct al., 2006; Fraysec ct al, 2006). Zcbrafish is also proposcd as a modecl

for human discase (Perry et al., 2010).

7 In the zebrafish ovary, maturation of the oocytes is accompanied by accumulation of
copper in the yolk, rcaching amounts of 3.5 ng/oocyte by the late vitellogenic stages
(Riggio et al., 2003). After fertilization, copper concentrations incrcased at 512-ccll
stage but declined gradually to normal level similar to 2-cell stage at 5 h

post-fertiliazation, suggesting that there is excretion and possibly metal exchange with
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the environment (Riggio et al,, 2003). With this type of approach we may study the
mechantsms by which copper enters the organism in early development, and whether

certain levels may disturb the development of specific body structures.

Besides, many genes previously known from other organisms 1o be critical for
copper homeoslasis and transport were identified in the zebrafish, cither by in silico
examination of the genome or expressed sequence tag databases or by deliberate cloning
of homologs. To date, only a handful of copper related gencs have been characternized by
mutation, but zebrafish offers the possibility of analyzing embryonic gencs by inhibiting
translation with antisensc morpholinos, as was the case for the Ctr-1 high-affinity copper
transporter (Mackenzie et al., 2004) or lysyl oxidase (Craig et al., 2007b). Transporters,
chaperoncs, and other regulatory proteins (such as the metal-response (ranscription
factor-1 and mctallothionein genes) were studied in embryos and larvac only in terms of
their expression (Chan et al., 2006; Chen ct al., 2002; Chen el al., 2004). Likcwise, most
proteins that require copper as a cofactor for their activity are found in the fish, and
some of these are characterized. Thercfore, given the great genetic potential of the
zebrafsh, it should bc possible to approach the identifcation of the molecules and
proteins involved. Such findings would also have immediate application to human
physiology since, as mentioned above, copper homcostasis genes seem to be highly

conserved throughout multicellular organisms.

1.9 Aims of this study
Previous studies showed that the mechanism of copper toxicity was mainly related to

the oxidative eftfects on cellular molecules, and the studies of copper loxicity mainly
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focused on several well known proteins and genes, such catalase, metallothionein,
Cu/Zn SOD, etc (Table 1.3) (Kimet al., 2008a). A complele map of the mechanisin of
copper toxicity is still lacking. The use of protcomic approaches, which allow the large
scale mining of the interesting prolcin§, would help us to a get more concrete proteins’
profile related 1o copper toxicity. Tilapia is a metal tolerant speciecs, and r_cverscly. the
zebrafish is metal sensitive. It i1s believed that by comparing the protecomic profile of
tilapia and zebrafish’s proteins, it would also help us to understand the mechanism of
copper tolerance and sensitivity of the two species of fish.

The copper homeostasis and transportation pathways have been revealed principally,
and several important copper binding proteins and transporters have been also identified
{Table |.4). However, a full picture of copper homeostasis remains unclear because other
copper related proteins are still unknown, and many copper-binding proteins for copper
transfer to mitochondria, and nuclear are not studied yet (Michelle and Thiele, 2008). In
fact, copper ion is known to be able to bind with many proteins if not all in the cell,
thercfore, it is important to i1dentify additional novel copper-related proteins and uncover
the functions and relationships of copper-binding proteins and confirm 1 they bind
copper specifically or non-spectfically. Metalloproteomics refers to the identification
and detailed characlerization of metal-binding proteins and their metal binding motifs.
Since most metals pass through the liver for detoxification, hepatocytes are ideal for the
study of proteins involved in intraccllular heavy metal metabolism. Determining this
distinct proteomc in the liver will help uncover novel components of copper transport

and extend our understanding of the cellular mechanisms of copper intoxication.
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Table 1.4. Example of copper binding proteins and copper homeostasis proteins

(Kim et al., 2008).

Protein Function

Amyloid precursor  Protein  involved in ncuronal development and potentially Cu

protein (APP) melabolism; cleavage lcads to generation of A} peptide that aggregates
in senile plaque associated with Alzheimer’s disease

Atox] Metallochaperone that delivers Cu 10 ATP7A and ATP7B Cu’
transporters

ATP7A Cu'-transporting P-type ATPase expressed in all tissues except liver

ATPTB Cu’-transporting P-type ATPase¢ cxpressed primarily in the liver

Carbon monoxide Moorella thermoacetica bifunctional enzyme; reduces CO2 to €O with

dehydrogenase to subsequent assembly of acetyl-CoA

acetyl-CoA synthase
Ceruloplasmin
Coapgulation factors V and
Vi

CCSs
CopZ
Cox17

Crrl
Cu/Zn SOD (SOD1)

Cytochrome ¢ oxidase
Dopamine B-hydroxylasc
(DBH)

Ethylene receptor (ETR1)
Hemocyanin

Hephaestin

Glucose oxidase

l.accase
Lysy! oxidase

Metallaothionein

Peptidylglycine-a-amidati
ng MONno-ox ygenase
{(PAM)

Prion protein {PtP)

Steap proteins/Frel/Fre2
Tyrosinase
XIAP

Serum ferroxidase that functions in Fe3+ loading onto transferrin
Hormnologous pro-coagulants present on the surface of platelets, where
they nucleate the assembly of multiprotein proteolytic complexcs
involved in blood coagulation

Metallochaperone thal delivers Cu to Cu/Zn SOD

Archaeoglobus fulgidus [2Fe-28] and Zn2+-containing Cu chaperone
Metallochaperone that transfers Cu to Scol and Coxl1 for cytochrome
oxidase Cu loading in mitochondria

High-affinity Cu” transporter involved in cellular Cu uptake

Antioxidanl enzyme, catalyzes the disproportionation of superoxide 1o
hydrogen peroxide and diexygen

Terminal cnzyme in the mitochondrial respiratory chain, catalyzes the
reduction of dioxygen to water

Oxygenase, converts dopamine to norepinephrine

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

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

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

Pentose phosphate pathway oxidoreductase that catalyzes the oxidation
of D-glucose into D-glucono-1, 5-lactone and hydrogen peroxide

Phenol oxidase invoived in melanin production

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

Cysteine-rich small-molecular-weight metai-binding and detoxification
protein

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

Protein whose function is unclear but binds Cu via the N-terminal
octapeptide repeats _

Family of metalloreductases invoived in Fe3+ and Cu’’ reduction
Manophenol mono-oxygenase; melanin synthesis

Inhibitor of apoptosis through binding and catalytic inhibition of several
caspases
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While mecasured concentrations of chemical contaminants were generally below
acutely toxic levels for fish, potential sub-lethal toxic effects resulting in, e.g. cnergy
rcallocation or behavioral abnormalities arc of our major concerns to study the toxic
effects of copper ions. Sub-lcthal effects are difficult to detect in the ficld, but they may
decrease the evolutionary fitness of fish popuiations (Scholz et al., 2000; Sorcnsen, 199t
D¢ Viaming et al., 2000, Sandahl et al., 2005). As coppecr contamination in the
environment is getting more and more serious, it 1s also important to verify several
biomarkers of cffects genes to monitor the copper contamination in fish. Existing
biomarker genes include catalase, heat-shock proteins, MTs, and the like, all may act as
biomarkers of effcc'ts or exposures to copper stress (Airaksinen et al., 2003; Dang et al.,
1999). However, these genes’ regulation was found not very specific to the copper
contamination, but also rclated to other chemicals, such as cadmium, dioxin, ¢t al
Therefore, it is necessary 1o find some other biomarkers and develop a novel biomarkers’
system to monitor the copper contamination together, and make the results more
sensitive, comprehensive and specific. In a nutshell, the aims of this thesis rescarch are
to idénlify copper-related proteins and copper binding proteins in [ish models using a
proteomic approach. Further more, gene expression study of in vitro and in vivo
experiments was also uscd to verify the responses of the identificd protcins at their gene

cxpression level with scensitive real-time PCR.

Specific objectives of this project are:
1. To identify novel proteins related to mechanism of copper tolerance using in vitro cell
model and exposure experiments on tilapia;

2. To identify novel copper binding proteins and proteins related to detoxification and
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intoxication mechanism of copper toxicity using in vivo fish exposurc experiments
using tilapia; y

3. To identify novel proteins related to mechanism of copper sensitive using in vitro cell
model of zebrafish;

4. Understand how copper ions affect the gene expression of copper transporters.
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Chapter 2
Changes in the protein expression profiles of the Hcpa-’l:l cell line
when exposed to Cu®’

2.1. Introd.nction

Copper is an essential element, but it can have a number of potentially toxic effects
on cells. It has been well-characterized that excessive copper levels lead to the
production of hydroxyl radicals (OH-), which can damage phospholipids and enzymes
(Huster et al., 2007; Turski and Thiele, 2009). Both prokaryotic and eukaryotic cells
have developed a tight cellular control mechanism for copper homcostasis, with a
complex machinery of proteins that bind' the metal 1on and thus control its uptake,

transport, scquestration, and efflux of copper (Harrison ct al., 2000; O'Halloran and
Culotta, 2000; Puiget al., 2002a).

Despite the identification of many copper-related proteins, the full picture of copper
homeostasis remains unclear because the functions and relationships of these proteins
are still unknown, and many copper-binding proteins still need to be investigated (Turski
and Thiele, 2009). Therefore, it is important to identify additional novel copper-related
proteins and uncover the functions and relationships of copper-binding proteins. Some of
these, such as catalase, heat-shock proteins, MTs, and the like, may be suitable to act as
biomarkers of ecffects for monitoring copper contamination in the environment
(Airaksinen et al., 2003; Dang et al., 1999). In recent years, a number of new techniques,
such as transcriptomics-based DNA microarrays (Lange and Ghassemian, 2005) and
proteomics, have been developed to cvaluate environmentally induced protein changes

in living organisms. Proteins are the primary effector molecules of all living systems,
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and therefore virtually any adaptive response to environmental, physiological or
pathological conditions will be reflected by alterations in protein activity, location and
concentration (Bradley et al., 2002; Shepard et al., 2000).

Tilapia (c.g. Oreochromis niloticus) is commonly found in local ponds, rivers and
estuarine regions, and are relatively (e.g., compared with carp) resistant to copper (Lam
et al., 1998). We have used this fish model specie to study the induction of MT gene
expression by metal ions. In this section, we would like to explore other biomarkers of
effects from copper intoxication and a tilapia cell-line from liver (Hepa-T1) is chosen for

this study to uncover proteins up-regulated and down-regulated by copper intoxication.

2.2. Materials and methods
2.2.1 Cell culture

Hepa-T1 is an adherent tissue hepatocyte cell line with epithehial-like morphology
isolated from tilapia. It was purchased from the Cell Bank at the Riken BioResource
Centre (Japan) and maintained in a standard culture medium comprising 50% L-15
medium, 35% DMEM and 15% Hams F12 and supplemented with 1.5 g/l sodium
bicarbonate, 15 mM HEPES, 0.01 mg/ml insulin, 50 ng/ml EGF, 5% hcat-inactivated

fetal bovine serum and 1% penicillin/streptomycin, according to the supplier’s protocol.

2.2.2. Cytotoxicity assay

Hepa-T1 was first seeded on 96-well plates with a cell density of 10 x 10* per well
and incubated overnight. The medium was then removed, and the cells were exposed to
media with different concentrations’ of Cu’” (copper chloride, CuCly-2H,0, analytical

L]

grade) for 96 h. After metal exposure, the medium with Cu?' was removed, and a 100 pl
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medium with 10% alamar Blue was added into the wells and incubated for | hour. The
culture plate was wrapped with aluminum foil during incubation to avoid photolysis of
the alamarBlue. Fluorescence was measured with a Tecan Polarion microplate
fluorescence reader (Tecan) with an excitation wavelength of 485 nm and an emission
wavclength of 595 nm. The fluorescence readings of the wells with cells were corrected
with blank readings without cells. The percentage of cytotoxicity was calculated using
the fluorcscence readings of the control and treatment.

After determunation of the 96 h LC50, the Hepa-T1 were divided into threc groups:
a control group without the addition ol metal and two metal-cxposcd groups to which
were added two different concé;ltrations of Cu? (20% and 50% of the 96 h LCS50
values). After 96 h, the cells were lysed with trypsin bricfly, washed with a PBS buffer
and collected in a 15 mL falcon tube. They were then centrifugated at 1,560 Xg for 3
min. The suspension was discarded, and the cell pellets were washed with PBS three
times by re-suspension and centrifugation. The harvested cells were then stored at -80°C

until use.

2.2.3. Annexin-V/PI assay and cell cycle analysis

The Hepa-T1 cells were treated with 120 uM and 300 uM of Cu®' for 96 h. The
apoptotic and nccrotic rates were detcrmined with an Annexin-V-Fluos staining kit
{BioSource Intemational Inc., USA). The cells were incubated in Annexin-V-FITC and
a Pl iabeling solution for 30 min after staining and were then washed and analyzed using
a BD FACSCanto Flow Cytomcter (BD Bioscience, NI, USA). To analyze the

distribution of Hepa-T1 in the cell cycle under different treatment conditions, the cells

were briefly trypsinizéd, washed with PBS and fixed in 75% ethanol at 4°C for at lcast
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18‘ h. They were then incubated for 30 min in a DNA-staining buffer that contained 200
pg/ml  ribonuclease A (Sigma-Aldrich) and 5 pg/ml propidium iodide (PI,
Sigma-Aldrich). For cach sample, 10,000 PI stained cells were captured, and those in
different phases of the cell cycle were expressed as a percentage of the total number of

cells counted.

2.2.4 Isolation of the cytosolic fraction -

The treated Hepa-T1 cclls were thawed at room temperature and suspended in a
200 uL lysis buffer (25 mM tris-HCI, 2 mM DTT, 20 uM PMSF, pH 7.4). They were
then lysed by ultrasonic fragmentation at 4°C for 10 min, followed by quick freezing in
liquid nitrogen and re-thawing at room temperature three tim;s to lyse them completely
(Specter et al., 1997). The sr;mplc was then centrifugated at 1,500 Xg tor 10 min. The
supernatant was further centrifugated at 105,000 Xg for 60 min to collect its cytosolic
fraction (Spector et al., 1997). All centrifugations were processed at 4°C. Finally, the
protein concentration was determined using Bradford protein assay (Bio-Rad) with
bovine serum albumin as the standard, and that of cach sample was then adjusted to 2
mg/ml and stored at -80°C in aliquots.

\

2.2.5. Two-dimensional gel electrophoresis (2-DE)

The cytosolic samples were mixed with a rehydration buffer comprising 8 M urea,
2 M thiourea, 4% CHAPS, 0.5% ampholyte (pH 3-10, GE Health), 50 mM dithiothreitol
and 0.01% bromophenol blue as the tracking dye. The isoelectric focusing (IEF) step
was carricd out using Ettan IPGphor (GE Health). Precast immobilized pH gradient (IPG)

strips (ready-strip IPG strips, pH range 3-10, 13 cm long, GE Health) were rehydrated
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with 250 ul. (50 ug) of total protein and incubated for 12 h at 20°C with 30 V, followed
by IEF steps of 2 h at 300 V, 1 h at 1000 V, gradient elevating to 8000 V for 2.5 h and
8000 V continued for 1 h, After the [EF steps, the IPG strips were incubated at room
temperaturc for 15 min in an equilibration buffer (50 mM Tris-HCI {pH 8.8], 6 M urca,
30% glyceol, 2% sodium dodecyl sulfate [SDS). 1% DTT) that contained 0.01%
bromophenol blue. A second equilibration step was carried out for another 15 min under
the same conditions, except that the dithiothreitol was replaced with 135 mM
1odoacctamide. The cquilibrated strips were then loaded onto 12% pelyacrylamide (14 ~
16 cim, 1 mm thick) with SDS and a siacking gel of 2 cm of 4% polyacrylamide gel
placed on top. The PG strips were sealed with 1% low melting point agarose 1o ¢nsure
good contact with the gel. The second dimension of the SDS-polyacrylannde gel
electrophoresis (SDS-PAGE) was carmed out using an St 600 Ruby Electrophoresis
Unit (GE Health) at room temperature with a Tris-Glycine bufter (25mM Tnis, 192 mM
glycine and 0.5% SDS} at a constant power of 50 uA per gel untl the tracking dve had
rcached the bottom of the gel. After separation, the proteins were visuabized by staming
the gels u;'ilh silver stain, as recommended by the manufacturer {GE Health).

The 2-DE mmages were scanned and analyzed ustng ImageMaster 2-0) bihite
sottware, The image spots were nitially awtomatically outhined and matched. and then
manually edited. The intensity volume of cach spot was processed bybackground
subtraction and total spot volume normalizatton, and (he resulting spot volume

percemage was used tor comparison.

2.2.6. In-gel digestion and protein identification

The protein spots of interest were manually excised from the 2-DE gel. Each protein
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sample was further processed by .cnzymalic digestion with trypsin 1o gencrate peptide
lragments (Cayatte et al, 2006). The tryptic peptides were mixed  with
acyano-4-hydroxycinnanuc acid (CHCA) of 4 mg/ml i 50% ACN and 0.1 TFA.
spottedt onto the target plate and allowed to dry. MALDI-TOF MS was performed with a
4700 Proteomics Analyzer {TOF/TOF'™) (Applicd Biosystems, USA)Y equipped with a
355 o Nd:YAG laser. The nstrument was operated m a positive ion retlection mode of
20 kV accelerating voltage and in a batch mode of acquisition control. Reflector spectra
were obtamed over o mass range of 800-3000 Da. All of the mass spectra were internally
»
calibrated with ACTIH peptide and peaks of trypsinized alcohel dehydrogenase. Peptide
mass mapping was carcied out using the MASCOT progrum (Matrix Science, London)
with the Swiss-Prot database and GPS explorer software {Apphied Biosystems), During
the dutabase search, one missed cleavage per pepude was set as the maxumum allowance.
and a mass tolerance of 0.5 D& and an MS/MS wlerance of 0.1 Da were also used
according 1o predefined optimized protocols. Other possible vanatiens, such  as
carbamidomethylatnon tor cystene and oxidahion for methronie, were also taken mnto
uccmmtl, Trypuc autolytic fragments and netable contannination were removed from the

dautaset manually belore the database fragment search.

2.2.7. Real-time quantitative polymerase chain reaction (PCR)

The changes in identified protein expression following the adnnnistration of Cu”
wilh dilferent concentrations of copper tons were verified using real-time quantitative
PCR mcthods. A real-time quantitattve PCR was performed in a thin-wal 8-tube strip
with thc Chromo 4™ Four-Color Rcal Time System (MJ Rescarch®), the GAPDH

{Glyceraldchyde 3-phosphate dehydrogenase) gene was used as the internal control for
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standardization.

Total RNAs were extracted using the TRIzol reagent (Invitrogen, Carlsbad. CA)
from the 1 x 10° Hepa T1 cells with or without metal treatment, and ¢cDNAs were
synthesized using ImProm-1I"™ Reverse Transcription (Promega). SYBRE Green PCR
Master Mix {Applied Biosystems) was used for the real-lime PCR analysis. The
sequences of the forward and reverse primers for the identified genes are shown in Table
1. The PCR primer scts for these genes were designed by using the online real-time PCR
Primer Dcesign tool (https://www.genscript.com/ssl-bin/app/primer). and the primers
were synthesized by In Vitrogen. The amplification condition of the real-time
quantitative PCR for the genes was optimized before further investigation and analysis,
The Ct value 1s the number of PCR cycles required to be higher than the predetermined
threshold value of 0.002 tor SYBR® Green intensity. The Ct value of GAPDII tor cach
sample was subtracted from the corresponding Ct value of cach gene as ACt, and the
value was normalized against the respective control trcatment as AACt. The relative

expression of each gene was calculated as the equation: Relative fluorescence = 223,
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Table 2.1. Nucleotide sequences of primers used in the real-time quantitative PCR assay.

Gene

Primer

Sequence

Cytochrome P450 1A
(CYPIA)

Vitellogenin {Vig)

NADI  dehydrogenase
subunit 41,
Cytochrome ¢ oxidase
subunit [l
Glyceraldehyde
3-phosphate
dchydrogenasc

Actin

Interleukin-1 alpha
Growth honnone (GHI}
SUMO-!

ATP  synthasc  subunit
beta

Myoglobin

Zic lanmly member |
Zine finger protein 60
MHEC class H antigen
[nsulin-like growth
factor-1

Proteasome

Parvalbumin beta

Metallothionein (M)

torward
Reverse

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
lForward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

S-ATCTGYGGHATGTGCTTYGGCCGRCGCTA-3
SYTGCCACTGRTTGATGAAGACRCAKGTGTC

YTTGG-3'

S-GAATGTGAATGGGCTGGAAATAC-S

S-TTTGTTTGATCTGGATGTCAGCT

SSTTTATTGCCCTTTCCCTCTG-3
S-COAGCAGTAGCGACGAGTAG-3
SYTAATTCTCATTGCCCTTCCC-3
SSTAAGAGTCGAAGCCGAGGTC-3

r-3

S-ACCACGAAAAGTACGACAGGTCA-3
S“COGCCATCTCTCCACATTTTAC-Y

5-GTGACGTCGACATCCGTAAG-¥
SYTGATCTCCTTCIGCATCCTG-3
5-AGAGCATTGTGGAAGCACAG-3
5"TGOAGAAGAACCAAGCTCCT-3
5-TTTCACCAAGGCTGTCTGAG-3
S"GTTGCCTCCCAGACTTTGAT-3
S-ATGTCAGACACGGAGACCAA-S
SCTCCTGACCGATCACTTTGAG-¥
S-TGAGGCTCTCAGGGAGATTT-3
S-GGTTACCCAGGCACTTCACT-3
S-CTGGGATTTCTCAGGGTGAT-¥
S-GTGTATTGGCCAGTGOTTTG-3!
S-CGAGCTTGTGACCCATCTAA-Y
S-GCTTTGAATGGCTTTCCTTC-%
F-GACGGTACCOGTCACTACCT-3
S“TCTGTTGATGCCGTTCATCT-3
S-CTCCGAACATCCCAGAACTT-Y
S"TACCAGTCCAGTTGCTCAGG-3
SYTCAGATACACGOTGCCAAAT-S
5-GCOGCTCACACTCTTACAAA-S
S“GTCTGCAACTGTAGGGCTGA-3
5-TCCAGCAATGGAGATACCAA-Y
SATTGAGGAGGAGGAGUTGAA-Y
S-CATCACCATCACTGICACCA-Y

5 -TGCAAGAGCTGCAAGAAGAG-Y

S-TGTCGCATGTCTTTCCTTTG-3

2.2.8. Functional classification

The functional classification of the proteins modulated by Cu™" treatment among

the different metabolic pathways and subcellular locations was based on Ingenuity

Pathways Analysis (IPA) (Ingenuity Systems, hitp://www.ingenuity.com). {(PA mapped

cach modulated protein to its corresponding gene object {e.g., gencs, mRNAs and
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proteins) in the Ingenuity Pathways Knowledge Base (IPKB). These gene objects, calied
“focus genes,” were overlaid onto a global molecular network developed from
information contained in the IPKB and were used as the starting point to gencerate the
anticipated biological networks based on thetr connectivity. The functional analysis of
ecach nelwork identified thc biological functions and/or diseases that were most
significant to the genes in that network. The networks associated with biological
functions and/or discases were considered for analysis. The genes mapped o the
biological nctworks available in the IPKB were ranked by scores indicating the
probability that a collection of genes cqual to or greater than the number in the network
cohld be achicved by chance alone. A score of 3 indicates that there is a 1/1000 chance
that the focus gencs are in the network due to random chance. Therefore. genes with
scores of 3 or lmgher can be said nol to have becn generated by random chance with a
99 9% conlidence level. A score of 3 was thus used as the cutoff for identifying gene

networks significantly affected by Cu™".

2.2.9. Statistics

Statistical analyses of the gene expression lcvels and metal treatments were
performed as described in Kennel et al. (2004). For protcomic analysis, the mean protein
intensity of the control group was compared to that of each trcatment group using the
one way Annova Test. Statistical tests were performed at the p < 0.05 and p < 0.0]

levels of significance using Imagemaster Plus (version 7.2, GE Health).
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2.3. Results .
2.3.1. Copper toxicities

The median lethal concentration (LC50) of Cu®’ on the Hepa T1 cell line at 96 h
was determined using alamarBlue assay. The dose response curves with 96 h LC50 were
plotted using SigmaPlot 10 (Fig. 2.1): that of CuCl> was 597 uM (95 % confidence
interval: 513 uM to 696 uM) and that of CuSO, was 818 uM (95 % confidence interval:
655 uM to 1023 uM). CuCl; seemed to be more toxic than CuSQ4 and was thus used in
this project. Flow cytometry measurcment was used to quantify the extent of apoptosis
and necrosis in the total cell population, and significant differences were observed
between the control and the CuCl;-treated cells. After incubation with different
concentrations (120 uM and 300 puM) of CuCl; for 96 h, the percentage of
Annexin-V+/PI+ cells (apoptosis) increased to 1.3% and 3.2%, respectively, compared
to 0.0% in the control group. The percentage of Annexin-V-/Pl- cells (necrosis)
increased to 10.7% and 18.4%, respectively, compared to 0.0% in the control group.
These results demonstrate that CuCl, primarily induces cell necrosis rather than
apoptosis. To determine whether CuCl; stimulates Hepa-T1 proliferation, the cell cycle
distribution was also measured after exposure to different concentrations (120 uM and
300 uM) of CuCl,. It was found that CuCl; treatment reduced the number of cells in the
G{O/G1 phase, but increased the percentage of cells in the S and G2/M phases (Fig. 2.2),

thus indicating that copper can induce the proliferation of Hepa-T1.
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Fig. 2.1. Cytotoxicity (%)} of Hepa-T1 cells after CuCl, and CuSQO, exposure in differem
concentrations (in log scale) for 96 h. The 96 h LC50 values of CuCly and CuSOy4 on Hepa-T1 cells
were determined as 597 uM and 818 puM. The 96 h LC50 values were calculated using Sigmaplot

with non-linear regression.
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Fig. 2.2. CuCl2-induced apoptosis and necrosis with Annexin-V-FITC and PI
staining. Panel A. The upper panel shows the detection of CuCl,-induced apoptosis and
necrosis with Annexin-V-FITC and PI staining. The Hepa T1 cells were exposed to
different concentrations of CuCl; for 96 h. After being stained with Annexin-V-FITC and
PI, the cells were analyzed using flow cytometry. LL: Annexin-V-/Pl-cells (normal); LR:
Annexin-V+/Pl-cells (early apoptosis); UR: Annexin-V+/Pl+ cells (late apoptosis); UL:
Annexin-V-/PI+ cells (necrosis). The data shown are representative of three independent
experiments. Statistic analysis of the apoptosis cells and necrosis cells among the total
population was shown in bar graph (% of cells in each phase relative to the total
population). Panel B. The lower panel shows the flow cytometry analysis of the cell
cycle. After CuCl; exposure for 96 h, the cells were collected, fixed and incubated with
PI as described in Materials and Methods section. The cells were then subjected to flow
cytometry analysis, and 10,000 cells in each sample were counted. Quantitative analysis
of the distribution of cells in cell cycle was shown in bar graph (% of cells in each phase
relative to the total population). GO/G1: cells in quiescent or early G1 phase; S: cells in
DNA synthesis phase; G2/M: G2 and mitotic population. These figures show the
representative  results of three experiments. (*p<0.05, **p<0.01, derived from
Mann-Whitney test).
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2.3.2. 2-DE gel analysis of cytosolic proteins

The cytosolic proteins extracted from the control cells and CuCl;-treated (120 pM
and 300 uM) Hepa-T1 cells werc analyzed by 2-DE. Approximately 2,000 protein spots
were detected on the 2-DE gels. A representative protein profile of the Hepa-T! cells
trecated with 120 pM of CuCl; is shown in Fig. 2.3. In total, 125 proteins were found to
be regulated by CuCl; exposure with a clear dose-response, of which 93 were identified
using mass spectrometry protein identification (MALDI-TOF MS and/or MS/MS). The
details of each indentified protein, including the identification number on the gel, the
accession number, the protein name and the ratio of treatment to control for cach dose
level, are listed in Table 2.2. In most cases, the experimental Mw and pl values from the
2-D gels were in agreement with the theoretical Mw and pl values of the proteins. Thus,
the protein spots were identified with a high degree of confidence.

The magnitude of the ratio changed from 0.00051 down-regulation (Ig heavy chain,
Spoi No. 3298) to 201.2 up-regulation (Preprotein translocase subunit secG, Spot No.
3205). Of the proteins identified, few (e.g., Spot Nos. 1983 and 2089) were located in an
unexpected position on the gel, based on their Mw and pl theorctical values. Any
changes in Mw and pl can most probably be attributed to posttranslational protein
modifications, such as proteolytic cleavage, glycosylation and phosphorylation.
Furthermore, a number of different protein spots were identificd as being the same
protein. For example, Spot Nos. 2154 and 2340 were identified as a growth hormone
precursor. They may be degradation products or different isoforms of the same protein.
Thus, out of the original 125 spots sclected for identification, a total of 93 individual

L
proteins were identified.
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2.3.3. Verification of gene expression by quantitative PCR

To verify the regulation of the proteins identified after copper exposurc, real-time
quantitative PCR was used to analyzc that regulation at the level of mRNA accumulation.
A tolal 18 genes that had their sequences in the tilapia database were chosen for this
analysis. Those chosen are shown in Table 2.2 in yellow. As can be seen in Fig. 2.313,
except for cylochrome P450IA (CYPIAI) and Small ubiquitin-related modifier 1
precursor (Sumo-1), the regulation of most of the genes at the RNA level was m
accordance with the regulation of the proteins shown in Fig. 2.4A. This result further
confirms our confidence in the proteins identified through the protcomic approaches.
Interestingly, the fold regulation of the genes was lower than that ol the protein
rcg:ﬂation, which suggests that, in addition to gene rcgulation, there are also various
levels of regulation during protein synthesis, e.g., translational, post-translational and
post-transcriptional  regulation.  For instange, CYPIA may be aflected by the
transcriptional activities of the Aryl-hydro carbon (Ah) receptor, which may be inbibited

by copper ions. However, the mRNA produced may be enhanced by translational control

to produce more proteins.
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Fig. 2.3. 2-DE gel images of the cytosolic proteins obtained from the Hepa T1 cell line
in the 120 uM CuClI2 treatment group. The total cytosolic proteins were loaded and
scparated using IPG strips (pH 3-10)/SDS-PAGE (12% acrylamide). The gels were
stained by silver staining. The green cycled spots represent the matched spots in these
three gels, and the spot numbers refer to the proteins with a modified accumulation level
after CuCl; treatment that were selected for mass spectrometry identification (the details
arc summarized in Table 2.2).
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Fig. 2.4. Effccts of increasing the CuCl; concentration on the regulation of proteins and



their related genes with tilapia sequences in the database, (A) Zoom-in regions ol typical
2-DE demonstrate the effect of increasing the CuCly concentrition on the regulation of these
proleins. {13} Real-time quantitative PCR results of the genes’ regulation through the effects of

increasing the CuCl, concentration on Hepa-T1 cells. The concentratyens of CuCl; inerease from
left 10 nght (the left column is the control proup; the mmddle cu(rl::n 15 the 120 uM CuC’l,
treayment group: and the nght column is the 300 uM CuCly treatment group) (*p < (L0S, **p =
(LO1, **%n < 0.001, derived from the Mann-Whitney test of individual gene regulation.)

2.3.4. Protein function analysis

Functional classification, according to cellular processes and the subcellular
location of the identified protems, was performed usi_ng IPA (Ingenunty  Systems,
htp:/wwwangenuity.com). The 93 dilferentially expressed protems (Table 2.2) were
scarched with their corresponding access numbers for thewr exact gene counterparts 1n
IPA. These gene counterparts and theiwr respective levels ot change were then uploaded
to the IPA module. IPA mapped the 68 modulated proteins at the CuCly high-dose level
for their corresponding gene objects {(c.g.. genes, mRNAs and proteins) in the IPKB. The
focus genes for 64 of the 68 modulated proteins were overlaid onto a global molecular
network developed from information contamned 1 the [IPKB. The networks ol these
tocus genes were then algorithmically gencrated based on their connecuvity. Biological
pathways were assigned to cach network and ranked according 1o the signilicance of the
biological function for that nctwork. Four of the ten networks wenufied were found 10
be highly significant, in that they had more of the identificd proteins present than would
be expected by chance (Table 2.3, g, 2.5).

The toxic and biological functions of these focus genes were also analyzed by IPA.
As the cell line was dertved from tilapia liver. we focused only on hepatoxicity, Five
toxic functions were identified as significant (p < 0.05) liver hepatomegaly. liver

damage, liver hypertrophy, liver proliferation and hiver necrosis. Lapud metabolism (16%



ol the identified proteins) was identified as the main biological function affected.
Furthermorc, the proteins were also classified into 14 groups according 1o their functions.
which were then analyzed using [PA software (Table 2.3). Twenty-two of the 93 were
found to function as enzymes, which suggested that Cu™* excerts its toxicity primartly by

affecting enzymes.

2.4. Discussion

The aim of the study reported herem was to identify novel proteins that are related 10
the mechamisms of copper toxiony and detoxification, as well as protem biomarkers ot
cllects lor the biomonttoring of copper stress. As with other types of biological stress,
the adaptation to environmental pollution involves changes i protein expression that
can bc produced specifically in response to a particular contaminant or m a
dose-dependent manner. This study 1s the first of its kind o explore the temporal
changes in protein expression n tilapta that are associated with copper intoxication in
liver cells, The levels of more tharr 100 cytosolic proteins were affected by 300 pM of
CuCly, of which 93 were idcmiﬁu\i by MALDI-TOF MS combined with MS/MS. The
relationship between some of these proteins, including metallothionein, catalase and
cytochrome C oxwdase {Ath et al., 2006 Chan et al, 2006, Craig ct al., 2007), and
copper intoxication has been confirmed, which also confirms the reliabihity of our results.
IPA has also been identified as a powerlul tool {or analyzing networks of proteins. Using
IPA and IPKB. the regulated proteins were found to be involved in ten networks, four of
which had three or more focus genes and are considered to be "major™ networks.
The first network containg 21 focus genes that are mvolved m connective hissue

development and  functioning, skeletal and  muscular  system development  and



functioning, and tissue development. In this network, the growth hormone (GH) and
insulin-like growth factor I (IGF-1) genes seem to play central roles in the regulation of
other genes for growth and development. Growth hormone 1s a pelypeptide honmone
that stimulates growth and cell reproduction in vertebrates, and IGF-1 1s a major
hormonal regulator of growth and devclopment in somatic tissues. The induction of GH
and 1GF-1 v this study supports the theory that copper may stunulate the growth of
Hepa-T1, which is also supported by the flow cytometry experiment in which it was
fvund that CuCl> induces the proliferation of Hepa-T!. In bony tish. the [GEF-1 released
from the liver under the control of pituttary GH 1s the matn cndocrine regulator of
growth, maintenance and development, and the amount of IGF-1 circulating regulates
the synthesis and release of GH (Eppler et al., 2007b). In human bemgs, a declie 1n
GH-1 and IG¥-1 contributes 10 increased oxidative stress in the uppocampus, which
means that these two hormones may be mediated by mcreasing the celtular redox

]
potential, thus resulfing in a reduction in the oxidative stress caused by the Cu™ ions.

a
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Fig. 2.5. Dynamic pathway/network modeling of the Hepa T1 proteome afforded by
integration of the protein/gene data to the Ingenuity Pathway Analysis software from
Ingenuity Systems. The intensity of the shading increases with the magnitude of the change. In
the online color version, green represents a decrease, and red indicates an increase. The shaded
or colored nodes are derived from the 2D-MALDI-TOF MS/MS identified protein data set,
whereas the white nodes are inserted by the IPA program. The complete gene product names are
listed in Table 2.2. A: Network 1; B: Network 2; C: Network 3; D: Network 4; E: Nodes are

displayed using various shapes that represent the functional class of the gene product; F:
Relationship between nodes.
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Another branch of network 1 is involved in vimentin (VIM), actin (ACTIN) and
tropomyosin (TPM3), which are associated with the structure/functioning of the
cytoskeleton. CuCl; is found to reduce the expression of actin and to induce that of
TPM3 and VIM. Actin is one of the most abundant proteins in cells, being a
fundamental component of the cytoskeleton in muscle and non-muscle cells. It
represents 12-15% of the total protein in most non-muscle cells and about30% of that in
muscle cells (Kekic and Dos Remedios, 1999). It is also present in all eukaryatic cells,
and most organisms have scveral genes encoding this protein. The actin monomer
(G-actin) 1s a soluble, globular protein with 43 kDa of molecular mass that polymerizes
o form insoluble filaments (F-actin). Oxidative stress can causc scverc [F-actin
disruption in different ccll types. The Cu?" treatment of cultured human intestinal
Caco-2 cells decrcases F-actin staining (Ferruzza et al., 1999), and hemocytes of M.
galloprovincialis exposed to Cu?' also suffer a drastic decrease in actin filaments
(Fagotti et al., 1996). The oxidative-stress mediated alteration of Cu®' homeostasis has
been proposed as a probable mechanism of actin cytoskeleton disruption (Dalle-Donne
ctal., 260]; Gomez-Mendikute et al., 2002).

High Cu®' concentrations activate a number of proteases, which can hydrolyze the
actin filaments and the proteins anchoring them to the cell membranes. Post-translational
modifications opposite to those previously disc®sed for the putative tropomyosin
isoform may yield myosin isoforms with little variation in their pls, some of which may
appear under oxidative stress. linterestingly, tropomyosin 3, which is z}lso an important
cytoskeleton protein, was found to be up-regulated in this study. There are different
tropomyosin isoforms that interact with actin, both in muscle and non-muscle cells, and

they may have different responses to Cu”". Thus, in this study, the exposure of Hepa-T1
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to Cu®” induced TPM3 and repressed actin, which suggests that metal ions can alter the
cytoskeleton ultra structure and cell adhesion dynamics.

The sccond network demonstrates several of the responscs that are involved in the
funclions of lipid metabolism. molecular transport, and small biochemical signalling
molecules, these were the top three functions in which the most differentially expressed
genes were involved, mcluding a number of major genes. The down-regulation of
apolipoprotcin  may indicate the repression of lipid metabohsm by CuCly. as
apolipoprotein B 18 the primary apolipoprotein of low-density lipoproteins and 1
responsible for carrying cholesterol to the tissues (Richardson ct al., 2005). A simular
result was also reported by Huster ¢t al. (2007), who found that copper can
down-regulate lipid metabolisim, particularly cholesterol blosynthesis. In additon, two
important genes, proteasome subunit (prosome, macropain, beta type, 7).and ubigquitin,
act on aprohipoprotein both dircctly and indirectly. 1t is possible that apolipoprotein 1s
involved in the ubiquitin-proteasome pathway, which is esscntial for many fundamental
cellular processes, including the cell cycle, apoptosis, angiogenesis and differentation
{Orlowski and Decs, 2003). The down-regulation of proteasome subumt. which has also
been confirmed in a recent study (Milacic et al., 2008), likely reducces the expression of
apolipoprotein and leads to necrosis in Hepa-T1, as shown n Fig. 2.2A.

The main functions of the third actwork arc rclated to cellular growth and
proliferation, cancer, and reproductive system disease Interestingly, we found a number
of metal-binding proteins and transporters in this network, which indicates that these
proteins may also be involved in these tfunctions. Sclenum-binding protem |
(SELENBPI1) has been found to be related to multiple types of cancer (lluang ct al.,

2006). Sclenium is an essential nutrient that exhibits potent anti-carcinogenic properties,
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and deficiency in il may cause certain carcinogenic diseases. The other important
metal-binding proteins found m this network were Mls, Many experimental data
suggest that MTs may provide protection against metal toxicity, be involved in the
regulation of physiological metals (c.g., Zn®’ and Cu®') and provide protection against
oxidative stress (Lam et al., 1998, Cheuk el al., 2008). Recent studies have also found
increased MT expression in certain tlypes of cancer (Ostrakhovitch et al, 2007).
Therefore. the induction of SELENBP] and MTs by CuCls indicates that CuCls may
posc a risk by inducing cancer or cell growth and those metal-binding proteins may play
an anli-callccr role.

The fourth network contains several nodes cxhibiting changes that may be related to
DNA replication, recombination and repatr. The Rplp0 protein is a type of ribosome
protein that 1s reported to be involved in DNA repair (Lindstrom, 2009). The
up-regulation of the ribosome protein by copper has been found 1n other organisms
{MclIntosh and Bonham-Smith, 2005), which indicates that copper may nfluence DNA
repatr. In the left branch of this nctwork, elongation factor 1-alpha (EEF1AT) takes the
central role in regulating other genes and is responsible for the enzymatic dehvery of
aminoacyl tRNA 10 the ribosome. Recently, it was also proposed that it regulates DNA
replication and repair by binding with prohiferating cell nuclear antigen (PCNA)
{Toueillc ¢t al., 2007). The up-regulation of EEFI1A1 has also been reported to be m
respontse to the inhibition of mitochondrial DNA expression in chicken cells (Wang and
Morais, 1997), which indicatcs that its down-rcgulation should stimulate DNA
replication. This conclusion further confinms the flow cytometry results in this study,
which showed ccll division (Fig 2.2). Tryptophanyl-tRNA synthctase (WARS) was

found to be down-regulated, which may catalyze the aminoacylation of TRNA by its
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cognale amino acid. Network 4 also shows that WARS can bind with EEFIAL, whic
indicates that the down-regulation of these two genes may also influcnce protein
transcription afier CuCl; exposure,

2-DE gel electrophoresis proved to be a rchable and powerful tool for cvaluating
molccular changes in Hepa-T1 cells after the administration of Cu®' jons, although the
technique does have certain linutations. For example, proteins with a high molecular
weight or with pl values that fall at the extremitics of the pH gradients (i.c., very acidic
or basic proteins) are difficult to resolve in gel. Furthermore. 1t 1s well-known that
certain classes of protein or those of low abundance arc underrepresented in classic
2-DE (Gorg ct al., 2004; Rabilloud ct al., 2002). The analysis of low-abundance proteins
could probably be improved by fractionation and purifymg the various cell types belore
proteomic analysis {Ahmed and Rice, 2005). The use of the IPA tool also allowed us to
overcome Lhese limitations. More specifically, the identification of the altered protein
spots, the analysis of networks and the description of the functional relationships
between gene products reported in the hiterature all provided clues as to the other gene
products that are also altered by Cu®' treatment, but cannot be detected by 2-DE. The
combination of protcin profiles and IPA investigation may help to dentity new genes
that are altered by Cu®” treatment and provide further msights into the toxic mechanisms
of Cu,

In conclusion, 93 proteins were found to be differentially expressed, some of which
may be suitable as biomarkers of cffects to monitor copper contamination in the
cnvironment, especially the 18 that were further confirmed by real-time quantitative
PCR. Some of these 18 proteins, including metallothionein, glutathione transferase and

cytochrome ¢ oxidase, are well-known biomarkers for metal contamination. In addition,
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other proteins were also found to be significantly induced or reduced in the mRNA lcvel
of the Hepa-T1 ccell line after copper exposure, including growth honmone (120 uM, p <
0.01; 300 uM, p < 0.001}, interleukin-1 alpha (300 M, p < 0.05), ATP synthasc subumit
beta (120 pM, p < 0.01; 300 uM, p < 0.05), zinc finger protein 60 (120 uM. p -2 0.05;
300 uM, p < 0.05), proteosome (300 puM, p < 0.05) and vitellogenin (120 pM, p ~ 0.03;
300 uM, p < 0.01). These six proteins may be new biomarkers for copper contamination,
and we arc currently cxamwning them in an in vivo tilapia fish exposure test to determine
the lowest obscrvable cffect levels and no obscrvable cffect levels of copper
concentrations in water. A multiple biomarker monitoring system may also help o detect

copper contantination more accurately and specilically,
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Chapter 3
Identification of hepatic copper-binding proteins from tilapia

3.1 Introduction

Bimynlh-csis of “cuproproteins”™ is dependent on the high-affinity uptake of copper
ions from natural environments, regulatory proteins, and other auxihiary proteins. F,w:l-1
so, the mechanism underlying copper homeostasis is still not fully understood (Turski
and Thiele, 2009). It is therefore important to identify all copper-bindig proteins and
uncover their functions-and relationships using a prateomic approach. Some identified
protemns may be useful l?iomarkcl‘s ol cffects that allow for monitoring the impact of
copper contamination in the environment (Correr et al,, 2002; Kchoe ¢t al.,, 2000).
Metalloprotcomics refers to  the identification and  detaile  characterization  of
metal-binding proteins and their metal-binding motifs. Because most metals pass
through the hiver for detoxification, hepatocytes are ideal for the study ol proteins
mvolved in intraccllular heavy metal metabohsm. Determining the properties of this

-

distinet protcome in the liver will help uncover novel components of copper transport

3

and the toxic mechanisms of copper ion.
We have previously reported copper toxicity and  accumulation m ulapia

(Oreochromis niloticus), and have used the Hepa-T1 hepatocyte cell-line of tilapia to
identify novel cuppcr-al‘l‘t'clt:(rprolcins using differcntial proteomic approaches (Chen

and Chan, 2009). I‘cral tilapia fish collected in the field were found to have high copper

content in the liver (Lam et al., 1998; Shen et al., 1998; Zhou et al., 1998). We have also

reported the identification of 93 proteins in Hepa-T1 exposed to copper 1ons which are
. *
mainly involved in lipid metabolism, tissue connective development, celi cycle control,

cte. (Chen and Chan, 2009). However, we did not positively identify copper-binding

< .
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proteins n this in vitro study, nor did we carry out similar study in vive using tilapia,
This chapter repovts a comprehensive assessment of the hepatic cuproproteins of tilapia
i vivo, We first scparated cytosolic proteins nto different fractions by fast performance
hquid chromatography (FPLC), greatly improving the resolution ol our 2-dimensional
gel clectrophoresis (2-DE:) separation in companson with untial attempts using liver
cytoplasm lysate (data not shown). The fractions after FPLC wath higher copper
concentration were then loaded on copper immobihized metal affioty ¢chromatography
(Cu-IMAC) to separate the copper-binding proteins and were subscquently analyzed
using 2-DI2 and proteomic analysis. We hoped W oblain some novel copper-binding
proteins and uncover the copper transportation pathway and biomarkers that enable to

monitor the copper contanmunation tn the aquatic cnvironment,

3.2 MATERIALS AND METHODS
3.2.1. Tilapia

All-male adult ulapia (Orcochronus aureus * Oreochronns nifonicus) were oblamed
from a hatchery in mainland Clana as fry and reared in 60 L glass aquaria, were supphied
with dechlormated. circulated. and acrated local tap water at 26-28 "C under @
photoperiod of 14:10 h (day:might), and were fed with commercial fish Tood pellets in
the laboratory tor 2-3 years. The fish were treated with CuCly by the two methods of
copper injection and exposure. To maxinize the induction of copper-binding protemns,
the fish were intrapentoncably injected with difterent dosages of CuCly solution (100
ppm CuCl- in 0.9 %4 NaCl) for 4 days: 0.5 mg/kg on day one, .5 mg/ky on day two. |
mp/kg on day three, and | mg/kg on day four. They were then Killed to remove thewr

ltver tissues on day tive (Chan et al., 1989; Chan. 1994). The control group was mjected
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with 0.9 % NaCl only using the same injection regime. The volume of the solvent was
calculated according to the weight of the fish. The liver samples were disscctled before
being stored at -80 °C for further use. To enable us 1o detect the regulation of the related
genes, the tlapia were also exposed to four different sub-lethal concentrations of CuCl,
{25 ppb, 50 ppb, 100 ppb, and 500 ppb) in several 10 L. glass tanks for 96 h, including
one control group exposed to tap water only. After aqueous cxposure, the hiver tissues

were dissected and store at -80 °C.

3.2.3. Preparation of cytosolic fractions and protein determination

All steps were carried out at 4 °C. Pooled hiver tissue from CuCly injected ttlapia
were weighed and homogenized ustng a homogenizer in we-cold 10 mM Tris-HCL (pl
7.4, 3 mL/g ussue) comaining 2 % triton X-100, 4.4 mM mercaptocthanol, and 20 uM
phenylmethanesulphonylfluoride  (PMSF).  Cellular  debnis were removed by
centrifugation at 1,500 Xg for 10 min, and after centrifugation at 30,000 Xg for 1 h, the
supernatant were stored at -80 °C. Protein concentration was deternuned by the Bradford

method using bovine serum atbumin ay standard (Compton and Jones, 1985).

3.2.3. Gl filtration and atomic absorbance spectrometry {(AAS)

The eytosolic proteins (20 mg) were separated according 1o thewr molecular weight
using Superdex 75 (HiLoad 16/60 prep grad. GL Health) gel filtration chromatography
on AKTA fast protein liquid chromatography (FPLC, GE Health).. Elution ol cytosolic
proteins was carried out using 10 mM Tris-HCl (pil 7.4} containing 100 mM NaCl, 14.4

mM mercaptoethanol, and 20 uM PMSF. Protein clution was monitored at 280 nM and
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254 nM, respectively. Five mL of each fraction separated by a column was then
collected. The column was calibrated with slanda?‘d protein markers: | mg/ml. BSA (67
kDa), 10 mg/ml. albumin from chicken egg white (44 kDa), | mg/mL carbonic
anhydrase (29 kDa), 10 mg/mL metallothionein (7 kDa), and 10 mg/mL glutathione (0.3
kDa). The copper concentration in alternate fractions separated by AKTA FPLC was
analyzed by using AAS (Hitachi Z8100 FAAS) to find the copper-binding protcins
containing Iractions. Before AAS analysis, ]| mL of each 5 mL fraction was added to
14.5 uL 69 % FINO;. The elution buffer was us'cd as a blank. Then fractions (pcaks) with

higher copper concentrations were pooled together and analyzed by IMAC and 2-DE to

scarch for the copper-binding or related proteins.

3.2.4. Western blot analysis

Fractions after FPLC at the same peaks were pooled together and analyzed with
12 % SDS-PAGE gel and visualized by silver staining with PlusOne silver staiming kit
(GE Health). Di-Golden pre-stained protein markers (10-220 kDa, HOU-BIO Tech,
Hong Kong) were used for SDS-PAGE with a 16 kDa lysozyme marker as control for
Western blot transfer. After transferring the proteins to a PVDF membrane (Millipore),
the blot was blocked with blocking solution (5 % skim milk and 0.1 % Tween 20 in
phosphate-buffered saline) then incubated with anti-MT (1:1000 dilution) antibody n
blocking solution. The anti-MT antiserum was obtained from a custom-made product
from rabbits injected with synthetic peptide of N-terminal amino acid sequence of fish
MT, N-MDPCECSKTG-C (Chan, 1994) conjugated to limpet hemocyanin (GenWay
Biotechnology, San Diego, USA). Horseradish pcr.oxidase-con_iugalcd secondary

antibody (Santa Cruz) was used at 1:5000 dilution and super signal chemiluminescent
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substrate (Picrce) was used for detcction and signal enhancement. The fluoroimage was
obtaincd using X-ray film (Fuji) and was digitally scanned using ImageMaster 2-D Elite

software on a Molecular Imager (STORM 860, GE Health).

3.2.5. Immobilized metal affinity chromatography (IMAC)

Cu-IMAC columns were prepared by using 1 mL HiTrap Chelating HP columns (GE
Health) and protem  separation was performed on AKTA  fast protein  liquid
chromatography (FPLC, GE llealth). Copper was coupled to the column by applving a
50 M CuSQO,, 0.5 M NaCl solution. Excess metal was removed with 4 ml. binding
buffer (20 M Na.HPQO,s, 500 mM NaCl, 5 mM imidazole, pH 7.4). The pooled
fracuons with hgh copper peaks were first dialyzed with dialysis membrane (MWCO
3kDa) to remove mercaptocthanol before being loaded on the column for 1 h at 4 °C.
The column was washed thoroughly with 10 column volumes of binding buifer (o
remove unbound proteins. The bound protcins were eluted with efution buffer (20 mM
Na;HPOQO4, 500 mM Na(Cl, 50 mM imidazole, pH 7.4). Protein concentrations were
determined ustng the BioRad protein assay (Comptonet al., 1985) and {ractions were
monitorcd by SDS-PAGE using protein ladder purchascd {rom Biclabs as markers,
Proteins after SDS-PAGLE were visualized with silver stain by PlusOne silver staining kit

(GE Health).

3.2.6. Two-dimensional gel electrophoresis (2-DE)
Samples from FPLC and IMAC were dialyzed with dialysis membrane (MWCO 3
kDa) and concentrated with Microcon centrifugal filier devices (MWCQO 10 kDa). The

concentrated samples were diluted to 1 mg/mL with iso-electric focusing (IEF)
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rchydration buffer (7 M urea, 2M thiourea, 4 % CHAPS, 0.5% ampholyte (pH 3-10, GE
[lealth), 50 mM dithiothreitol). IEF was preceded by rehydrating the 13 ¢ immobilized
pH gradient (IPG) drystrips, plihB-IO (GE Hecalth), with rehydration botfer containing
protein samples of up o 150 ug. The rehydrated strips were focused overnight with an
IPGphor instrument {GE Health). The following steps were in accordance with previous

study in chapter 2.

3.2.7. In-gel digestion and protein identification
The proten spots of interest were manually excised from the 2-DI gel. The in-gel

digestion protocol was similar with that in chapter 2.

3.2.8. Real-time quantitative polymerase chain reaction (PCR)

The changes in identified protein expression following the administration of Cu®’
with different concentrations were verificd using real-time guantitative PCR methods. A
real-time quantitative PCR was performed in a thin-wall 8-tube stnp with the Chromo
4iM Foﬁr-Color Rcal Time Systemi (MJ Rescarch®); the 18S gene was used as the
internal control for standardization. The sequences of the forward and reverse primers
for the identified genes arc shown in Table 2.1. The other procedures were same to that

in chapter 2.
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Table 3.1. Nucleotide sequences for primers uscd in the real-time quantitative PCR

assay. Primers were designed from the nucleotide sequence of genes reported in

GenBank with accession numbers shown.

Gene

Accession No.

Nuclcoti_(-l‘e-géalie;& (n, foiward; R, reverse)

Heat shock protein 70
Calmodulin

Ferritin

Giycogen phosphorylase
138

Cytochrome P450
aromaltase type 1l
CwZn-superoxide
dismutase

Bela hemoglobin

Vimentin

Glutathione peroxidase

F1375325
AY 513748
AY 737022
DQO10415
DQ397879
AF472621
AY491056
AY 522595
Q92155

Q4RSM6

F: 5°- TCCATCCTGACCATTGAAGAC -3°
R: 5- TTCTGGCTGATGTCCTTCTTG -3°
F: 5- CAAAGAGCTTGGGACTGTCA -¥
R: 5 TTGCCGTCAGCATCTACTTC -3
F: 5- CTACCTTGCCCTGGGTATGT -3
R: 8- TCAGCCTOGTTCCCTCTCTTT -3

F: 5 TCTCGCAATGCCTTATGAC -¥

R: 5- CAGAACGGCTTGGATGTAA -3
F: 5- GCCGAGAAGACGATCAAACT -¥
R: 5'- GCAGGTTCACCTACGGAAAC -¥

C FS-CAGATATATTCTTCAAGGTTGGAT -3

R: §™- CTTCAAGCAGGCTCTCCAT -3

L5 CGTGACTCCATCATTGGAAG -3
R: 5" TACCGGTCTTCAGGCTCTCT -3

F: 5% ACCTGTCCACCAATGCCC -3

R: 5 TGGCTCAGGTTGGCATAGG -3

F: 5- TTCTGGGTACGACTCGTTGA -3

R: 5'- ATCGAAACCACAACAACCAA -3
F: 5- TATGTCTGCGTTTCCTGAGC -3

R: 5- AACAACCCTCTCCAAGCAAC -3

ey ]
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3.3. RESULTS
3.3.1. Copper and metallothioncin distribution after FPL.C

Cytosolic proteins from tilapia hepatocytes with or without heat treatmemt in the
control and Cu®" injection groups were separated by Superdex 75 with detection in the
254 nm and 280 nm, respectively (Fig. 3.1). A total ol 5 peaks werc resolved after FPLC
separation 1n the control and Cu® jection group without heat trcatment (l1g. 3.1A &
13), while two major peaks with higher copper concentration were detected in the
copper-injected samples, In addition, the copper concentration in peak 3 ol the copper
injection group was mauch higher than that of the control group.

It appcared that the copper-binding proteins should exist m these twoe peaks alter
FPLC and there should be some differenttally expressed protein i the liver of tlapia
after Cu’ injection. To further confirm this hypothesis, the cytosolic proteins with heat
treatment were also conducted with the same methods. It was found that there were only
4 pecaks after FPLC separation in heat-treated cytosols with lower peak 2 and peak 3 in
Fig 3.1A & B disappeared. As shown n Fig 3.1C & D, the copper in peaks 2 also got
lower, and that in peak 3 disappeared, but accumulated near the peak 4 afler heat
treatment. This-should be due to heat treatment will cause denaturalization of proteins in
pcak 2 and 3, then the copper binding with these proteins will be released. and
redistributed. It seems that the heat treatment 1s onc of factors to influence the copper
distribution. At the same time, this result proved our previous hypothesis about copper
binding proteins and diffcrentially expressed proteins in peak 2 and 3.

To cnable further analysis of the distribution and nugration of copper, the
distribution of MT in cach peak after FPLC was studied by westemn blot. There was only

a single band in peaks 2 and 3 in the western blot result (Fig. 3.2B). Inlerestingly. the
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signals of peaks 2 and 3 disappeared afier heat treatment and moved (o peak 4. This
should be due to the binding ability of M1 with other proteins in peaks 2 and 3, or its
polymerization. As MT is a heat-stable protein, when other proteins in peaks 2 and 3
were denatured afier heat treatment, MT moved to peak 4 as monomer according it 1s
molecular size of 7 kDa. In summary, it appcared that the copper-binding proteins
should exist in these two peaks after FPLC and that there should be some differentnially
expressed protein in the liver of tilapia after Cu’™ injection. To identily the
copper-binding proteins and the differentially expressed proteins, peak 2 and peak 3
{rom the Superdex 75 column chromatography were further analysced with 2DE pel and

Cu-IMAC combined with 2-DE gel.
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Fig. 3.1. Scparation of cytosolic proteins by FPLC with Cu contents determined in
different fractions. The cytosols collected from liver of tilapia with or without copper
injection were loaded on a Superdex 75 column, eluted with tnis buffer at a flow rate of |
mi/min; 5 ml fractions were collected and analyzed for Cu concentration by AAS. The
solid lines are the results detected with 280 nm; the dotted lines are the results detected
with 254 nm; and the solid lincs with circle represent the Cu distribution in different
fractions. A: control group without heat trcatment; B: Cu injected group without heat
treatment; C: control group with heat treatment; D: Cu injected group with heat
treatment. Relative positiens of molecular size markers for column calibration are shown
on top of the profiles and the peaks pooled for SDS-PAGE and further studies arc also
marked. -
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Fig. 3.2. SDS-PAGE of protein fractions from FPLC as shown in Fig. 3.1 and the
fractions were also detected for metallothioncin by western blot analysis. The left
panels were result of SDS-PAGE stained with silver nitrate (panel A and C}), and the
right two pancls were the western blot result from unstained gels (pancl B and D). A:
cytosolic proteins without heat treatment. The control group ts shown [rom lancs | o 4
(lane 1: peak 1; lane 2: peak 2; lane 3: peak 3; lanc 4: peak 4). The Cu injected group is
shown from lancs 5 to 8 (lane 5: peak 1; lanc 6: peak 2; lane 7: pcak 3; lane 8: peak 4),;
B: cytosolic proteins with heat treatment. The control group i1s shown from lanes 1 to 3
(lane 1: peak 1; lane 2: fraction peak 2; lane 3: peak 3). The copper trecatment group 1s
shown from lanes 4 (o 6 (lane 4: peak 1; lane 5: peak 2; lanc 6: peak 3). Lanes marked
with M were loaded with pre-stained markers with a 16 kDa lysozyme detected as
positive control of western blot analysis. )
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3.3.2. Differentially expressed proteins

The two major ;)eaks with high copper concentration after FPLC with Superdex 75
were analyzed by using 2-DE gel (Fig. 3.3). By comparing the control and Cu®' injected
groups, 66 and 49 spots were found to be differentially expressed in peaks 2 and 3,
respectively (I1g. 3.3). These differentally expressed proteins were then dentified by
MAILDI-TOF MS. A total of 44 proteins were 1dentified in peak 2 and 36 m peak 3. The
details of cach identified protein, including (he identification number on the gel. the
accession number, the proteins’ name and the regulation folds, arce hsted in Table 3.2 &
3.3 In most cases, the cxpenimental Mw and pl values from 2D gels were in agreciment
with the thcorctical Mw and pl values of the proteins. The resuits for the differentially
expressed proteins in peaks 2 and 3 were also compared with the proteins found m our
previous study ol copper-ailected proteins in vitro using the Hepa I'l cell-line (Chen and
Chan, 2009). Mosl ol the proteins in these two peaks, which were also listed i Table 3.2
& 3.3, were also regulated by Cu’™ in vitro, AIUmuéh Ihe\regulution of these protcing by
Cu’' was almost well-matched, some proteins such as trypomyosin (No. 39) and
para[b.umin beta {(No. 64) in peak 2 were not found 1n this study. Besides, there were
some vverlap between peak 2 and peak 3, such as heat shock protein 70 {N\o, 16, peak 2;
No. 3, peak 3), and cytochrome P450 1A1 (No. 19, peak 2; No. 9, peak 3). Most of these
overlap proteins’ regulation was well-matched, cxeept vimentin (No. 50, peak 2, down
regulated; No. 15, peak 3, up regulated), which nught be due to the the different

isoforns of this protein.
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Fig. 3.3. 2D profiles of the control (left panels) and Cu injected (right panels)
groups in peaks 2 (upper panels) and 3 (lower panels). Proteins were separated by
2-DE on a pH 3-10 gradient in the first dimension and by 12 % SDS-PAGE for the
second dimension and were visualized by Coomassie Blue staining. The proteins
identified by MALDI-TOF MS/MS analysis, as listed in Tables 3.2 and 3.3, are labeled.
The spots with a red cycle were up-regulated and those with a green cycle were
down-regulated.
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Table 3.2. Differentially expressed proteins in peak 2 (Fig. 3.1) after FPLC
separation comparing conlro} and Cu injected groups

N Protein Nume Accessig No. MW/ PI Svare Q Ratio M
Chaperoene T
15 Heat shock protein 5 £il25742763 7247615 07 GR/7 198+ 26 L
16 Heat shock cognate 71 kDa protcin gl 346318 TI528/5 19 0l 7 3 37L060 u
2 Olucose-regulated protein 78 g1 10226520 723614 97 TE& 0 31+0.02
6 leat shock 60 kD protein | pil310444%9 6138975 56 665 028012 L
T Glucase-repulated protein 94 110226526 YXIgx4 71 N2 {+4940.20
Enzyme
19 Cytochrome PA50 1AL 21200155892 G715 93 340 155222 71 u
1 g:;tli:'lllr(]‘lmc P45, subtarmaly 21 A, poly 1116923948 562579 18 475 33541 48
22 Catalase p19e22234 SU79418 12 A d Y1n 97 u
28 ATP synthase subumat alpha vill4193440 65304 42 d802 2046049 u
62 Cytochrome ¢ onidase subusat 1 il 224K 16K 2597674 TR v Vihed) 74 v
63 Cytochrome oxcise subann [ e, 14599424 1389046 43 A0 4 SNel 43 u
0t NADH dehydrogenase subuet 3 ' E707606 WILZKR 12 S 3 424246 v
8 Homogentisate 1.2-divxypenase gl 10441585 45208/6 37 S IRTSIIRE
31 Glveogen phosphorylase g1, 67810410 42178/8.45 EEY 128041 _
32 Proteaspme subunn, alpha type 24119230 263398 72 37 0 Tdaih 18 B
35 Cystene protease pd2-beta 1381643 30445 68 NS 0 16 20
44 Soluble guanylyl cyclase beta subunn P 57278040 T0685/5 32 AR a0y 12
48 Sennefthreonine kinase 3 il 3929032 Seeb33/5 05 47§ [ERO [0
49 Xunthine dehydrogenase C 14985703 148389/6. 0% 18 B 1040 10
Transporier
32 Beta globn p22135542 16433/7 |14 651 238205 U
55 Mitochondrial uncoupling protemn UCP £i]13259162 331349 27 7348 a1 U
Hormone
W Insulim-hke growth factor I precursor E1,604620 1} 31008 S8 f 19501 20 u
34 Novel protem g1 20632501 Ryl 133 SN 7 29
14 Adiponecun gllZ7R07433 2olYiys 47 dys Q2u-0 07
I Prolacetm il 7367486 230KT7 X 43 03341019
_ ‘Transcription factor
5 Transportim 3 141055198 10596775 4 353 Iy2-1.24
36 :)::_1:']:: w carled-conl deman contmining 57, 211109119249 1132675 $9 5810 0403013 u
47 Transcnpnon lactor 1d pi26984176 T LRUB/R.BS donl 0 2314013
Metal-binding proteins
57 Fernun H-2 zi]185133949 20504/5.64 A 1474137
58  Ferritin -2 pi|185133949 205045 .09 olis 2551076
63 Parvalbumia beta i 2E4931108 11433/4 41 463 U 2820105 U
Cytoskeleton
17 Actin pild2560193 42073/5.3 105/ (28,0 07 1}
20 Myosin heavy chain pid2 11972 50594522 5743 U36:017
25 Actin grd42560193 42073/5.1 13078 0 3440.05 D
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1
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Tropomyasing-|
Vimenumn

Putative collagen alpha |

Unnamed protcin product
Syndesmos

Fragile X mental retardation |
Unndghed protein product
MHC class T antigen

IGEBPS

bumuenogiabulin heavy chain vanable region

28557136
21LRGUOUR
e 1095779
hers
2121757857
k4150147
gij2330RGOT
gi' 17215577
21j2144390
gij263306
gill4289028

2HARD/ G5
4461344 75
P78 7

37998 11
2349707
GANHNE 74
102464946 O
YTRO0VS 3

1 29966 1
13064349 116

nlef
41
o544
JI33
AfH3
e 3

O30 1D
1. 15+10.06
0272009

132414
26217
{13005
0422010
1.34:0.06
0.39+00.12
1= 08

* In this table, “N” stands for spot no.; Q" stands for nuniber of peptides matched: “M” stands for a

maich with the data trom our previous in vitro study: U™ stands for up-regulation and D™ stands tor

down-regulation as found in our previous in vitro study {Chen and Chan, 2009).
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Table 3.3. Differentially cxpressed proteins in

between control and Cu injected groups.

peak 3 after FPLC scparation

N Protein Name Accessing No. MW/P} Scare/Q Rane M
Chaperone
3 HSP70 prowem 2157679184 6Y955/5.13 517 2411055 u
Enzyme
7  Dihydropyrimidinase-like 3 £1j66472750 6191 1/6.00 58/7 17824216
t6  Glyceraldehyde-3-phosphate dehydrogenase  gi'l85133678 36030/ 7.81 65/6 3.924£0.45
I8 i(i{tz;ir:l?chydc 3-phosphate dehydrogenase gi194241594 16170/8 69 6276 4164147
11 Putative zinc metatlopeptidase; M1P4 215281311 7R652/8 21 544 $36+1.32
* 20 Methybmalonyl-CoA mutase 21122293511 54063/8 48 6775 3914097
24 Methylmalenyl-CoA mutase gij2229351% 540063/8 48 47/3 387+2.010
27 Glutathione S-transferasc 21630882 245006/8.16 3872 3542107 L
30 Excision repair enzyme ERCC-1 gi'1763750 14465/5.89 433 12.39=1 14
32 Stanniocalcin 2129170568 28487/8.27 45/3 287:075 U
34 Tnoscphosphale isomerase B £il82245450 2710(/6.45 /4 3524109
I8 1-Cys peroxiredoxin £1127497545 12161/8.72 342 43841 86
49 ATP synthasc alpha subunit precursor gi'162719 38967/9.57 1873 107+1.31 U
4 Phosphoglucose 1somerase-2 e 1589364941 61974/7.07 518 0.27+0.21
48 Cylachrome P450 eil6910928 7235/9.52 §2/3 033009
Transcription factor
14 Zince finger protein mil1 7368847 47796/6 5 3672 535241 10 D
23 [’;‘r:}{l 'i‘.l“'g:j;?;_‘;:::;‘;“;:zl“cl‘:“““l“'“‘g gil21105435 16830/4 78 sS4/ 15910 85
2 Cell diviston control proteins homolog w|1705675 34593/8.6 4473 0.28=00 11
Transporter
6 Na+/K+ ATPase alpha subunit isoform 5 a1l 1096277 113858/5.17 47/3 4.74:20.64 U
8 V-ATPasc subumit A gill4915706 08757/543 323 1.27:1 .45
12 Vacuolar protein sorting 26 ' £il410538060 38255/6.3 37.2 5.30+0.42
13 Apolipoprotein A-1V 21563320 28140/5.39 45/3 3.8240.53
19 Similar to transmembrane protein 74 gi'.lti‘)53(}0511 30997/6.00 16/4 3.6241.52
25  Beta hemoglobin A gil6230890 16347/7.90 M 2.98+1.66 U
36 copper-translocating P-type ATPasc gij114764834 15554/10.38 5875 5.02+0.53
Cytoskeleton
IS Vimentin beta eil1353210 52165/5.26 3373 2 89=1.12 u
35  Twin-lke protein 2i{21238658 19460/4 45 69/4 1521107
Mectal-binding protein
22 Ca’'-dependent activator protein for gil1022782 25856/5.06 4353 5.35:0.481
secretion
4]  Meallothionemn MT_PSEAM TIR5/8.05 45/3 3.74£1.03 u
43 Calmodulin g11124271042 7535/4.32 34/3 2.62=0.82 u
Hormone
45  Growth hormone 11404398 19869/7.83 34/3 531=1.40 U
Others
1 Vitellogenin Il gi|l57278415 191691/9.22 4373 2.86£0.77 U
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21 Ywhabli protein 256269288 32529/4.63 62/6 3224138

40 T cell receptor alpha chain eil29691067 2R8086/5.64 55/ 2.69+0.72
44  MHC class 11 beta chain EH309948 9752/7.93 38/3 5.08=0.09
17  Gamma-aminobutyric acid B receptor pill 5741079 34037/7.07 4473 0.20£0.15

* In this table. “N" stands for spot no.; “Q" stands for number of peptides matched; “M” stands for a
match with the data from our previous in vitro study; “U" stands for up-regulation and D" stands for
down-regulation as found 1n our previous in vitre study on the Hepa-T1 cell-line (Chen and Chan,
2009).
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. To further confirm the regulation of these genes, quantitative real-time PCR was
adopted in the next cxperimen.t. Furthermore, the differentially expressed proteins can be
divided into 8 groups according to their function, including chaperone, enzyme,
transporter, hormone, transcription- factor, metal-binding, cytoskeleton, and other

proteins. Most of the differentially expressed proteins were enzymes.

3.3.3. Cu-IMAC separated proteins

After FPLC separation, two peaks with higher copper concentration were loaded on
a Cu-IMAC column to separate the copper-binding proteins. The binding of proteins to
the Cu-IMAC column was monitored by conventional SDS-PAGE and the BioRad
protein assay. No protein was bound to a control column without copper ion added and
there was a significant amount of protein bound to Cu-IMAC columns in the two peaks
of copper-binding protein fractions (Fig. 3.4). Washes with 10 column volumes
presumably removed all non-specifically bound proteins from the column. Following
elution, the Cu-IMAC columns yielded 100-300 ug of copper-binding proteins which

were all loaded for 2-DE analysis.
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Fig. 3.4. SDS-PAGE separation of proteins in peak 2 and peak 3 bound to IMAC
column without (left) and with (right),chelating copper ion. No visible protein in
peak 2 (left) and peak 3 (right) found to be bound to IMAC without copper ions.

86



) g 3.34. ?;DE'se‘paration ami MS i;lentiﬁcalion of proteins after Cu-IMAC separation

Afte; .Cu—IMAC separation of the copper-binding proteins in peaks 2 and 3, the
copbcr-binding l'l'z;ctions in. these two peaks were analyzed separately with 2-DE. As
shown in Fig. 3.5, around 100 and 300 spots were found in the 2-DE gel for pcak 2 and
peak 3, respectively. The protein spots with higher concentration were chosen for
peptide mass [ringerprint (PMF) identification, including 36 spots in peak 2 and 51 spots
in peak 3. The proteins identified are listed in Table 3.3 and comprise 25 proteins
identified from peak 2 and 41 proteins from peak 3. A comparison of this part of the
results with proteins identified in previous FPLC and in vitro studies showed that a total
of 38 proteins found in peaks 2 and 3 can be differentially cxpressed. These
differentially expressed copper-binding proteins should play an important role in copper
transportation and detoxification. Therefore, they are summarized in Table 3.4. Six well
known copper-binding proteins (ATP7A, Cytochrom c¢ oxidase, and copper/zinc
superoxide dismutase, etc.) and six other metal-binding proteins (transferrin, ferritin,
calmodulin, etc.) were found, which made the results of IMAC separation more
cun.vincing. Also found were 17 novel differentially expressed copper-binding proteins:
3 cytoskeleton proteins (collagen, vimentin, myosin heavy chain), 6 enzymes (catalase,
NADH dehydrogenase subunit 5, aldehyde dchydrogenase, etc.), 2 transporters
(apolipoprotein and V-ATPase), 1 glycolipoprotcin (vitellogenin), 1 hormone

(insulin-like growth factor I), 1 transcription factor (STAT3), | cytokine (Interlcukin-1

beta) and 2 other proteins (methionine-rich storage protein I, Igfbp5 protein).
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Fig. 3.5. 2D analysis of copper-binding proteins cluted from a Cu-IMAC column in
peak 2 (upper panel) and peak 3 (lower panel) after FPLC separation. The proteins
were separated by 2DE on a pH 3-10 gradient in the first dimension and by 12 %
SDS-PAGE in the second dimension and were visualized by Coomassic Blue staining.
The proteins identified by MALDI-TOF MS/MS analysis, as listed in Tables 3.4 and 3.5,
are labeled.
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Table 3.4. Copper-binding proteins in peak 2 (Fig. 3.1) eluted from Cu-IMAC
column and identified by MALDI TOF MS ’

N Protein Name Accessing No. MW/P1 Score/) M1 M2
' Novel protein similar to human STAT1 gil22316176 133796/7.02 16/4

2 Procollagen type | alpha 1 chain 211151499406 49398/5.59 3373 D
3 Histone deacetylase 3 gi[4 1055869 49044/5.23 1343
‘4 Hypoxia-inducible factor |, aipha subunit gi|d 1053885 60829/6.21 12/2

§  Lysyl oxidase-like 3b £i1220678603 ,16596/4 88 3072

6  Cathepsin D, Precursor 225452827 43693/5.79 3373

8. 3 beta-hydroxysteroid dehydropenase | gii47086447 42436/7.56 AV/Al

9 Retinol dehydrogenase | gil37620196 16852/9.15 322

11 Tgfbps protein ' gil1 3278235 14233/5.6 5173 D
12 Stat3 protemn p128277427 48512/715 493 U

13 Myosin heavy chain g113211972 5059/5.22 70/3 D
14 Catalase gilh972785 59906/8.12 504 u U
15 Suat3 proten £i|28277427 48512/7.15 49/3 L

16 Josephin domam containing 2 uid 1055888 21194/0 .31 St/3

18 Mitochondral ribosomal protein §27 - Ei57524611 46126/5 86 5575

20 Catalase 1223648824 60228/8.09 70/g L v
21 Transferrin wi|L1877338 66959/7 1 36/3 |3
22 Fernitin, midﬁlc subunit £1209737542 20745/5 .64 42/3 4]
25  ATPIA . 1i[12699501 24568/7.7 4073 U
27 Splicing factor, arginine/serine-rich 8 g 1054717 42117/4.77 4444

28 Alpha-2-1S-glycoprotein g11226358603 26374/5.40 43/3

29 Proteasome beta 3 subunit ei|193788711 23386/5.30 4073 D 1)
33 Serine/threomine kinase 38 Like eij27370078 53969/6.5 3942

34 Beta hemoglobin A £i!6230890 16347/7.96 33/4 L u
35  Beta hemoglobin A gi)6230890 16347/7 96 53/4 v U

1"

* In this table, “N" stands {or spot no.; “Q" stands for number of peptides matched; “M1" stands for
a match with the data from previous work done in vitre (Chen and Chan, 2009); “*M2" stands for a
match with data from the present study conducted in vivo: “U” stands for up-regulation and “D”

stands for down-regulation.
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Table 3.5. Copper-binding proteins in peak 3 (Fig. 3.1) cluted from Cu-IMAC

column and identified by MALDI TOF MS,

N Pratew Name Accessing No MW/PL Scare/(} M M2
I Scrotransfervin EL6136030 695517612 iz u
2 Scrotransferein 2il613603y 6935146 12 6.4 U
3 Viellogenin gr'312300) 1846359 08 403 L u
4 Transferrein e L53RT705 18400/6 04 Al S U
6 Methionine-rich storage protein 1 gtlh 59526 RR783/8.71 4260
Y Capper/zine superoxide dismutase 2127462182 16170/5.04 433

10 Konesin-associated protein family member (kap-1) @' 71984142 TIS06/5 1Y TN

11 Kinesin-associated protemn family member (kap-1)  gi[71984142 77500/5.49 f?7

11 Prolactin receptbr gt 148224000 69365/5 07 444

14 Phosploribosylaminaimdazole carboxylase 241053415 176346 99 383

15 65kDa FK506-binding poten g1 18034674 65174/5 38 It

16 Apulipoprotemn A-1Y 2563320 2R140/5 39 34,5 u

17 NADI dehydrogenase subunit 5 g1{24460002 313014096 A8, d | ¥

18 V-AlTPase subunt A 114915706 6BRTS7/S 41 143 L

19 VpsD-associaied | hke . 213513620 347578 31 050

20 Glyceraldehyde-3-phasphite dehydrogenase 21955065 IG06R/8.0) St U

21 Insubn-bke growib factor | precursor 2o 0462¢10 20312/9 0% AEER) { u

24 Similar w catalasc 220070714 26096/8 6t 4.3 u U

28 Aldchyde debydropenase {amily member 17551104 55933/6. 73 (8.6 D

29 Aldchyde Jehydropenase family member 2117551164 55933/6.213 6o §)

30 Catenin, alpha pyERR53415 1012095 RY A7 6

32 Amnesin i 148233163 18752/8 59 nt 6

33 Dynamin pild87851 85334/5 97 628

4 Swretchin-MLCK 9623341 I¥R456.3 633

35 Calciweme-regubating hormone Stantocalon piS457238 20274.5/5 52 i1 U 9)

37 Beta hemoglobin A 2i'6230890 [6347/7 90 fidod U ]

38 Beta hemoglobin A pi[6230890 16347/7 96 T3 L v

39 Beta globin pij2 2135544 16461/8.34 1274 v u

42 Novel protemn sinutar 10 huatan tinn p29561775 212817646 46 i3 D

43 Beta hemoglobin A pH62 3089 1634777 96 3 L U

45  Probable glutathione peroxidase R pidi055524 2390796 454

46  Vimentin beta pill 353210 52165/5.20 423 U un

47  MHC class [I B antigen g156252066 9832/5.24 331 D U

48 mciallothioncin B pi' 1851325606 711448 24 584 u U

49  Calmodulm gi]124271042 T7535/4.32 334 U u

51  Amyloid precursor pratein; APP gi257374 3156/8.59 45/3

90

* In this 1sble, "N” stands for spot no.; “Q" stands for number of peptides matched; “M1” stands for
a malch with the data from previous work donc in vitro (Chen and Chan, 2009); “M2” stands for a
malch with the data from the present study conducted in vivo; “U” stands for up-reguiation in the
previous study; “D” stands for down-regulation in the previous study.



3.3.5. Verification of gene expression using quantitative real-time PCR

To verify the regulation of the gene for Cu?' related proteins after copper exposure,
real-time quanlita!i'vc PCR was used to analyze regulation at the level of mRNA
accumulation. A total of 27 genes with sequences available from the GenBank databasc

™

(Table 3.1) werc chosen for this experiment. Those chosen are also shown in Table 3.2 in
italics. As shown in Fig. 3.6, other thzlm protcasome, the regulation of most of the genes
at the RNA level was in accordance with the regulation of the proteins in vive. Aso, most
genes' regulation in vive well matched with previous 18 genes’ regulation i vitro,
except zinc finger protein 60. Interestingly, the fold regulation of the genes was some
different from that of their protein regulation, indicating that in addition to gene
regulation, there are various other levels of regulation. during protein synthesis, e.g.,
translational, post-translational, and post-transcriptional regulation. Among these 27
genes, 12 genes were found significantly dosage dependent induced by copper ion,
including 5 well known biomarkers for monitoring the copper.contamination. The other

7 genes differentially expressed afler copper exposure should be potential biomarkers

that can be used to monitor copper contamination n the environment.
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Fig. 3.6. Real-time quantitative PCR results for gene regulation in the liver of
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**p < 0.01, ***p < 0.001, derived from the Mann—Whitney test of individual gene

regulation).
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3.4 DISCUSSION

We employed a Cu-IMAC column to isolate hepatic copper-binding proteins on a
selective basis. The copper-IMAC strategy for -isola{ing copper-binding proteins is ideal
for the selective identification of high abundance proteins with affinity for copper. To
make the Cu-IMAC more specific to the copper-binding proteins, in this study, FPLC
separation was first combined with AAS dclccltion of copper 1on to confirm the
distribution of these proteins. The fractions with higher copper concentration were then
analyzed using differcntial proteomic approaches and the copper-binding proteins were
separated or enriched by a Cu-IMAC column prior to using protecomic studics. Until now,
PMF has been used to identify 50 and 43 differentially expressed proteins in peaks 2 and
3. These proteins can be divided into 8 groups according their function: chaperone,
enzyme, transporter, ctc. Furthermore, the Cu-IMAC column scparated the
copper-binding protcins in the copper ion-containing peaks. Twenty-five and 41 proteins
were identified in peaks 2 and 3, respectively. They were differentially expressed as
found in a previous in vitro study (chapter 2) and they play important roles in copper

transportation and detoxification.
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Table 3.6. Categories and functions of the differentially expressed copper-binding
proteins in peaks 2 and 3.

Biological Function

Regulation

Protein Category
Known copper-binding proteins
ATP7A Transporter
Cytochrome C Enzyme
oxidase family
Copper/zinc Enzyme
supcroxide dismutase
Titin Cytoskeleton
Metallothioncin Metal-binding
protcin
Amyloid precursor  Unkown

protcin, APP

Copper-cxporting ATPase activity
Copper chaperonc activity

Antioxidant defense

Structure protein
Metal-binding and storage

Copper efflux

Novel copper-binding proteins with differential expressions

Collagen
IgfbpS protein
Stat3 protein

myosin heavy chain
Catalase

Proteasome
Vitellogenin

Apolipoprotein A-1V
NADH
dehydrogenasc
subunit 5

V-ATPase

Cytoskeleton

Transcription
regulator
Cytoskeleton
Enzyme

Enzyme
Yolk protein

Transporter
Enzyme

Transporter

Glyceraldehyde-3-pho  Enzyme

sphate dehydrogenase

Insulin-like  growth Hormone

factor |

Aldehyde Enzyme

dehydrogenase

Vimentin Cytoskeleton

Other metal-binding proteins

Transferrin Transporter

[Ferritin Metal-binding
protein

Beta globin Transporter

Hemoglobin A Transporter

Stanniocalcin Kinase

Calmodulin Metal-binding

protein

Structure protein
Binding of insulin-like growth factors
Transcription activators

Structure protein

Catalyze the decomposition of
hydrogen peroxide to water and oxygen
Degrade unneeded or damaged proteins
Lipid metabolism and gonad
development

Transport lipid

Quinone oxidoreductase

Proton transport
Metabolic mechanism

Cell eycle and growth control
Catalyze the oxidation of aldchydes
Structure protein

Iron ion delivery
Iron storage protein

Makeup of hemoglobin
Iron-containing oxygen-transport
metalloprotein

Regulation of renal and intestinal
calcium and phosphate transport
Calcium-binding protein;
inflammation, metabolism, apoptosis

Induced
Induced

Induced

Depressed
Induced

Depressed
Depressed
Induced

Depressed
Induced

Depressed
Induced

Induced
Induced
Induced
Induced
Induccd
Depressed
Induced

Induced
Induced

Induced
Induced

Induced

Induced

*As 1o the amyloid precursor protein, it was not found to be regulated in the differcntial cxpressed proteins, butitis a
well known copper-binding proten which is related to Alzheimer's disease.
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3.4.1. Protcins related to endocrine system

Chronic sub-lethal Cu®' exposurc causes a scries of cellular and physiological
changes in fish that enable them to survive. Cu?’ is also an endocrine-disrupting metal in
the aquatic cnvironment and has a number of normal neuro-cndocrine roles in
vertebrates (Handy, 2003). In our previous i vitro study on Hepa-T1, Cu’’ affected cell
development by regulating growth hormone (GlI) and insulin-like growth factor |
(GF1){Chenet ct al., 2009). In tlas study, these two hormones were also found 1o be
regulated by Cu®', confirming that copper can stimulate fish growth by inducing growih
hormone and growth factors to cxpress. IGF1 was also [ound to have copper-binding
ability. In bony fish, IGI1 released from the liver under the control of pituitary GH is the
main endocrine of growth, mainicnance, and development, and the amount of IGF1 in
circulation regulates the synthesis and release of GH (Lppler et al., 2007). A previous
study has also found that 1G] has antioxidant cticcts aganst copper in rats with
advancced liver cirrhosis (Garcia-Fernandez et al., 2005). Thix copper ion binding ability
and up-regulation by Cu®" may help us 1o establish how IGFEI is involved in the
antioxidant mechanism for copper and the copper transportation pathway.

In addition, IGFBPS, onc of the 1Gl-binding proteins, was found to be
down-regulated and have copper-binding ability. Approximately 98 % of IGF! 1s always
bound 1o onc¢ of 6 binding proteins (IGFBP). 1{GFBP binds to IGF! inside the liver,
allowing growth hormone to act continuously on the liver to produce more IGFI
{Clemmons ct al., 1995). This is important, because prolifcration of the IGFI + [GFBP
complex allows for growth of the femur and muscle. Andress (1995) demonstrated that
IGFBPS5 bound to and was intcrnalized by a 420 kDa membrane protein of mousc

osteoblastic cells. Hence, copper might be related 1o the IGF1 tIGFBP5 complex, which
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plays an important role in the transfer of copper from the membrane to other organclles
in the cell. My study showed that the regulation of IGF1 and IGFBPS5 were different in
that IGF1 was up-regulated by copper, whercas IGFBPS was down-regulated. This
should be attributable to the different functions of these two proteins. A previous study
has shown that IGFBPS5 can exert its biological activities in the absence of IGFI,
indicating the existence of IGF-independent actions (Schneider et al., 2002). Because
IGFBPS5 is also localized in the nucleus (Schneideret al., 2002), Cu®' may enter the
nucleus by binding with IGFBPS. Chapman et al. (1999) found that IGFBPS was a direct
or indircct target for S'I‘A'l'3., which our study also found to have copper-binding ability,
an‘d STATS3 is a transcription factor in the nucleus which can regulate many aspects of
cell growth, survival, and differentiation. Thus, it 1s hypothesized that Cu? may enter
the nucleus via the IGF-IGFBP5-STA'T3 pathway.

Other hormones found to be regulated by copper include prolactin (PRL) and
- adiponectin. PRL is a protein hormone that serves a number of vital functions involving
metabolism, reproduction, and the maintenance of homeostasis in immune responses,
osnm{ic. balance, and angiogenesis, and is being increasingly used as a measure of
neuroendocrine/dopaminergic function in environmental and occupational epidemiology
studies. Meeker et al. (2009) found that the expression of PRL is inverscly associated
with arscnic, cadmium, copper, and lead mangancsé in the serum of adult men. Kelleher
and Lonnerdal (2006) found that transient changes in PRL signaling play a role in the
regulation of mammary gland Cu secretion during lactation by regulating the expression
of three important copper transporters: Ctrl, Atp7A, and ATP7B. This study showed that
PRL is also down-regulated by Cu in male tilapia. Sadineni et al. (2006) revealed that

human PRL contains metal-binding sites which could bind with Cu”". While we did not

.
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find PRL in our Cu-IMAC experiment, the PRL receptor was found to have
copper-binding ability. Ali and Ali (195;8) found that STATS is specifically activated by
PRL trecatment in HCI l' cells, demonstrating that STATS 1s a physiological substrate
downstream of PRLR. Cataldo et al. (2000) also demonstrated that STAT3 is preferably
activated through PRLR in T-47D cells, which further confirmed the interaction between
PRLR and STAT.

Adiponectin modulates a number of metabolic processes including glucose
regulation and fatty acid catabolism. It plays a role in the suppression of the metabolic
derangements that may result in type 2 diabetes, obesity, atherosclerosis, and
non-alcoholic fatty liver disease (NAFLD). A recent study showed that copper
bioavailability may be related to NAFLD (Aigner et al., 2008). Our results showed that
adiponectin is suppressed by Cu®' and may help to understand the mechanism of Cu®’ in

NAFLD.

3.4.2 Copper transports in mitochondiral

Rcu-:m studies have demonstrated that steady-state levels in the mitochondiral matrix
were nearly an order of magnitude above that predicted to be required for the activation
of the abundant mitochondiral Cu-dependent enzyme cytochrom C oxidase (Kim et al.,
2008). While there are likely to be additional Cl.;—dcpcndcm mitochondrial enzymes,
with clues possibly arising from the bacterial Cu-binding proteome, these observations
also suggest that mitochondria serve as Cu storage organelles. Until now, only
cytochrome ¢ oxidase (COX) and Scol have been found to be targeted by Cu®’ and to

. <+ . v . . . 2 5
transport cytosolic Cu” into the mitochondria; little is known about how Cu’" is

delivered to and stored in the mitochondria. There should be some proteins that transport
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and store Cu®’ in the mitochondria. This study found that cytochrome ¢ oxidase subunit
2 has copper-binding ability and that two more enzymes located in the mitochondria -
NADH dchydrogenase subunit 5 (NDS) and aldchyde dehydrogenase (ALDH) - have
copper-binding ability. These two enzymes are both involved in the mitochondrial
clectron transport chain with NDS located in the inner mitochondrial membrane, which
may cooperate with cytochrom c¢ oxidase to transfer the copper ion into the mitochondria,
whereas ALDH is an enzyme that catalyses the oxidation of aldehydes located inside the
mitochondria. Moreover, a previous study has shown that mitochondrion is an important
target for copper to exert its toxicity by inducing rcactive oxygen species (Belyacva ct
al., 2008). In this study, COX2 and NDS5 were up-regulated and ALDH was
down-regulated by Cu®'. These results indicate that Cu®* may cause -mimchondria

dysfunction and lead to ROS effects on the cell.

3.4.3. Copper competes with iron and calcium

This study identificd some iron and calcium related proteins after Cu-IMAC
purification. This result agrees with that of a previous study whereby Cu’" can compete
with Fe*' and Ca®' in binding to the target proteins. Fe*' and Cu’’ havc several
similarities including a facile ability to alternate between two common oxidation states.
The metabolism of iron and copper are intimately linked and they can compete for a
common intestinal transporter (e.g., divalent metal transporter 1, DMTI1), function in
concert in the same protein (e.g., cytochrome ¢ oxidase), and scrve as reactive centers of
the same enzyme (e.g., copper in ceruloplasmin); they can also participate in cach
other’s oxidation/reduction (McArdle et al., 2008). This study found that transferrin (1F),

ferritin, and hemoglobin, which are important proteins for iron transportation and
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storage, have copper-binding ability. TF, a glycoprotein that binds Fe?' very tightly, can
deliver iron ion into a vesicle inside the cell by binding with the transferrin rcceptor
(TFR) in the cell membrane. The pll of the vesicle 1s then reduced by hydrogen ion
pumps (H'-ATPase), which were also found in the Cu-IMAC experiment (V-ATPase),
causing transferrin to relcase Fe?' and acquire other ferric ions for another cycle of iron
transport. The metal is then reduced to ferrous iron (Fcz') and transported into the
cytoplasm by DMT1 (McArdleet al., 2008). The excessive ferrous iron in the cytoplasm
is stored in the ferritin, which is a buffer against iron deficiency and overload. Previous
studies have found that scveral iron transporters (Ftrl, Fet3, Fctd) also have
copper-binding aBiIity and are involved in copper uptake and efflux (Allen et al., 2007;
Puig and Thiele, 2002). In this study, the binding of iron binding proteins with
Cu-'lMAC further confirmed that Cu® may be involved in the pathway of iron
transportation.

Turning to competition between copper and calcium, some studies have shown that
competition between these two metals does indeed exist. Wu et al. (2003) found that a
non-lethal concentration of Cu®' significantly reduces the calcium content ()f" tilapia
larvae after exposure to copper ion for 72 H. Conversely, calcium pre-exposure can act
as a protective agent against environmental copper toxicity for juvenile tilapia
(Abdel-Tawwab et al., 2007). Sivaraja ct al. (2006) found that a member of the S100
family of EF-hand calcium-modulated proteins, SI00A 13, can bind independently with
both copper and calcium with almost equal affinity, indicating that copper and calcium
interact with each other. This study found that two important calcium binding proteins —
calmodulin (CaM) and stanniocalcin (STC) — have copper-binding ability. CaM

modulates calcium homeostasis and protects cells from apoptotic stimuli. CaM also
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mediates processes such as inflammation, metabolism, apoptosis, smooth muscle
contraction, and intracellular movement. STC i1s a calcium/phosphate homeostatic
hormone that is active in the regulation of renal and intestinal calcium and phosphate
transport. Over-expression of STC causes inhibition of gill calcium transport, thercby
reducing intestinal calcium uptake and stimulating phosphate re-absorption by renal
proximal tubules. Our results show that these two proteins have copper-binding ability,
which further confirms the existence of competition between copper and calcium and
indicates that the induction of STC by copper 1on might suppress calcium uptake in the
liver of tilapia (Greenwood et al., 2009). Furthermore, STC is a hormonc that targets
mitochondria. High-afﬁnity receptors for STC are present on ‘ the cytoplasmic
membranes and on both the outer and inner mitochondnal membranes of nephrone cells
and hepatocytes. In both cell types, STC is also present within the mitochondrial matrix
and receptors presumably cnable its sequestration (Ellard et al., 2007). STC may
therefore play a role in transferring Cu?* from cytoplasm to mitochondria. This should

be an important pathway for copper ion delivery to the mitochondria for incorporation

mto COX.

3.4.4 Copper and lipid metabolism

Apolipoprotci;l is an important protein family which can serve as enzyme co-factors,
receptors, and lipid transfer carriers that regulate the metabolism of lipoproteins and
their uptake in tissue. Most apolipoproteins have already been well-studied and some
have been found to be involved in copper detoxification and Alzheimer’s disease. In
contrast, the apolipoprotein E (ApoE) protein has antioxidant properties because it can

bind with Cu”” or Fe’” (Zappasodi et al., 2008). APOE-c4 appears to modulate the effect

F
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of Cu®" on altered AD brain activities, suggesting that the modulation of oxidative stress
related to copper dysfuncti-on may be one of the mechanisms that make APOF:-af-l a risk
factor for AD (Zappasodi ct al.,, 2008). Apolipoprotein B has also been found to bind
with Cu?* (Burkitt, 2001) and our previous in vitro study found that apolipoproteins B is
down-regulated after Cu®* exposure (Chen et al., 2009). In this study, apolipoproteins
A-1V (apoA-1V) was up-regulated by Cu®* and showed copper-binding ability in the
Cu-IMAC experiment. Apolipoprotein  A-IV can inhibit lipid peroxidation, thus
demonstrating its potential anti-athcrogenic properties. Wong et al. (2007) found that
recombinant wild-type apoA-IV (100 ug/ml) inhibits the oxidation of LDL (50 ug
protein/ml) with 5 uM CuSO4 (P < 0.005), but not with 100 uM CuSO04, suggesting that
it may act by binding copper ions. Our results further confirm that apoA-1V can bind
with copper and that excessive copper will induce the expression of apoA-IV to reduce
lipid peroxidation. Furthermore, Cu®* can bind with LDL to cause an oxidation effect
and LDL will bind with apolipoprotein (Burkitt, 2001), indicating that LDL-APOA-IV
may be involved in Cu®' transportation. Amyloid precursor protein (APP) (Bayer et al.,
2003) in Cu®’ efflux from cells also showed copper-binding ability in our experiment.
Previous studies have found that apolipoproteins can directly interact with APP by
binding with each other (Koldamova et al., 2001). Thus, it can be concluded that Cu*
may cfflux out of APOA-IV in conjunction with APP.

The other important protein involved in lipid metabolism, vitellogenin (VTG), was
also found to have copper-binding ability. VTG, a very high-density lipoprotein, is a
glycophospholipoprotein composed of 82 % apolipoprotein and 18 % lipid. (Ando and
Yanagida, 1999) found that VTG is resistant to copper-induced oxidation and binds with

Cu?*. Vitellogenin also protects the copper-induced oxidation of VLDL because of its
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antioxidant function. VTG also seems to serve as a transition metal-binding lipoprotein
by which free-radical reactions in the oocytes are extensively depressed. Our study
found that VTG is up-regulated by Cu®' in terms of"bolll protein and mRNA level,
showing that copper may have an antioxidant function in fish by up-regulating the
expression of VTG.

The cytoskeleton is a highly dynamic structure that not only forms the scaflold, the
basis of cell morphology and plasticity, but plays a major role in transport and signaling
(Frixione, 2000). The cytoskeleton comprises three major types of cytoplasmic structural
proteins: microtubules, actin, and intermediate filaments (IFs). My previous in vitro
study found that copper may influence the cell éytoskclelon by regulating actin,
vimentin, and tropomoysin (Chen and Chan., 2009): Here, these proteins and their
mRNA-were also regulated by Cu®' in vivo. Several other cytoskeleton proteins were
identified to be differentially expressed including down-regulation of myosin heavy
chain, alpha tubulin, titin-like protein, and collagen. This result further confirms that
Cu®' exerts its toxicity by disrupting the cell cytoskeletons reported previously (Pribyl et

al., 2008; Rodriguez-Ortega et al., 2003).

3.4.5 Copper and cytoskeleton proteins

In the Cu-IMAC experiment, some of these cytos.kclclon proteins were found to have
copper-binding ability, such as collagen, vimentin, and myosin heavy chain. Collagen 1s
the main protein of connective tissue in animals and is the most abundant protein,
making up about 25 % to 35 % of the whole-body pr6tein content. Prior studies have
found that collagen cross-links with lysyl oxidase cuproenzymes, an important

copper-bonding protein, in the notochord sheath of zebrafish (Gansner and Gitlin, 2008).
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Copper deficiency and inhibition of lysyl oxidase will lead to disruption of the
notochord sheath by influencing the expression of collagen. Vimentin is a member of the
intermediate filament family of proteins and myosin is a motor protein that is
responsible for actin-based motility (Norlen et al., 2007). The finding of copper-binding
ability in these three proteins may indicate that copper ion transfer from lysyl oxidase to
collagen, and then to vimentin and myosin, eventually influences the ccll cytoskeleton

and locomotion.

3.4.6 Function of other potential copper binding proteins

This study is the first to idlentify many proteins as copper-binding proteins which
may play interesting roles in copper (ransportation and detoxification, including
glyccraldehyde-3-phosphate dehydrogenase (GAPDH), catalase (CAT), and proteasome.
GAPDH has recently been implicated in several non-metabolic processes including
transcription activation, the initiation of apoptosis, and ER to Golgi vesicle shutting.
GAPDH can move between the cytosol and the nucleus (Zheng et al., 2003) so that Cu®
may alsol enter or exit from the nucleus by binding with GAPDH. CAT is an important
protein that is related to the ROS effect and has been found to be up-regulated by Cu'in
a previous study (Craig et al., 2007). Here, this protein was also up-regulated by Cu™'
and shown to have -copper-binding 'abilily 'for copper dctoxification. The -
ubiquitin-proteasome pathway plays an essential role in multiple cellular processes
including cell cycle progression, apoptosis, and differentiation. Recent studies have also

shown that copper complexes can act as inhibitors of the 20S protcasome for cancer

therapy (Hindo et al., 2009; Milacic et al., 2009).
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3.4.7 Biomarkers

While our pre\'fious in vitro study (Chapter 2) identified 18 protcins as potential
biomarkers, there was a need to confinm these results via an in vivo study. This study
also confirmed that most of these potential biomarkers are differentially expressed at the
protein level in vivo. This study found 9 additional interesting proteins for which the
sequences have been entered in the tilapia database, and thus a total of 27 Cu®' related
genes were thus detected by real-time PCR for mRNA regulation after exposure to a
wide range of concentrations of Cu®' in vivo (Fig. 3.5). All of genes’ regulation was all in
accordance with protein regulation, and the regulation of 18 genes in vivo matched well
with that for the same genes in vitro, except zinc finger protein 60 and protesome.
Among these genes, well-characterized biomarkers such as cytochrom P450 1Al
cytochrome ¢ oxidase, metallothionein, glulalhionc-S-lr'anst‘t:rasc. and heat shock protein
70 were found. Seven genes were found to be novel biomarkers ol eflects for copper
contamination in the aquatic environment including interleukin 1-alpha, growth

hormone, NADH dehydrogenase, zic family member 1, zinc finger protein 60, ferritin,

vitellogenin, and calmodulin.

3.5 Conclusion

In summary, the study reported here examined copper-binding proteins and their
regulation in tilapia after copper exposure using chromatography (FPLC & Cu-IMAC)
in combination with protecomic approaches. Fig 3.7 illustrates the copper transportation
pathways in the hepatocyte based on our results and proteins reported in other studies
(Hernandez and Allende, 2008). Cu®* entering the cell can act on the cytoskeleton before

moving to the nucleus and mitochondria to control cell motion, growth and metabolisn.
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Exposure to excessive Cu®* can therefore cause defects in cytoskeleton formation,
cellular growth, mitochondria, iron metabolism, and lipid metabolism. According to the
functions of the cuproproteins identified in this study, copper may cxert its toxicity by
inducing endocrine disruption, mitochondria dysfunction, ion competition, lipid
metabolism, and cytoskeleton disruption. Our results also suggest that Cu?" may be
transferred from cytoplasm to cytochrome C oxidase in mitochondria by binding with
stanniocalcin, and that NADH dehydrogenase subunit 5 and aldehyde dehydrogenase
may play a role in copper transportation and storage inside the mitochondria. These
findings may help us to understand Cu® transport and storage in the liver of tilapia and

perhaps in other fish species or even other vertebrates in general.

106



Fig. 3.7. Proposed copper transportation pathways in tilapia hepatocyte.
Up-regulated proteins are shaded red, whereas the down-regulated proteins are shaded in
green, proteins without regulation are shaded in white. Proteins shaded blue are those
reported in other studies (Hernandezet al., 2008). These proteins are mainly involved in
endocrine disruption, mitochondria dysfunction, ion competition, lipid metabolism, and
cytoskeleton disruption. In addition, our results suggest that Cu?* may be transferred
from cytoplasm to cytochrome ¢ oxidase in mitochondria by binding with stanniocalcin,
and that NADH dehydrogenase subunit 5 and aldehyde dehydrogenase may play a role
in copper transportation and storage inside the mitochondria. Abbreviations: ALDh,
aldehyde dehydrogenases; APOA-IV, apolipoprotein A-IV; APP, amyloid precursor
protein; ATP7A/B, ATPase, Cu transporting alpha/beta polypeptide; ATXI1, copper
transport protein ATOX1; CAT, catalase; CCO, copper chaperone for SOD1; COX
1/2/11/17, cytochrome ¢ oxidase 1/2/11/17; CTR, high-affinity copper uptake protein;
DMT]1, divalent metal transporter 1; FET3, iron transport multi-copper oxidase; FTR1,
iron transporter 1; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IGFI,
insulin-like growth factor 1; IGFBPS5, IGF-binding protein 5; LDL, low-density
lipoprotein; MT, metallothionein; NDS, NADH dehydrogenase subunit 5; PRL, prolactin;
PRLR, prolactin receptor; SCO1, SCO cytochrome oxidase deficient homolog 1; SOD,
Cw/Zn superoxidase dismutase; STAT3, signal transducer and activator of transcription 3;
STC, stanniocalcin; TF, transferrin; TFR: transferrin receptor.
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Chapter 4
Differentially expressed proteins in the ZFL cell exposed to Cu®’
4.1 Introduction

In the Chapter 2 and 3, | have used tilapia as a model to study the mechanism of
copper toxicity in vivo and in vitro. It has been found some interesting proteins, and
revealed that the copper tolerance of tilapia may be related to scveral proteins involved
in lipid metabolism, tissue connective development and cell cycle control. Besides, n
Chapter 3, I also indentified some interesting copper binding proteins, and hypothesized
a transportation pathway according our results and several previous studics. These
results would help us to understand the mechanism of copper tolerance in tilapia more
clearly. In the other hand, the mechanism of copper toxicity to the copper sensitive
specics is still unclear. Therefore, in this-chapter, 1 am interested to study the copper
toxicity to the copper scnsitive species.

In this chapter, the zebrafish (Danio rerio) is chosen as a model since it 1s more
sensitive to copper toxicity than tilapia. The 96 h LC50 of Cu®" to zebrafish adult is
0.064 ppm, but that of tilapia is 1.52 ppm (Wu et al. 2003). Also, the zcbrafish has been
used a.s a model in several toxicological studies (Amanuma ct al., 2000; Craig et al,,
2007). '!:lacsc studies have demonstrated that many physiological mechanisms between
zebrafish and mammals are highly conserved. Therefore, in this chapter, we will also use
proteomic approaches to analyze the molecular effects of copper exposure on zebrafish
hepatocytes (ZFL cell-line), and identify some differentially expressed proteins, which
can help us to understand the mechanism of copper scn.sitivily of zcbrafish, comparing

with that of tilapia which is regarded as a copper tolerant specic.
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4.2. Materials and methods
4.2.1 Cell culture

ZFL is an adhcrent tissuc hepatocyte cell line with epithelial-like morphology
isolated from zcbrafish (Danio rerio). It was purchased from the Cell Bank at American
Type Culture Collection (ATCC® number CRL.-2643TM) and maintained in a standard
culture medium comprising 50% L-15 medium, 35% DMEM and 15% Hams F12 and
supplemented with 1.5 g/l sodium bicarbonate, 15 mM HEPES, 0.01 mg/ml insulin, 50
ng/ml EGF, 5% heat-inactivated fetal bovine serum and 1% penicillin/streptomycin,

according to the supplier’s protocol.

4.2.2. Cytotoxicity assay.
The 96 h LC50 of CuCl2 to ZFL was determined according to the methods described

as previously (Section 2.2.2)

4.2.3. Annexin-V/PI assay and cell cycle analysis.

See Section 2.2.3.

4.2.4 Isolation of the cytosolic fraction.
See Section 2.2.4.

4.2.5. Two-dimensional gel electrophoresis (2-DE) and protein identification

See Scction 2.2.5 and 2.2.6.
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4.3 Results

4.3.1. Copper toxicities

The median lethal concentration (LC50) of Cu®* on the ZFL cell line at 96 h was
determined using alamarBlue assay. The dose response curves with 96 h LC50 were
plotted using GraphPad Prism 5.0 (Fig. 4.1): that of CuCl, was 3624 uM (95 %
confidence interval: 322 uM to 408 uM). Comparing with the 96 h LC50 of Cu®' 1o
Hepa T1 (tilapia hepatocyte), which was 598 uM, it was further confirmed that zebrafish
was more sensitive than tilapia afler exposed to Cu?'. Flow cylometry measurement was
used to quantify the extént of apoptosis and necrosis in the total cell population, and
significant differences were observed between the control and the CuCly-treated cells.
Afler incubation with different concentrations (100 uM and 200 pM) of CuCl; for 96 h,
the percentage of Annexin-V+/PI+ cells (apoptosis) increased to 3.3 % and 3.0 %,
respectively, compared 10 0.9 % in the control group. The percentage of Annexin-V-/Pl+
cells (necrosis) increased to 6.0 % and 7.4 %, respectively, compared to 1.4 % in the
conir;)l group. These results demonstrated that CuCl; primarily induced cell necrosis

rather than apoptosis.
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96 h LC50 of CuCl, to ZFL
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Fig. 4.1. Cytotoxicity (%) of ZFL cells after CuCl; exposure in different
concentrations (in log scale) for 96 h. The 96 h LC50 of CuCl; on ZFL cells was
determined as 362.4 puM. The 96 h LCS0 values were calculated using Sigmaplot with

linear regression.

111



'
w'

» 'z u=
g £
Z #
- 2.
= m - \ -‘.:-I < -
z x'\“:' =
’ -q“‘ f .
Ay
= " i)
Tl W' n " w 5
A= V-F L
Annexin-V-/Pl+
101 .
8 I
6-
E
e
24 -
oA p—
control 6.4 12.8

Concentration of CuCl, (ppm)

Fig 4.2. Flow cytometer detection of CuCl-induced apoptosis and necrosis with
Annexin-V-FITC and PI staining. The ZFL cells were exposed to different
concentrations of CuCl, for 96 h. After being stained with Annexin-V-FITC and PI, the
cclls. were analyzed using flow cytometry. LL: Annexin-V-/Pl-cclls (normal); LR:
Annexin-V+/Pl-cells (early apoptosis); UR: Annexin-V+/PI+ cells (late apoptosis); UL:
Annexin-V-/Pl+ cells (necrosis). The data shown are representative of three independent
experiments. Statistic analysis of the apoptosis f:clls and necrosis cells among the total

population was shown in bar graph (% of cells in cach phase relative to the total

population).
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4.3.2. 2-DE gel analysis of cytosolic proteins

The cytosolic proteins extracted from the control cells and CuCly-treated (100 uM
and 200 puM) ZFL cells were analyzed by 2-DE. Approximately 2,000 protein spots were
detected on the 2-DE gels. A representative protein profile of the ZFL cells treated with
120 uM of CuCl; is shown in Fig. 4.3. In total, 90 proteins were found to be regulated
by CuCl; exposure with a clear dose-response, of which 72 were identified using mass
spectrometry protein identification (MALDI-TOF MS and/or MS/MS). The details of
cach indentified protein, including the identification number on the gel, the accession
number, the protcin name and the ratio of treatment to control for cach dosc level, are
listed in Table 4.1. In most cases, the experimental Mw and pl values from the 2-D gels
were in agreement with the theoretical Mw and pl values of the proteins. Thus, the

protein spots were identified with a high degree of confidence.
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Fig. 4.3. A sample of 2-DE gel images of the cytosolic proteins obtained from the

ZFL cell line in the control, 100 uM, and 200 uM treatment groups. The total
cytosolic proteins were loaded and separated using IPG strips (pH 3-10)/SDS-PAGE
(12% acrylamide). The gels were stained by silver staining. The cycled spots represent
the matched spots in these three gels, and the spot numbers refer to the proteins with a
modified accumulation level after CuCl, treatment that were sclected for mass

spectrometry identification (the details are summarized in Table 4.1).
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The magnitude of the ratio changed from 0.26 down-regulation (guanine
nucleotide binding protcin, Spot No. 123) to 18.6 up-regulation (metallothionein, Spot
No. 2175). Of the protcins'idcmiﬁcd, few (e.g., Spot Nos. 1060 and 1653) were located
in an unexpected position on the gel, based on their Mw and pl theoretical values. Any
changes in Mw and pl can most probably be attributed to posttranslational protein
modifications, such as proteolytic cleavage, glycosylation and phosphorylation.
Furthermore, a number of different protein spots were identified as being the same
protein. For example, Spot Nos. 834, 835 and 861 were identified as enolase 1 alpha.
They may be degradation products or different isoforms of the same protein.
Interestingly, a fructosc-bisphosphate aldolase C (Spot No. 1390) was up-regulated by
Cu?", but reversely, its isoform fructose-bisphosphate aldolase A was down-regulated by
Cu®'. These results meant that the different isoforms of ;"ructosé-bisphosphatc aldolase
have different functions when exposed to Cu’*. Thus, out of the original 90 spots

sclected for identification, a total of 72 individual proteins were identified.
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Table 4.1. Differentially expressed proteins in the cytesolic fraction of ZFL after
CuCl; treatments at 100 and 200 uM.

No  Protein Name Accessing MW PJ 5 00 200 M
No.
Chaperone
474 giress-induced-phosphoprotein | gi 56090148  6215) 643 100 1.64 182
M2 Hew shock protein 5 oij39645428 72120 S04 218 132 176 U
487 HSC70 protcin gi[1865782 71479 518 70 149 213 U
492 Heat shock protein 8 giiZR279108 71386 532 9l la6 278 U
Enzyme
695 glucose-6-phosphate dehydrogenasc-like 21292626911 60077 639 68 113 150 U
714 ulucose-6-phosphate dehydrogenase-like 2il292626911 60077 639 112 205 295 U
736 cytochrome P450 LA pit13365614 45713 526 N 139 261 U
924 fymarate hydratase, mitochondrial precursor 2141055718 55000 598 77 1.54 204
L130 4.hydroxyphenylpyruvate dioxygenase 21151230599 44857 SR4 130 136 168
1208 fructose-bisphosphate aldolase € pi[35902900 39698 621 9% qor 252 D
1179 serinesthreoning proteen kinase gildd363564 28817 856 3 1T (¥ D
1159 thioredexin/glutathione reduclase gij29165346 21246 £55 42 149 19]
1362 1.dhb protein gi28277619 36393 04 52 110 1.66
1374 yroporphyrinepen decarboxylase gi, 18859531 42024 605 45 106 |82
1493 G8T gill 125671 24369 6.32 40 143 171U
1494 CusZn superoxide disase gif157152709 16088 5.85 26 168 236 L
1887 cytochrome ¢ oxidase subunit 1) gil28882001 26207 465 36 110 151 U
1933 jactoylglutathiane lyase gi[47085917 20404 523 09 219 264
2022 peroxiredoxin-] gil61806512 22207 642 120 323 347 Y
2070 NADII dehydrogenase subunit 41 gill6357243 10494 647 40 157 166 U
545  iransketolase pil31872040  GR68I 681 109 076 048
352 transketolase gil31872040 68681 681 127 056 036
716 tyrosine kinase gil472720 11472 526 34 050 056 D
751 aldehyde dehydrogenase 1A2 Ll 8858265 57117 589 14 066 n6a D
834 Enolase 1. (alpha) gi37590349 47392 616 149 059 048
855  Eaalasc |, {alpha) gif}7590349 47392 616 122 084 058
861  Enolasc 1, (alpha) gii37590349 47392 646 R0 047 03%
1020 Omithine aminotransferase gi[l89526312 49142 658 52 0S2 051
1024 jgocitrate dehydrogenase 2 (NADP+) gild1054651 50044 835 40 052 043 D
(275 cathepsin D precursor gil22651403 43607 623 73 044 039
1390 fructose-bisphosphate aidolase A gili282154 40237 845 s4 033 03 D
1402 nalate dehydrogenase gild47085883 35804 §4 95 064 059
1420 proteasome subunit bela type-9 wil18859275 23650 472 30 054 o032 D
1706 putative tyrosinase enzyme pi21449828 7364 649 22 070 063
Traoscription factor
793 Stald protein gi[28277427 48512 715 36 150 155 U
1653 zinc finger protein, subfamily 1A, 1 gil18859581 59988 61 49 165 166 U
519 I1GF2BP2 gill69158244 51855 866 46 034 027 P
1307 cukaryotic translation initiation factor 3, giis5742565 36727 527 50 064 050

subunit 2 beia

117



Mcial binding proteins
1353 annexin Ala
1408 (ransferrin

2175 MT

1217 calcium-binding protein 39
Cytoskeleton

753 Bactinl protein

810 kinesin-like protein 2 '
904 keratin 18

L158 gnovel protein similar to human titin (TTN)

1782 cardiac myosin light chain-|
Transporter

334 (ransitional endoplasmic reticulum ATPase

Koo ATP-binding cassetie sub-family B member 8

1243 V_type ATPase subunit G-like protein

1269 novel protein similar to human transporter 2,
ATP-binding cassette, subfamily B

1776 ATPase, Na*/K+ transporting, beta 2b
polypeplide

Cytokine

1553 insulin-like growth factor

1930 pierleukin-1 beta

Lipoprotein

878 low density lipoprotein receptor-related
protemn

2107 Vitellogenin

372 apolipoprolein E

1
Others
653 CDC23

1339 mitochondrial uncoupling protein 4

1548 potassium channel ietramerisation  domain
containing 12.2

1550 voltage-dependent  anion-selective channel
protein 1

2037 MHC class [1B antigen

2090 cold inducible RNA binding protein

304 Mvp protein

742 Sb:ch825 protein

763  G-protein coupled receptor 173

1099 Sjogren syndrome antigen B

1225 ¢rk-like protein

1509 guanine nucleotide-binding protemn subunit
beta-2-like |

1545 Gag-Pol polyprotein-like

1949 RAB14, member RAS oncogene family

il32308156
2i|27464846
MT_PSEAM
£1,50344946

gil28279111
2il6503041

£i{30410758
gil27884115
21155926111

gil41393119
ABCB8_DA
NRE
2i(7861924

gil2678806%

gill 8858317

£il4261848
gil83416463

gila1152012

£i[21952780
2il6688892

gil41055558
£il41054379

£i{77404244

gil47777306

£i|62825852
£i|62955567
eij29179488
gi|l27881963
£il18859427
gil41054695
rij47087217

gil1 8859301

2i[292611256
gild41393147

38020
38582
7185

40057

42073
44358
48573
75693
21925

90006
77693
7546

79478

34340

2025
5908

39391

18686
5078

67885
35188

31229

30665

845]

18443
95061
55119
44250
46225
33916

35565

199035
24091

6.26
6.28
8.1

6.22

53

6.88
553
5.56
4.87

5.14
9.66
5.83
8.23

k.S

6.69
4.51

6.67

9.37
403

5.99
102

6.25

6.23

9.13
8.75
5.48
6.32
v.44
6.68
6.0t

7.6

8.48
5.84

71
35
40
40

66
43
80
30

106
36
30

34

34

32

43

i3
45

45
37

7

112

63
72
66
35
78
59

103

62
24

1.46
2.3t
10.5
U.65

073
0.53
0.61
0.51
27

0.60
1.83
2.03

1.45

0.27
1.55

1.60

1.52
0.56

1.51
1.40

1.49

225
1.11
1.61
0.81
0.63
0.39
021
0.68

0.57

.49
0.81

1.61
2.68
18.6
0.47

0.62
047
0.52
0.49
2.79

0.50
2.67

2.63

178

0.13
4.069

1.79
1.80

1.60

246

1.83
225
0.56
0.62
0.32
0.16

0.56
LS
0.50

0.38
0.66

U

D

D

U
U

u

U

D
U

* In this table, “N” stands for spot no.; “S” stands for score of the protein calculated by MASCOT
software, when “S” > 54, the protcin was significant identified;
from previous work done in tilapia; “UJ" stands for up-regulation and
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The differentially expressed proteins can be divided into 9 groups according to their
function, including chaperone, enzyme, transcription factor, metal-binding, cytoskelcton,
transporter, cytokine, lipoprolein and other proteins, and 42 % of the differentially
expressed proteins were enzymes. The results of the differentially expressed proteins in
cytosolic fraction of ZI'L werc also compared with the proteins found in our previous
study of copper-affected proteins using tilapia Hepa T1 cells. More than 50 % of the
differential proteins were also regulated by Cu’' in tilapia, which were shown in the last
column of Table 4.1. Also, the functions of the dilfercntial expressed proteins in
zebratish were involved in lipid metabolism (Spot No. 2107, vitetlogenin; Spot No.
apolipoprotein E), cytoskeleton {Spot No. 753, beta-actin; Spot No. 904, keratin}, cell
proliferation (Spot No. 1553, insulin-like grow factor 1}, etc. These [unctions were also
similar to that of differential expressed proteins in the tilapia, which meant that the
mechanism of copper toxicity to zebrafish and tilapia was highly conserved.

Even though, there were some differences in the differentially cxpressed proleins
between zebrafish and tilapia. Firstly, Cu’" can regulate morc proteins in tilapia (125
proteins) than zebrafish (90 proteins). Secondly, the fold induction and depression of
differcntially cxpressed proteins by Cu® in tilapia were mostly higher than that in
zcbrafish. Thirdly, the regulation trend of several proteins in zebrafish was different
from that in tilapia. For example, serine/threonine protein kinasc (Spot No. 1179) was
found up-regulated in zecbrafish but down-regulated in tilapia. And insulin-like growth
factor 1 (Spot No. 1553) was found down-regulated in zebra{ish but up-regulated in
titapia. At last, some well identified proteins in tilapia were not found in zebrafish after

exposed Cu?', such as growth hormone and catalase. These four differences between
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rcactions of zebrafish and tilapia to Cu?' may help us to uncover the mechanisin of

copper sensitivity in zebrafish and tolerance in tilapia.

4.3, Discussion

In the present study, copper cffects on zcbrafish ZFL cells were investigated. Scveral
studics have reported the effects of metal exposure in zebrafish (Craig et al., 2007,
Gonzalez et al., 2006; Pans-Palacios and Biagianti-Risbourg, 2006). Regarding copper,
there was no report describing the changes in proteins expression in zebrafish exposed to
Cu®'. The present work was intended as a preliminary qualitative study of the changes in
protein expression induced by copper in the zebrafish liver cell line (ZI'L) to study the
mechanism ol copper toxicity to zebrafish, and identified several proteins related to the
copper sensitivity of zcbrafish.

Protcomic s an efficicnt method to identify new proteins as well as to investigate the
ecological risk assessments {Dail et al., 2008; Rodriguez-Ortcga ct al., 2003b). It may be
useful in providing insights into the molecular mechamsms underlying copper-induced
responses in zebrafish liver cell. As is known, loxic cffects of Cu'” are gencrally
atiributed 10 its high affinity for thiol groups and to ils capacily 1n participating in redox
reactions to form reactive oxygen specics. In fact, several authors reported an increased
ROS formation afler copper exposure in different aquatic species (Pourahmad et al.,
2003; Sandrini et al., 2009). In the present study, exposure for 96 h to 200 uM cu®
(50 % 96 h LC50) significantly induced several ROS generation related proteins in ZFL
cclls, such as thioredoxin/glutathione reductase (Spot No. 1159), Glutathione
S-transferase (GST) (Spot No. 1493), Cu/Zn superoxide dismutase (Cu/Zn SOD} (Spot

No. 1494), peroxiredoxin-1 (Spot No. 2022), et al (Sandrini et al., 2009, Craig et al,,
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2007). Also, these several important ROS related proteins can be found in the Hepa T1
cell linc after exposed to 300 uM Cu®" (50 % 96 h LC50 of Cu®' to Hepa T1). But
interestingly, the regulation folds of these proteins in zebrafish were much lower than
that in tilapia. For example, 200 uM Cu*' just induced GST at I,TI' f’o!ds in ZFL, but 120
uM and 300 uM Cu®* could induced GST at 19.13 and 42.42 folds in Hepa TI,
respectively. It was known that these four ROS related proteins were important proteins
which had antioxidant eljl'ccl to the free oxygen inside the cell. The lower induction of
these four proteins in zebrafish would help us to revealed sensitivity of zebrafish to (.‘u‘}':.
Besides, onc of the most important ROS related proteins, catalase. was absent in ZFL
exposed to Cu?', but up-regulated in Hepa T1, which also confirmed that the scnsitivaty
of zebrafish should be due to lower antioxidant ability. Anyway, the induction of the
ROS related proteins in ZFL can further confirmed that the toxicity of copper was

probably related to ROS effect.

One of the main targets of metal toxicity is the mitochondrion, and there is a close
I’CI;I{iL)IlQlip between metal-induced oxidative stress and proper mitochondrial function,
as seen in mammals and fish (Craig et al., 2007; Belyacva et al. 2008). Many studies
have examined the in vitro impact of metals on mitochondral respiration and energetics
in fish (Manzl et al., 2003; Manzl et al., 2004). In th.is study, several mitochondrion inner
proteins were found differentially expressed in ZFL after 96 h exposure to Cu”,
including cytochrome c¢ oxidase subunit Il (COX2) (Spot- No. 1887), NADH
dehydrogenase subunit 4L (ND4L) (Spot No. 2070), aldehyde dchydrogcn'asc (Spot No.
751). Comparing with Hepa T1, these threc proteins were also found differentially -

expressed after Cu®* exposure, and the regulation trends were also well matched. This
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result further confirmed that coppe: toxicity to the mitochondrion. However, the
induction ol COX2 in the Hepa T1 (300 uM mduced 29.05 folds) is much higher than
that in zebrafish (200 uM induced 1.51 folds) atier exposcd to Cu®". This should be due
to the copper binding ability of COX2, which was found in chapter 3. Recent studics
demonstrate that steady state Cu levels in the mitochondrial matrix are ncarly an order of
magnitude above that predicled to be required for the activation of the abundant
mitochondrial Cu-dependent enzyme cytochrome oxidase {cg. COX17, COX11) (Craig
ct at,, 2007). COX2 should play an important role in copper transportation tnstde the
mitochondrion. Therefore, the higher induction of COX2 in Hepa T1 may accclerate

copper transportation in mitochondrion and help the ccll to process the detoxification of
&1
1

Cu".

It 1s important to notc that Cu** can induce difterent members of heat shock protein

70 (Hsp70), including heat shock protein 5 (Spot No. 482), heat shock protein 70 (Spot
No. 487), and heat shock prowin 8 (Spot No. 492). Heat shock proteins inductions are
markers of multiple siress exposures, and the Hsp70 family comprises the most
important proteins responsive (o toxic compounds including Cu®™ (Piano et al., 2004,
Rodrigucz-Ortega ¢t al., 2003). Induction of heat shock/stress proteins is a key feature of
»a universal mechanism of celular defense 1o injury known as the “stress responsc’”,
-which means that the ZFL cell may protect itsell’ from Cu®" by induction of Hsp70.
Intcrestingly, Hsp70 was not found regulated in the Hepa T1 cell after Cu’' exposure,
but induced in vivo as the results showed in the chapter 3. According to previous studics
and our previous data, Hepa T1 cell is much more resistant 1o Cu®' than the zcbrafish

and tilapia adult (Sandrini ct al., 2009; Cheuk et al., 2008; Chen and Chan, 2009).
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. 2 . . . . . . .
Therefore, the Cu”" could cause stress responsc in vivo but not jn vitro to tilapia. In view
of these data, it is concluded that Cu® can induce more stress responsc to ZFL than the

Hepa T1 cell.

[n this study, two intercsting proteins were firstly identified to be related to Cu?®”
toxicity in the ZFL ccll, which were potassium channel tetramerisation domain
containing 12.2 (Spot No. 1548) and voltage-dependent anion-selective channel protein
1 {VDACI]) (Spot No. 1550}. Potassium channel tctramensation domain is the
N-terminal, cytoplasmic tetramerisation domain (T1} ol voltage-gated K' channels.
which belongs to most diverse group of the ion channel family. It defines moliccular

determinants  for  subfanuly-specific  assembly of alpha-subunits  into  functional

¥

tetrameric channels (Gan et al., 1996; Perncy et al,, 1992). Vollage-dependent anion
channels are a class of porin 1on channel lecated on the outer mitochondnial membrane
{Li et al., 2001). In addition to its function as a channel protein for solutes or ions,
VDACL, which acts as 2 major mitochondrial outer-membranc anion transporter, also
functions as a gatckeeper in mitochondria-mediated apoptosis (Daoudal and Debannce,
2003). It was reportcd that opening of voltage-gated 1on channels located 1n the cell
membrane is mandatory when an excitatory synapsc becomes activated (Lau ct al.. 2008).
Here, we showed the up-regulation of potassium channcl tetramerisation domain
containing 12.2 and VDAC in the ZFL cell after copper exposure, which should be due
to the stimulation of Cu®” 10 the cell. However, how the Cu®’ stimulated the ion channcl

needs to be further studied.

Taken together, the study in the chapter showed the differentially expressed proteins
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profile in the ZFL cell after exposed to Cu*. According the these results and previous
data, the mechanism of Cu?' toxicity (o the ZFL is highly conserved with that of Hepa
T1, which were both involved in lipid metabolism, ¢ytoskeleton, and cell proliferation.
Howcver, as icbraﬁsh 1S a copper sensitive specics, there were also some differences in
differentially expressed proteins between ZFL and Hepa T1 cell. The most differences of
the differentially expressed ﬁroleins between these two cell lines after copper exposurc
were involved in the ROS effect, mitochondrion funcltion and stress response. As
discussed previously, the copper 1on would induce more proteins related anttoxidant and
mitochondrial copper transportation in Hepa T1 than ZFL, which would act to protect
Hepa T1 [rom Cu®" toxicity. Also, Cu®™ would induce more stress elfect to ZFL than
Hepa T1 cell. These differences should help us o reveal the reason of copper sensitivity
ol zebrafish and tolerance of tilapia. At last, two interesting protetns were firstly found
to be induced by Cu™, but the real mechanism of these two proteins related to is sulbl

unclear and neced to be further studied.
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Chapter 5
Regulation of copper transporters mRNA levels in zebrafish and tilapia after
waterborne exposure to copper ion

5.1. Introduction

In previous chapters, the mechanism of Cu” toxicity to tilapia and zebralish was
* studied by proteomic approaches. From our previous studies, cytosolic fractions were
uscd for copper binding protein analysis and thus copper transporters on plasma
membrancs were not studied. This chapter focuses on the regulation of copper
transporters by Cu®'. Previous chapters found that the Cu” sensitivity of zebrafish and
tolerance of tilapia might be due to the regulation of several important proteins related to
ROS effect, copper transport in mitochondrion, and stress response. However, these
proteins’ regulation by Cu®" should happen after copper ion enter into the cell and
copper transporters are responsible for copper uptake in cells. Copper transporters also

play important roles in copper intoxication and detoxification.

Cu métabnlism and export from the cell rely on important Cu-transporting A'TPases.
In mammals, there arc two types of ATPases: ATP7A (Menkes discase gene) and
ATP7B (Wilson’s disease gene) that are associated with human genetic disorders of the
same name (Kim et al., 2008; Madsen and Gitlin, 260?}. The copper ATPases, ATP7A
(ATPase, Cu™ transporting, alpha polypeptide) and ATP7B (ATPase, Cu’ transporting,
beta polypeptide) are two copper transporters important for regulating copper levels in
the body. ATP7A function is thought to be regulated mainly at the post-translational
level by alterations in membrane transport of copper ions. Under acute conditions of

clevated levels of copper ions, it has becn shown that there is a change in the subcellular



localization of the protein from the trans golgi network to the cell periphery
(Balamurugan and Schaffner, 2006). In the small intestine, the ATP7A protein helps
control the absorption of copper from food, and in other organs or tissucs, the ATP7A
protein has a dual role and shuttlics between two locations within the cell. The ATP7A
protein normally resides in the Golgi apparatus, which modifies and transports newly
produced enzymes and other proteins, it supplies copper to certain cnzymes that are
critical for the structure and function of bone, skin, hair, blood vessels, and the nervous
system. When intracellular copper level i1s elevated, however, the ATP7A protein will
move to the ccll membranc and eliminates excessive copper ions from the cell. ATP7B
is an ATPase that transports copper ions. This protein functions as a monomer, exporting
copper tons out of the cells, such as the eftlux of hepatic copper 1oas into the bile (Kim

et al, 2008; Madsen and Gitlin, 2007; Balamurugan and Schaffner, 2006).

To study the regulation of copper transporters of Cu-ATPAscs 1n tilapia and zebrafish.
the nucleotide sequences of ATPTA & B ¢cDNAs were investigated by using Reverse
Transcription-PCR. Further more, rcal-time PCR was used to determine the mRNA
levels ol metallothein (MT), ATP7A and 7B in tilapia and zcbrafish ¢xposed 10 copper

ions in vivo and in vitro.

5.2. Materials and Mcthods
5.2.1 Fish and cell culture
To compare the regulation of ATP7A & B in tilapia and zebrafish. the in virro and in

vivo experiments were both conducted. In the in vitro experiment, the llepa T1 (tilapia
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hepatocyte) and ZFL (zebrafish hepatocyie) was chosen. Hepa T1 and ZFL cells were
treated with two dosage of sterile CuCl; solution as shown in chapter 2 & 4. As to the in
vivo experiment, the liver and giil in the tilapia and zcbrafish larvac were examined. The
administrations with copper ions of tilapia can be referred to chapter 3.

To prepare zebrafish larvae, firstly, adult zebrafishs were raised and maintained in a
closed flow-through culure system at 28 & 0.5 = C with a photoperiod of 14 h light and
10 h dark. The zebrafish were fed twice a day with dry flakes supplemcented wath liver
brine shnimps once a day. Spawning 1s triggercd once the light is turned on in the
morning and is complete within 30 min. At 4-5 h post-fertilization (hpf), cmbryos were
collected and rinsed scveral times with culture medium to remove residues on the egg
surface. Healthy embryos at blastula stage were then selected for subsequent
experiments. Zcbrafish larvac (5 day post-fertilization) were treated with three dosages
of waterbone exposurc CuCl; according to its 96 h LC50 value, which was calculated by

observation the death percentage of larvac exposed to different concentration of CuCl,.

5.2.2. First strand cDNA synthesis

Exposed samples with control fishes were cotlected and homogenized in TRIZOL®
rcagent (Invitrogen, Carlsbad, CA, USA). Total RNAs werc isolated according to the
manufacturcr's protocol. RNA qualities werc confirmed spectrophotometrically.
Single-stranded cDNA was synthesized from 2 pg total RNA using an ohgo (dT} 20
primer an& the SuperScript™ 11T RT kit (Invitrogen, Carlsbad, CA, USA) by reverse

transcription according to the manufacturer’s manual.
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5.2.3. Cloning and sequencing of cDNAs for tilapia ATPTA & B

Several degenerative primers were designed using conserved domains after multiple
alignments of full-length or partial cDNA scequence of ATP7A & B reported from other
species (Fig. 5.1). For amplifying partial scquences of these two genes in tilapia,
RT-PCR was carried out using 2 pM of cach primer and hepatic cDNA as a template
with the following conditions: 2 min at 94 “C, 10 cycles of 94 °C for 30 s, 48 °C for 30 s,
and 72 °C for 60 s, 10 cycles of 94 °C for 30 s, 50 °C for 30 s, and 72°C for 60 s, 10
cycles 0of 94 °C for 30 s, 52 *C for 30 s, and 72°C for 60 s, 10 cycles of 94 °C for 30 s, 54
°C for 30 s, and 72°C for 60 s, and 7 min at 72°C. Information of primers uscd in this
study is shown in Table 1. The RT-PCR products were purified from | % agarose gel
using the Gel Extraction kit (Qiagen, Hilden, Germany), hgated into pCR2.1. TA
plasmid vector, and transformed into competent E. coli (Invitrogen). The plasimid DNA
was isolaled from bacterial cultures using the Plasmid Purification kit (Promega,

Madison, W1, USA).
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O Mo GCACTAACCTGTGTCS g Bicoccficce AT

S wlw AGGTCAAGCTGAGCTC A = TCC CGT

G acuranm  AAGTCAACCTGAGTTC 5 cc AT
T niwipes  AAGGCAGTCTG 3 Tce AT
MBES  ouvuven f TeTcRcee AT
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Fig. 5.1. Conserved regions of ATP7A & B from the alignment of nucleotide
sequences obtained from NCBI. Locations of degenerative primers are shown with

arrows. A: ATP7a; B: ATP7B.

5.2.4. 5’- and 3’-RACEs for ATP7A & B in tilapia

For rapid amplification of cONA end (RACE), the forward and reverse primers were
designed from the partial cDNA scquence (Table 5.1). The 5" and 3 end sequences of
cach genc were obtained using the GeneRacer™ kit (Invitrogen). The temperature

conditions for RACE were set as specificd by the manufactures of the kit.

5.2.5. Tissue distribution
The tissue distribution of mRNAs from these two genes in tilapia was explored by
quantitative real time RT-PCR by using B -actin as control gene. Six different tissues

(brain, gill, intestine, kidney, liver and heart) were carefully dissected from the

acclimated fish (n=3). Total RNA in each tissue was isolated from the pooled tissues of 3
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fish, and cDNA was synthesized using the method described above. And the expression

leve! of these two genes in the liver was taken as control.

5.2.6. Copper accumulation in ZFL and zebrafish larvae

ZFL cells were exposed (96 h) to different co}lccnlrations CuCI2 (0, 100 and 200
uM), as described above. After trypsinization, cells (6 groups of 2x10° cells per group)
were centrifuged (3min) at 1500 rpm. Pellet was resuspended in PBS and centrifuged for
three times. The new pellet wa§ dried (60 () and completely digested in 50 ul of
HNO3 (Suprapur; Merck) for 24 h. Copper concentration in digested samples was
measured by AAS, as described above. Results were expresscd as fg Cu/cell.

Zebraiish larvae were also exposed to 4 concentration of CuCl2 (0, 0.17, 0.34 and
0.67 uM), with 30 larvae in cach triplicate. After exposed for 96 h, the larvae were
collected and weighted the wet weight. Then the samples were also digested and

measured the copper concentration by AAS with the same method 10 ZFL..

5.2.7. Rleal-time quantitative polymerase chain reaction (PCR)

Contro! and Cu-induccd expression levels of ATP7A & B and MT were checked
using quantitative rcal-time RT-PCR with thc ¢cDNA of each sample as a template.
Information of primers used for the rcal-time RT-PCR is given in Table 5.1. The other

procedures were same to that in chapter 2.
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Table 5.1. PCR Primers used in the studies of ATP7A and 7B ¢DNAs and gene

expression —
Gene Oligo name  Sequences (5" —~37) Remarks
T-ATP7TA T-7aF1 ATGACNTGTGNHTCCTGTGT Conserved
T-7a F2 GCHATBGADGAYATGGGVTTTGA region
T-7aR1 CCAATCTTBCCYTCRATGGT amplification
T-7A 3' F1 CTCTTGGAGTGGAGGGTATGAC 3’ end region
T-7A3'F2 TGACACCCACAGCCCAACAGGAA amplification
T-7A3'F3 AACCGTTTCGTCGCCATCTGA
T-7A3'F4  CAAAGGCTCCCATCCAGCAGTAT
T-7A5'R1 CGATGGTGGTAATACAGGAGTGAC 5" end region
T-7A5'R2 CGTTAGGGAGGGAACAAAGGT amplification
T-7AF1 ATTAGGTCCACATAGCAGAGTTC Full  length
T-7A F2 TGTGGCTAACAGTTTGCTTCA amplification
T-7A R1 GCTATCTTTGGAATGGGTTGGACT
T-7ART-F  CCAACAGGAAGCATTGAAGA Real-time
T-7ART-R  TGTCTGTGGCAGGTTCTCTC PCR
T-ATP7B  T-7b FI GCCAACATGGAYGTGCTHATCGT Conserved
T-7b F2 CCNCCVATGCTBTTTGTVTTCAT region
T-7b R1 GCNCCVACCCCHGTGCCCACCAT amphfication
T-7b R2 TTTGABRTYTGGGCCTCTTCCAC
T-78B 3' Fl GCTGGAACAGATAGCCAAGAGCAA 3’ end region
GA amplification
T-7B3F2 GCAGGTGGATGTGGAGCTGGTTCA
T-7B3'F3  ACACCCGCTGGGAGCCGCTATTA
T-7B5'R1 TGACCCTCCCATCGACTGGAAACT 5" end region
T-7B5' R2 CTCCACATCCACCTGCTCCTCACT amplification
T-7B5'R3 CTCCCTTCACGCACTCGGCTA
T-7BRT-F  GCCACTTCCATAGCCTTCA Real-time
- T-7BRT-R  GGGATTGACTTTTGCCTTCT PCR
ZF-ATP7  ZF 7AF GGCTCGACTTCTCGCAGCT Real-time
A ZFTAR ATTCCGCATTTTCACTGCCT PCR
ZF-ATP7 ZF7BF CACCACTCCTCGTCACCCT
A ZF7BR TTTCCCTTACCTGACCCTGA
ZF-MT Z¥F MTF GCCAAGACTGGAACTTGCAAC

ZF MTR

CGCAGCCAGAGGCACACT
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5.3 Results
5.3.1 Cloning ATP7A & B in tilapia

ATP7A & B have not been previously reported 1n tilapia, 1t was thercfore important
to identify their mRNA (¢cDNA) sequence cnabling the measurcment of their tissuc
expression profile in normal and under excess Cu conditions. Until now, the full lenpth
cDNA of ATP7A obtained from tilapia (TIATP7A) was 5822 bp which contained an
open reading frame of 4554 bp (1514 amino acids) and 5° end 37 untranslated regions of
26Y and 999 bp respectively (as showed in appendix 5). The deduced TiATP7A protein
sequence displayed 63 % identity with human ATP7A and 75 % with zcbrafish ATP7A
sequences. Also, a partial length cDNA of ATP7B from Tilapia (TIATP7B) of 4294 bp.
The deduced protein sequence of TIATP7B displayed 59 % identity with the human

ATP7B sequence.
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Fig. 5.2. A phylogenetic tree of Cu-ATPases. Human (Homo sapiens) ATPTA
(NP_000043.3) “and  ATP7B (NP_000044). mouse (Mus rmusculus) ATPTA
(NP 001103227.1) and ATP7B (NP_031537), chicken (Gallus galtus) AIPTA (XM
42630?.2) and ATP7B (XM 417073.2), zebrafish (Danio rerio) ATP7A (NP_001036185)
and ATP7B (Ensemble, ENSDARP00000029666), pufferfish (Tetraodon nigrovividis)
ATP7A  (Ensemble, GSTENGO00017010001.1) and ATP7B  (Enscmble,
GSTENG00020077001.1), sca bream (Sparus f:ruram) ATP7A (ACX37119) and ATP7B
(ACX37120), fruit fly (Drosophila melanogastery ATP7 (Fly.Bas;: database,
FBpp0271765), nematode (Caenorhabditis e(egahs) Cua»l. (NP_499778.1), and yeast
Ccc2 (Saccharopyces cerevisiae) (AAC37425.1), werc used to generate the

neighbor-joining tree constructed using the program MEGA.
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5.3.2 Tissue distribution patterns of ATP7A & B in tilapia and zebrafish

To check whether ATP7A & B of tilapia and zcbrafish are ubiquitously expressed in
the tissucs, we measured mRNAs from 6 different tissues. In tialapia, as shown in Fig.
5.3, by comparing. the gene'’s exprrc'ésion I;:vel in the liver, ATP7A’s cxpression level in
the gill (1.48 folds) is almost similar to the liver, but much higher in the kidney (3.61
folds) and intestine (3.32 folds), lower in the brain (0.64 folds), and almost null in the
heart werc found. As to ATP7B, this genc’s expression level i the gill (0.35 folds),
intestine (0.62 folds) and brain (0.18 folds) was lower than that in the liver. but also
higher in the kidney (2.06 folds) and heart (2.03 folds).

\

As to the distribution of ATP7A & B n zebrafish (Fig. 5.4), ATP7A’s expression
level in the gill (0.67 folds) was a little lower than that of liver, but much higher in the
heart (7.45 fold), kidney (11.33 folds) and intestine (28.68 folds), and almost not
detected in the brain. The distribution pattern of ATP7B is almost similar to ATP7A in
zebrafish, cxcept with a lower expression in gill (0.26 folds), and higher expression in

heart (7.45 folds).

ATP7A & B were found to express in liver, gill, heart, intestine and kidney of tilapia
and zcbrafish, their mRNA levels were higher in kidney and intestine. However, the
cxpression levels of ATP7A & B were low in brain of tilapia, and not cxpressed in
zebrafish. This difference should be one of rcasons for the difterent responsc to the metal

exposure in tilapia and zebrafish.
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Fig. 5.3. Tissue distribution of ATP 7A & B mRNA in tilapia detected by real time
PCR. Values are means+S.1). N= 3. Bars with asterisk indicates significant difference

from the liver (*p < 0.05, **p < 0.01, ***p < 0.001; ANOVA, Tukey’s test). Bars

bearing different lettering are significantly different (p<0.05, ANOVA, Tukey’s test).
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Tissue distribution of ATP7A
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Fig. 5.4. Tissue distribution of ATP 7A & B mRNA in zebrafish detected by real
time PCR. Values are means=S.D. N= 3. Bars with asterisk indicates significant
- difference from the liver (*p < 0.05, **p < 0.01, ***p < 0.001; ANOVA, Tukey’s test).

Bars bearing different lettering arc significantly different (p<0.05, ANOVA, Tukey’s test).
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5.3.3 Copper accumulation in ZFL and zebrafish larvae

Firstly, th’e 96 h LC50 of CuCl; to zebrafish larvac was determined to be 85.73 ppb
(1.34 uM) (Fig 5.5). The copper accumulation din ZFL and zcbrafish larvae after Cu
exposure was shown in Fig. 5.6. It was found that higher Cu concentration can induce
higher accumulation in ZFL and zebrafihs larvac. These results were similar with our
lab’s previous data about the Cu accumulation in tilapia’s tissues. [lowever, the copper
accumulation in zebrafish larvae was much lower than that of tilapia after exposed to

similar concentration of Cu®". This should be due 10 the regulation of ATP7A & B and

MT, which would be discussed in the following section.

LC50 of CuCl; to larvae

100+

754

Percentage of death
o
<

254
[OF sy Y T ]
0 1 2 3

Concentration of CuCl, (log(ppb))

Fig. 5.5. Cytotoxicity (%) of zebrafish after CuCl; exposure in different
concentrations (in log scale) for 96 h. The 96 h LC50 of CuCl, on zebrafish larvac was
determined as 85.73 ppb (1.34 uM). The 96 h LC50 values were calculated using

Graphpad prism 5 with lincar regression.
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0.001; ANOVA, Tukey'’s test).
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5.3.4. Cu-modulated expression of ATP7A & B and MT in tilapia and zebrafish
After getting the full sequence of ATP7A & B, we were interested in studying these
two genes’ regulation in tilapia and zebrafish after Cu®” exposure. To make our result
more significant, mectallothionein (MT) was also chosen in this study, because MT is
also an important copper binding protein, which plays a role in mectal storage and
detoxification. Here, these three genes’ regulation was studied with both in vivo and in
vitro. As the results showed in Fig. 5.7, 5.8 and 5.9, 300 uM Cu?" could induce most
ATP7A (8.14 folds), ATP7B (8.98 folds) and MT (5.12 folds) in Hepa T1. In ZFL groups,
200 uM Cu’' can induce more ATP7A (1.90 folds) and MT (3.38 folds) than the other
two dosages, and ATP7B was maxism induced in 100 uM Cu?®' (3.83 folds). Obviously,
300 uM Cu®' can induced more ATP7A, ATP7B and MT in Hepa T1 cell than ZFL
treated with 200 uM Cu?®’. Similar to the in vitro result, the expressions of ATP7A,
ATP7B and MT were up-regulated in tilapia’s liver and gill after exposed to different
concentration of Cuz*, so did in zebrafish larvae. Also, the regulation folds of these three
genes in tilapia’s liver and gill by Cu?” were higher than that in zebrafish larvac. These
results would help us to further understand the differences between tilapia and zebrafish

treated with Cu®".
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5.4, Discussion
5.4.1. Tissue expression profile

In mammals, the functional diversity of ATP7A and ATP7B is apparent from their
differcntial tissue expression pattemns and discase outcomces in Wilson's and Menkes
Diseases. In human adults, very low levels of ATP7A mRNA arc found in the liver,
although it is ubiquitously expressed during development (Lutsenko et al., 2008);
whereas, ATP7B cxpression is more delimited with high levels of expression in liver,
kidney and intestine, but to a lesser extent in brain (Kuo ct al., 1997).

In tilapia and zcbrafish, the expression profiles of ATP7A and ATP7B are to a
certain extend similar to thosc found in mammals (Fig. 5.3). except that the expression
of ATP7A in liver was higher than antictpation. The distribution of ATP7A is reflective
of its role in delivery of Cu to cuproenzyimes cg. peptidyl-a-monooxygenase (El Meskini
ct al., 2003), tyrosinase (Petris ct al., 2000) and lysyl oxidase (Tchaparian et al, 2000).
Recently, scveral studies showed that ATP7A could be also found in liver of mammals
{Lenartowicz et al., 2010), therefore our result of ATP7A’s expression in the liver is not
uncommon.

Interestingly, the ATP7A & B’s expression levels in intestine were higher than that
in gill, cven though lower expression of ATP7B in the intestine and gill, which should
be duc to the function of this gene (Minghetti et al., 2010). Gill and Intestine are two
important organs with important pathways for uptake of waterborne and diet-borne Cu®”.
Previous studies clcmoﬁstrated that dietary uptake 1s the major source of copper for fish
under optimal growth conditions (Clearwater et al., 2002; Minghett et al., 2010), and
waterbormne copper for fish health would be significant at times when the dictary source

of copper become inadequate (Minghetti et al., 2010). Shek and Chan (manuscript in
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preparation) determined that copper accumulation in intestine had high copper
concentration than in gill of tilapia after exposed to different concentration of CuCl;.
Here, my result of ATP7A & B’s expression in gill and intestine further confirmed the
role of gill and intestine played in the copper uptake. Since ATP7A but lower ATP7B
was expressed in both tilapia intestine and gill, ATP7A is implicated as the probable

candidate for basolateral Cu transport in fish.

Also, the expression levels of ATP7A & B in kidney were both at a higher level. The
kidnecys have onc of the highest copper concentrations among organs (Shek and Chan,
unpublished data) and show tight homeostatic control of their copper content. Compared
with other tissues, the renal copper content is less affected by systemic copper deficicncy
or overload (Lutsenko et al., 2007). Currently, little is known about renal copper
transport and regulation. Our results about expression of ATP7A & B in kidney might
indicate that renal cells require Cu-ATPase function to maintenance of intracellular

copper and also the whole body’s copper levels.

5.4.2. Inductions of ATP7A and 7B in tilapia and zebrafish

In this study, Cu-ATPase mRNA expression was measured in tilapia and zebrafish
after Cu® exposure. It was found that Cu®* cxp():;‘urc could induce ATP7A & B and MT
in tilapia and zebrafish in vivo and in vitro in a dose dependent manner. Cu homeostasis
in fish is tightly regulated, and as in higher vertebrates. In mammals, excessive amount
of Cu®' is accumulated in the liver and excreted in the bile (Madsen and Gitlin, 2007,
Balamurugan and Schaffner, 2006). Likewise, in zcbrafish, clevated Cu load was

observed in thc larvaec and ZFL afler exposed to increased waterbomme Cu (Fig. 5.4).
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Also, MT was up-regulated in zebrafish larvae and ZFL, which aiso indicated that the

metal accumulation in larvac and cell afler Cu?' exposure.

In a recent study in zebrafish, Craig et al. (2009) reported that intestinal and liver
ATP7A mRNA was increcascd after exposurc to 8 ug/L Cu in the waler. Their result is
in-line with the results obtained in the present study. ATP7B is an important copper
iransporter in the hepatocyte, which can efflux the cxcess copper out of liver 1o bile. In
the present study, we also observed induction of hepatic ATP7B expression in tilapia and
zcbrafish after Cu exposure. Therefore, it can be concluded that mmcrcased ATP7A & B
would help o remove Cu from the cell, and the excessive Cu*' would also be stored in

the several metal binding proteins, such as MT.

By comparnng the regulation of ATP7A & 7B and MT in tilapia and zcbralish, it was
found that the regulation of these three genes in tilapia was higher than that of zebrafish
in vitro and in vivo. It is possible that the copper tolerance of tilapia might be duc to
higher regulation of ATP7A & 7B and MT, which can help tilapia to excrete or regulate

the excessive Cu?” entering into the organism.

In swmmary, in this study we obtained the full length sequence of ATP7A and partial
sequence of ATP7B 1n tilapia, and found that ATP?A i tilapia was ghly conserved
with human and other teleost fish’s ATP7As, which mecant that the toxicity of Cul o
tilapia was conscrved with zcbrafish and human. The expression of tilapia and zcbrafish
Cu-ATPasc (TIATP7A and TiATP7B) mRNAs were consistent with the available

physiological evidence from various fish species for the involvement of ATP-dependent
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(ATP7A-B-like) Cu-transporiers under conditions of both normal and excess Cu
exposure. To study the mechamsm of copper tolerance (tilapia) and copper sensitive
{zebrafish) by comparing the regulation of ATP7A & B and MT, we demonstrated that
tilapia has a higher fold induction of these penes for better imctal homeostatsis. Further
investigations with RNAI or morpholino knock down approaches are needed to confirm

the functions or roles of those transporters that may play in copper homeostasis.
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Chapter 6
Comparative toxicity of Cu;O nanoparticle and CuCl, to
zcbrafish larvae and ZFL

6.1. Introduction

Nanotechnology is one of the fastest growing sectors of the high-tech cconomy.
There are more than 200 separate consumer products alone using nanomaterials with
personal, commercial, medical, and military uses (Brumficl, 2006). Engineered
nanomaterials with dimension of 100 nm or less, provide us a wide range of novel
applications in thc electronics, healthcare, cosmetics, technologics and cngincering
industrics. The cxploitation of propertics inherent to materials at the nanoscale (< 100
nM) has initiated innovative approaches to technologies which shape our world. Lack of
toxicological data on nanomaterials makes it difficult 10 determine if there is a risk
associated with nanomaterial cxposure. Thus, there is an urgent necd to develop rapid,
accuratec and efficient testing strategies to assess health cffect of these emerging

nanomaterials.

In previous chaptcers, we have studiced the toxic cffects of soluble copper, and in this
chapter herein we report the use of zcbrafish larvac and zebrafish cell-line, ZFL, for the
study of copper nanoparicles. The primary target of this study was to determine if copper
nanoparticles were toxic to zebrafish larvac comparing with copper ions. And if so, we
would like to determine if the observed toxicity is solcly due to dissolution of particles.
Therefore, the behavior of copper nanoparticles in natural water was cxamined and the
acute toxicity of nanoparticulate copper was compared to that of soluble copper using

zcbrafish larvae and zcbrafish liver cell (ZFL). Metallothionein {MT), copper
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transporters (Ctrl, ATP7A and 7B), superoxide dismutase (SOD) and glutathione sulfur
transferase (GST) were used as biomarkers of exposure and effects to examine the
concentrations of nano-copper particles and copper 1ons required 10 induce biochemical

siress responsce.

6.2. Materials and Methods
6.2.1 Preparation of Cu;O NJ’s stock suspension

In a lypic.'al synthesis  of Cux(), a mixture of 020 g cupric acclate
(Cu(CH,CO0)>*H,0)) (ACROS, 99 %) and 8.20 g hexadecylamine (HDA) (1L, 99 %)
was heated to 85 "C to make a homogencous solution. Then, the mixture in an open glass
bottle was directly placed in the muffle furnace of 210 °C for 50 min. After the reaction,
the resulting powder was casily collected by centrifuge and was rinsed with 70 °C
toluene for 5 times to remove the hexadecylamine, and then dried in a vacuum at 80 °C

for 4 h.

6.2.2 ZF1. and zebrafish larvae culture

The culture of ZIFL and zebrafish larvae can be referred to Chapters 4 & 5.

6.2.3 Toxicity study of Cu20 NP to ZFL and zcbrafish larvac
The 96 h 1.C 50 value of Cu,O NP 10 ZFL and zcbrafish larvae can be referred to

Chapters 4 & 5.

6.2.4 Annexin-V/PI assay of ZFL exposed to Cu2O NP

Referred 1o Chapter 4.
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6.2.5. Copper accumulation in zebrafish larvae and ZFL. exposed to Cu,O NP

Referred to Chapter 5.

6.2.6. Real-time quantitative polymerase chain reaction (PCR)

. To compare the toxicity of CuCl, and Cu,O NP, 7 important genes related to copper

1

transportatton and ROS’ eficct were chosen in this chapter, including ATP7A & B, Curl,

MTE-1, MT, GST, and Cuw/Zn SOD. The scquences of these 7 genes for real-tune

quantitative PCR were shown in Table 6.1. And the concreted procedures can be referred

to chapter 2.

Table 6.1. PCR Primers used in this chapter.

ATP7B

Cirl

MT

Cw/Zn SOD

MTI

GST

Primers Sequences (5° o 3')
Forwards GGCTCGACTTCTCGCAGCT
Reverse ATTCCGCATTTTCACTGCCT

Forwards
Reverse
Forwards
Reverse
Forwards
Reversc
Forwards
Reverse
Forwards
Reverse
Forwards
Reverse

CACCACTCCTCGTCACCCT
TTTCCCTTACCTGACCCTGA
AATGTGGAGCTGCTTTTTGC
AACACAGCCAACAAGAACACG
CCTGCGAATGTGCCAAGA
TTGCTGCAACCAGATGGG
ATCAAGAGGGTGAAAAGAAGC
AAAGCATGGACGTGGAAAC
CCTCCTACAATCAGCATCGC
CCTGTTGTTCGGGGTTTTG
CTATACATGCGGCGAAGCT
GGCATTGCTCTGGACGAT

tsl



6.3 Results
6.3.1 Toxicity of Cu,O NP

The CupO NP was firstly constructed with the size smaller than 50 nM, showed as
Fig 6.1, and used in the following experiments. The median lethal concentration (LCS50)
of Cu20 NP on the ZFL cell line and zebrafish larvae at 96 h was determined using
alamarBluc assay and calculation of percentage of death, respectively. The dose
response curves with 96 h LC50 werce plotted using Graphpad Prism 5 (Fig. 6.2): 110

ppm (1545 uM Cu) in ZFL cell and 242 ppb (3.39 uM Cu) in zebrafish larvac.

r

Fig. 6.1 SEM micrograph of nanocopper particles dispersed in water showing the

wide disparity in particle aggregation states.



Comparing with previous data in Chapter 4 about CuCly to ZIL (360 uM) and
zebralish larvac in Chapter 5 (1.34 uM}), it was found that CuCls is more toxic than
Cu2( NP, also it can be concluded that the ZFL ccll was more resistant 1o Cu toxicity
than zcbrafish larvac. To further study the toxicity of Cu;O NP, flow cylometry
mcasurcment was usced to quantify the extent of apoptosis and necrosis in the ZFL
cxposed to two concentrations Cu:(3 NP (50 ppm and 23 ppm). and sigmficant
differences were observed between the control and the Cu2Q NP treated cells, After
incubation with different concentrations of Cu;O NP for 96 h, the percentage of
Aanexin-V i /PI+ cclls (apoptosis) increased to 1.6 % and 2.4 %. respectively. compared
to 0.9 % in the control group. The percentage of Annexim-V-/PIL- cells (necrosis)
increased to 3.9 %% and 0.0 %, respectively. compared to 1.4 % wn the controf group (1.
6.3). Similar to CuCly, These results demonsirate that Cu:O NP primarily iduces cell
necrosis rather than apoptosis, and the toxicity of 50 ppm Cu-() NP wus equal to that of

12.8 ppm (200 uM) CuCl- to ZFL.



96 h LC50 of Cu,0 NP to ZFL

1504
L
®
Q
2 1004
(=}
@
(8)]
g
Q 50+
5 2
0 L] - L] L L] L
0.0 0.5 1.0 15. 2.0 2.5
Concentration of Cu,O NP (log(ppm))
LC50 of Cu,0 NP to larvae
100+

754

Percentage of death
w
o

0 L L] L
0 1 2 3 4

Concentration of Cu,0 NP (log(ppb))

Fig. 6.2 Cytotoxicity (%) of ZFL and zebrafish after Cu;O NP exposure in different
concentrations (in log scale) for 96 h. The 96 h LC50 of Cu;O NP on ZFL cells (upper
pancl) and zebrafish larvae (lower pancl) was determined as 110 ppm and 242 ppb. The

96 h L.C50 values were calculated using Graphpad prism 5 with linear regression.
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6.3.2 Copper accumulation in ZFL and zebrafish larvae

- The copper concentrations in ZFL and zebrafish larvac after exposure to copper ions
and Cu;O NP are shown in Fig. 6.4. It was found that higher Cu;O NP concentrations
can induce higher copper contents in ZFL and zebrafihs larvae, and such a trend was
similar to the copper accumulation after CuCl, treatment. However, the copper
accumulation in zebrafish larvae after exposed to Cu;O NP was both higher than that
after exposed to CuCly, but almost at the same level in ZFL. It is interesting to note that
the concentration of CuO NP (50 ppm in vitro and 125 ppb in vivo) used in ZFL and
zcbrafish larvae was much higher than CuCl; (12.8 ppm in vitro and 43 ppb in vive), but
the copper accumulation in ZFL and zebrafish larvae in Cu;O NP treatment groups (19.1
fg Cu/cell and 7.14 ug/g wet weight) was not much higher than that in the CuCl;
treatment groups (16.7 fg Cu/cell and 4.99 ug/g wet weight). The possible reasons for
these results could be involved in the insolubility of Cu,O NP and a tight copper
transportation system of Cu homeostasis in the organism. To further study the
differcnces between Cu;O NP and CuCl,, the regulation of seven genes involved n

copper transportation and ROS effect was studied.
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6.3.3 Regulation of genes after Cu;O NP and CuCl; exposure

After comparing the copper accumulation in ZFL and zebrafish larvae cxposed to
two chemicals, we conducted the real time quantitative PCR to test scven genes’
regulation afler exposure (Fig 6.5 and Fig 6.6). As the result showed, Cu-0Q and CuCls
can induce the copper transoporters (Ctrl, ATP7A & B) and MT at the samc level in
ZFL. And these results can help to explain the result of copper accumulation in vitro.
Furthermore, we also detect other three genes’ regulations as showed in this slide. It was
found that Cu>O NP and CuCls can also induce GST and SOD at the same level, which
means that they cause equal ROS effect to ZFL.. And MTII scems not change afler
exposure.

As to the effects on zebrafish larvae, the results were different from the ZFL. Firstly,
125 ppb Cu,O NP could induce much more copper lran;porlcrs and M than 43 ppb
CuCl2. As to the regulation of other three gencs’ regulation, Cu,O NP could also
regulatc GST and SOD more strongly than CuCl,, even through the down-regulation of
GST. However, the Cu;O NP and CuCl, can induced the MTT! at the samce level. These

results would help us to further understand the toxic mechanism of CuyO NP and CuCl,.
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6.4 Discussion

The manufacture and use of metal oxide nanoparticles 1s continuously expanding duc
to their wide applications and unique physicochemical propertics. Since they have a very
small size (<0.1 um n diameter), they rcadily contaminate the environment and may
pose a risk to humans (Griffitt et al., 2007). Thus, it becomes increasingly important 1o
investigate and 1dentily their possible toxicological effects and to identity which
particles pose the greatest harm to human health. Since inhalation is a significant route
of exposure to metal oxide nanoparticles, we have studied the impact of Cu,()
nanoparticic on ZFL. and zcbrafish larvae, also compare the toxieity with CuCl, to
understand the toxic mechanism of un-soluble copper form with the help of biomarker

genes’ eXpressions.

Comparing the 96 h LC50 values of Cuz;O NP and CuCly, 1t was found that the
toxicity of CuO NP was lower than that of CuCl,. Tins result was well matched with
previous studics on the toxicities of copper NPs and soluble Cu 1ons (Griffitt et al., 2007,
Lanone et al, 2009). Besides, the results of copper accumulation showed that Cu,O NP
exposures causced similar level of copper accumulation ZFL exposed 1o CuCla, and even
much higher than zcbrafish larvac cxposed to CuCl,. We hypothesized that the
differcnce between toxicity of Cu;b NP and CuCl; to ZFL. and zcbrafish larvae should
be due to the property of CuO NP and the copper transportation pathway, which was

also studicd using real time quantitative PCR.

In other study, it was found that copper entered into the eukaryotes with the form of

Cu’, which is the substratc for the Ctrl. Most Cu” would be transported into the cell by
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binding with Ctrl (Balamurugan and Schafiner, 20006). After that the cytosohe Cuons
will be transferred to difterent organelles, such as transfer golgi, mitochondria, Part ot
the intracellular copper jons will also be stored i MT which functions as metal
detoxification (Balamurugan and Schaitner, 2006; Lutsenko ot al, 2007). And the
cexcessive cupric 1on will be efflux out of cell by translocation using ATP7A & B
excreted from transfer golgr. Our results also showed that Cu,O) NP and CuCls could
mduce MT, Cul, ATPTA & B. The induction of these Towr genes m ZFL exposed to
Cu>Q) NP and CuCly was almost at the same level The simitar accumulation of copper m
ZFL cxposced 10 CuxO NP and CuCl; well matched with the induction of M1, And the
induction of Cirl and ATP7A & B by Cu>O) NP and CuCl: revealed that Cu’ uptake and
efflux by ZIFL from CuyO NP and CuCly similarly, even through the higher concentration
of copper was tound 1n cells exposed to CuxO NP, Also, the copper 1on accnnulated m
the ZFL caused cqual ROS cttect, as mdicated by simmlar fold mductions of GS1 and

SOD penes by CuO NP and CuC'ls.

In zebralish larvae, most of the lmomarker genes were mduced by Cuy (OO NP and
CuCly, exeept down-regulation of GST mRNA levels was observed. Bul interestngly,
Cu; O NP could induce much more MT, Cirt, ATP7A & 13 mRNAs than CuCl2 Fiystly,
the higher induction of MT would be related 10 higher accumulation of copper m
zcbrafish larvae (Fig. 6.4). Secondly, higher induction of Ctrl would result i much
inore copper ion cnter nto the zebratish larvae. The higher inductuon of Ctrl and MT by
Cus() NP in zebratish larvac was much difterent from that in Z1F1. Ths should be due o
the differences between ZFL cell and zebrafish larvac, The ZFL s a hepatocyie, which

can only utilize the soluble copper, but the Cux0 NP with lower sotubihity and made 1t

1
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hard to enter into ZFL cells. Tum to zebrafish larvae, larval uptake of copper would
either be from waterborme by gill and dietary uptake by intesune {Minghettt et al., 2010),
1t was reported that copper NI' can be utilized by il of zebrafish not only by dissolution
(Gl et al, 2007). 1t was also found that CuaO) NP can be increased to dissolve into
Cu’" and Cu’ by changing the pll and salt components in the sca water {Palmer and
Bénézeth, 2008). The cncumstance in the antestine, which s dilferent trom the
circamstianee 0 vitre, would also help the dissolution of Cu Q) NP for betier copper
uptake. Even though the higher induction of Ctel m zebrafish larvae, Cus() NP could
also induce more ATP7A & B. which would help the organism to elflux out af the
excessive copper 1on and keep the 1on homeaostasis. Therelore, copper accumualation in
the zebrafish tarvae exposed 1o Cux(d NP s no much higher than that exposed to CaCls,

compared with the difference between the mductions ol copper transporters and Ml

As o the regulation of GST, CwZn SOD, MTEL Cu;Q) NP could also regulite GNT
and CuZn SOD stronger than CaCls i zebradish larvae, mwdicating that Cus0 NP
induced more ROS effect to larvae, However, the dilference between Ca:0O NP and
CuCly nregulaung GST and Cu/Za SOD was well matehed with the difference between
Cu accumulation in larvac exposed to CuO NP and CuCly This result indicated that
higher copper accumulation tn zebrafish larviae would cause hugher ROS ctfect, which

was also reported by other studies (Crawg et al., 2007; Sandrn et al., 2009).

The widespread uses of nanomatertals have resulted m uncertambies regardimg, their
cnvironmental mmpacts. As partial dissolution ol metal nanoparticles may occur, 1 s

inportant to distinguish the toxie effects of nanoparticles from dissolved nretals and
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determine the no observable effect levets (NOELS) and lowest observable clfect levels
(LOFLs) of these malerials in water by using biomarkers genc expressions in zebrafish.
In this study, CusO NI and CuCly induced the mRNA levels of Cuel and ATP7A & 7B
dose-dependently, meamng that these three genes can be potential biomarkers 1o monitor
the copper contamination in the environment. Funthermore, as determined by using Cirl,
ATPTA and ATP713 gene expression, the NOELs of CaCl and nano-Cu -0 were 11 ppb

and 50 ppb whereas the LOELs of CuCly and nano-CuO were 43 ppboand 1235 ppb.

In conciusion, we have charactenzed the toaieity of CuxO NP and compared with
that ol CuCh., We have shown that ([} the LOSO values of CaCl2 were sigmlicantly
lower (more toxic) than that of Cux(d NP ia vive and in vicro, (2) the oz viro toxicny and
biomarker gene expression pattern of Cu,O NP on ZFL cells were suml‘ur to Cull:: (3)
Cux( NP’ induced copper transporters of zebratish larvae in vivo, more stronger than
CuCls; () Cu=0 NP can regulate GST, SOD more stronger than CuCl20 but showed
sunilar elfects on MTE-1 gene expressions i vivae, (3) Copper transporters (CTR],
ATP7A & 78) are potential lmomarkers of copper exposures and eflects We have also
concluded that copper nanoparticles exert i toxice effect on zebrahish larvae separate (rom
the well understood eftects of soluble copper. This research highhghts the need lor
mtegrated toxicological assessment and suggests that exisung regulanons for solubie
copper may not adequately address the satety concerns associated with melallic
nanoparticles, Zebrafish embryo-farvae system and ZFL cell models are usctul 1o

determine the toxic ettects ot nanoparticles with the help of biomarker gene expresstons,
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Chapter 7
General Canclusions

Copper s an essential nutrient tor almost all cukarvotic organisms to carry out
bivlogical processes such as free radical detoxafication. mitochondria respiration, 1ron
metabolism, neuropeptides maturation, connective issue formation, pigmentaton, and
oxygen carner i hemocyanin {Flemming and Trevors, 1989). The regulation of copper
15 very important 1o keep the normal cell functions, and copper content needs precise
control. I free copper tons present i the cells, 1t1s fethal 1o cell by blockimg transporters
and enzymes, afleching transeription, or gencrating free radicals (Turskr and Thaele, 2009,
Balamurugan and Schaflner, 2006). There are two well known human bemyg discases,
Menkes discase and Wikson's disease, which are related to zenctic disorders of copper
removal and uptake using specitic metal transporters, ATP7A and 78 genes differentially
expressed n hiver and intesting, respectivety tor body removal and uptake ol copper wns.
Consequently, the Menkes disease 1s causcd by copper deficiency, but reversely, the

Wilson disease (s caused by copper overload (Githn, 2003, Kan et al . 2004,

For copper homeostasis, it was thought to be related to many other important cellular
proteins. And copper deficiency will cause enzyme defects, but reversely, copper
overloading will cause ROS eflect to cell. which would lead to damage to DNALRNA,
Lipid, proteins, and result in cell apoptosis (Cring et al., 2007 Sandring et al . 2009)
Until now, it has been found several important copper tansporters or copper related
proteins as showed 1 Table 1.3, which can play an important role m the copper
transportation and detoxification. However. expeept these proteins, are there any other

proleins also involved in the copper transportation or detoxification”? How can copper
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exert its toxicity effect, such as ROS effect? What is the mechanism of copper tolerance
and sensitivity? And is there any dilterences between soluble copper and un-soluble

copper? To answer these queries, we conducted a serial of experiment i this study.

To study the mechanism of copper toxicity, a differentially expressed protcomics
anaylsis on tilapaa liver cell cell (Hepa T1) was conducted. In this part, 93 proteins were
tound to be difTerentially expressed. some of which may be suitable as biomarkers of
cifects 1o monitor copper contamination i the envirenment. especially the 18 that were
lurther contirmed by real-time quantitative PCR. By using the IPA software analysis, 1l
wis tound that these differentially expressed proteins were mainly mvolved v hipid
metabolism, connective tissue development and cell cycle development. Thercelore, 1t
can be concluded that copper may also exert 1ts toxicity eliccl by regulating these
proteins, and cause blocking of these functions, except ROS effect. In addibon, other
protemns were also found to be sigmificantly induced or reduced in the mRNA level of the
Hepa-T1 ccll line after copper exposure, including growth hormone (120 pM, p < 001
300 uM, p < 0.001), mterlcukin-1 alpha (300 «M, p < 0.05), ATP synthase subunit beta
(120 ubM, = 0.01; 300 pM, p < 0.05), zine hinger protein 60 (120 M, p - 0.05; 300
UM, p ~ 0.45), proteosame (300 pM, p < 0.05) and vitellogenmmn (120 pM, p - 0.05: 300
uM, p - 0.01). These six proteins may be new biomarkers {or copper contanunation

using tilapia as bioindicator.

The copper transportation should be involved in many proteins which can bind with
copper ion. Therefore, to study some novel copper binding proteins, ulapia was further

used as a model. Because of its copper tolerance, tilapia should contain more copper
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binding proteins. This study used FPLC & IMAC to separate the copper binding proteins
from liver cytosolic fraction, then analyzed with protcomic approaches. As the resubt
showed, somic proteins with copper binding ability were differentially regulated by
copper i1on, which should be mmportant proteins nvolved in copper transportation.
According to the functions of the cuproproteins identified in this study. copper may exert
its toxicity by mducing endocrine disruption, mitochondria dysfunction, 1on competition,
lipid metabolism, and cytoskeleton disruption. Our results also suggest that Cu®' may be
transferred from ¢ytoplasm to cytochrome ¢ oxidase in mutochondra by binding with
stanniocalcin, and that NADH dehydrogenase subunit 5 and aldchyde dehydrogenasce
may play a role in copper transportation and storage tnside the mitochondria. Based on
our results and proteins reported 1n other studtes (Hernandez and Allende, 2008), a
copper transportation pathway was hypothesized as shown in Fig 2.6, These findings
may help us to understand Cu’' wansport and storage in the liver of tilapia and perhaps

in other fish species vr even other vertebrales in general.

Besides, we also examined the 27 genes” regulation in vivo by real-time guantitative
PCR, including 1% genes tound in the in vitre experiment. According o my results, the
inductions of most genes were well matched in vivo and in vitro. Especially, several
gencs were found to be regulated by copper ion dosage dependently, which should act as
novel biomarkers of ellects for copper contamination in the aquatic environment. These
genes include interleukin 1-beta, growth hormone, insulin-hke growth factor 1, NADH
dehydrogenase, zic family member 1, zine finger protein 60, ferrion, vitellogenin, and
calmodulin. From this study, zic family member 1 (zicl) ts found o be sigmficantly

induced by Cu?'. Zicl is a member of ZIC family of C2H2-type zinc finger proteins,
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which have been imphlicated as regulators of a number of critical developmental
processcs, including ncurulation, regulation of cell proliferation and liver regeneration
{Jochheim-Richter ct al., 2006; Keller and Chitnis, 2007). The up-regulation of zicl in
liver implies that Cu®’ may disrupt the process of liver regeneration. Information
vegarding zinc finger 60, which is also significantly induced by Cu’". is less known and

worthy of further investigation.

Because the tolerance of nlapia and zebrafish to copper was difterent, these two
fishes were uscd as models to study the mechanism of copper tolerance and copper
sensivity. ZFL, a zebrafish cell line, was uscd as an model firstly. According to
differentiaily expresscd proteins profile in the ZFL cell after exposed to Cu®™. most
differenually cxpressed proteins in ZFL were welt matched with that in Hepa T1,
indicating that the mechanism of Cu?' toxicity to the ZFL s hughly conserved with that
of Hepa Ti. However, there were also some differences in differentially expressed
proteins between ZFL and Hepa T1 cell. The major difference of the differentially
expressed proteins between these two cell lines after copper exposure were involved in
the ROS eflect, mitochondrion function and stress response. As discussed previously,
copper ion would induc\c more proteins rclated antioxidant and mitochondrial copper
transportation in Hepa T1 than ZFL, which would act to protect Hepa T1 from Cu’’
toxicily. Also, Cu’' would induce more stress effects to ZFL than Hepa T1 cell. These
differences should help us to explain the copper sensitivity of zebralish and tolerance of

tilapia.

Besides, 1 also compared the regulation of three important copper binding proteins,
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ATP7A & B and MT, in tilapia and zebrafish in vive and in vigro. In this study [ obtained
the full length sequence of ATP7A and partial sequence of ATIP713 in tilapia, and found
that ATP7A in tilapia was highly conserved with human and other teleost fish’s ATP7As,
indicating that the toxicity of Cu®" to tilapia was conscrved with zebrafish and human.
Real time quantitative PCR was conducted to study thesc three genes’ regulation. As the
results showed. copper can induce more ATP7A & B and MT in tilapia than zebrafish in
vivo and in vitro. It is concluded that ulapia has a lgher fold induction of these genes
for better metal homceostatsis. However, further investigattons with RNAIL or morpholino
knock down approaches arc needed to further confirm the functions or roles of these

transporters and MT play in copper homeostasis.

As the contamination of copper can be in soluble and unsoluble forms and the
development of nanotechnology make the contamination of copper nanoparticles get
more and more serious, we also compared the toxicity off CuCl: and CuxQ NP in this
study. It was found that the toxicity of Cu,O NP was lower than that of CuCl:. By
detecting several genes” regulation in zcbraltsh, 1t was found that the regulation of
copper transporters was dillerent in vivo and in vitro. These results help us (0 understand
that the copper i1on inside the cell was tightly controtled. Also, we have concluded that
copper nanoparticles exert a toxic effect on zebrafish larvac scparate from the well
understood effects of soluble copper. This research highlights the need for mtegrated
toxicological asscssment and suggests that existing regulations {or soluble copper may
not adequately address the safcty concerns associated with metallic nanoparticles. All in
all, zcbrafish cmbryo-larvae system and ZIFL cell models are usclul to determine the

toxic effects of nanoparticles with the help of biomarker gene expressions.
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In summary, this study profiles the protemns vegulated by copper 1on 1 the tilapia and
zebrafish, and also found several copper binding proteins which may involved into the
copper transportation pathway. Besides, we also studied the mechanism ol copper
tolcrance and copper sensitivity by comparing two spectes of fish, zebraflish and ulapia,
and concluded that the copper tolerance of tilapia should be due to higher induction of
ATP7A & B. MT and several proteins related to ROS effect, mitochondrion function,
Also, we study the toxitiy of soluble and un-soluble copper, and found that the copper
1on was tghtly regulated by the copper transportation system. At last, this study found
scveral proteins were dosage dependently regulated by copper exposure, and may be
potential biomarker for monitoring of copper contamination in the environment hy using

fish model.
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APPENDIX
Appendix 1. Standard curves of primers used for reaktime PCR to amplify 31
genes in tilapia. l'our folds scrially dijuted ¢cDNAs were used as lemplaics to perform

real time PCR detected by SYBR green. GAPDH gene and 18 S gene were used as

control genes respectly.
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Appendix 2. Relative efficiency plots of primers used for real-time PCR to amplify
31 genes in tilapia. Four folds serially diluted cDNAs were used as templates to
perform real time PCR detected by SYBR green. GAPDH genc and 18 S gene werc used

as control genes respectively.
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Appendix 3. Standard curves of primers used for real-time PCR to amplify 31

genes in Zebrafish. Four folds serially diluted cDDNAs were used as templates to

perform real time PCR detected by SYBR green. GAPDH gence was used as a control

gene.
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Appendix 4. Relative efficiency plots of primers used for real-time PCR to amplify

31 genes in tilapia. Four folds serially diluted cDNAs were used as templates to

perform real time PCR detected by SYBR green. GAPDH gene was used as a control

gene.
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Appendix S. Whole cDNA scquence of tilapia’s ATP7A including deduced protein

sequence. The primers used in this experiment were showed with arrows.

1 GAABAGCATGACGGGACACAACAARATT
30 GGTCCACATAGCAGAGTTCTGTGATGACAGAGGAAGAMACCCTCANTCCAGCACTAGCG
S0 ATTATTTCTAGCAGTCCTTGCGATGCAGCGACGTGTCCGCTTTGTTGACTGTAACGTAGG
150 ATGAAGAGTAGATACCTGCTAGTTAGCTTGCTAGCTAAACT TAGCCAAGTCTGACAGTCG
210 GGGTACTAGCCTGTGGCTAACAGTTTGCTTCACGCEBEEP?STGAGACGGhAACGCAGTC

270  ATGACACAGAAACGCAGCCTGTGTTCAGTIICTCTTGCAGTGGRGGGTATGACC TGCGGE
1 METThrGlnLysArgSerleuCysSerValSerLeuGlyValGluGl yMETThrCysGly

330 TCTTGTGTCCAGTCTATAGAGCAGCGCATTGOGTCTCTTCCTGGAGTGATGTATATAAAG
21 SerCysValGlnSerlleGluGlnArgIleGlySerLeuProGlyValMETTyrllelys

390 GTGTCTTTAGAGGGCAAGAATGCAACTGTCCTATTTGACCCCAGCCATCAGAGCCCAGAG
41 ValSerLeuGluGlylLysAsnAlaThrValLeuPheAspProSerHisGlnSerProGlu

450 TCTCTGTCAGAGGCCATTGAGGACATGGGCTTTGAATCAAGTCTGCCAGCTTCCAGCAAA
61 SerLeuSerGluAlalleGluAspMETGYyPneGluSerSerlecuProAlaSerSerLys
T-7A 3" 112
510 GCCACACCAGTCCCTACTGATACCCAGGTGGTCTCCACCTCAGGCATGACACCCACAGCC
Bl AlaThrProValProThrAspThrGinValValSerThrSerGlyMETThrProThrAla

570 CAACACGAAGCATTGAAGAAACTATCACAAATTCAGGGAGTGCTGGATGTCAGAGAGAAL
101 GlnGlnGluAlaLeulysLysLeuSerGlnTleGlnGlyvValLeuAspValArgGluAsn

630 CTGCCACAGACAGGCCTCACCGTCACCTTTGTCCCCTCCCTAACGTCCACGCAGCAGCTY
121 LeuProGlnThrGlyLeuThrValThrPheY§lProSerLeuThrSerThrGlnGlnLeu

690 'AGTGAGGCGGTGGCCAGCGTAAChCCGCCGGAGHEE&éb%EACCGAGCAGCCCTTTGCAA
141 SerGluAlaVaiAlaSerValThrProProGlulleProThrProSerSerProleuClin

750 AAAGACCCCACCTICCTCTCCATCTCAGACCACACGAGGCGGAGCGGCTATCCTTAAGCTG
l6l LysAspProThrSerSerProSerGlnThrThrArgGiyGlyAlaAlalleLeuLysleu

810 CGCATTGAAGGAATGACCTGTCACTCCTGTACTACCACTATTGAAGGAAAGATTAGTAAA
181 ArgIleGluGlyMETThrCysHisSerCysThrThrThrlleGluGlyLysIieSerlLys

870 CTGAAAGGGhTTGAAAAGATCAAAGTTGTTTTAGAGTCTCAE&&%%E?ACACTCGTCTAC
201 LeulLysGlyIleGluLysIleLysValValLeuGluSerGlnGiluAlaThriLeuValTyr

930 CTGCCTTACCTCCTCACTGTCCAAACCATCATTGATCAAATTGCTGTGGTTGGATTCAAG
221 LeuProTyrLeuleuThrValGlnThrlleTleAspGlnlIleAlaValValGlyPhelys

990 GCCTTTGTGAAGTCTAAGCCCCGCCCCCTGCAGCTGTCCCCCAGTGAAATACGAGCGCTTT
241 AlaPheValLysSerLysProArgProleuGlnLeuSerProSerGlulleGluArgPhe
T-7A3'F
————
1050 GTTGATTCTCAAAAACAAACCGTTTCGTCGCCATCTGAGACTTCAGAGGAGACTGAAATC
261 ValAspSerGlnLysGlnThrValSerSerProSerGluThrSerGluGluThrGlulle
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TTCATAGACACCACACTCATCGCGCTTAGGGTCAMNGGCACGCACTGCCGTTCCTCIGTG
PhelleAspThrThrleulleAlaLeuArgValLysGlyThrHisCysArgSerCysval

GTCAACATTCAGGACAATATCTCAGTGCTGCCTGGTGTGTCTTCTGTGGAGGTGTCTTTG
ValAsnIleGlnAspAsnlleSerValleuProGlyValSerSerValGiuValSerLeu

GAGAACGAGAAGGCCTCCATCTGTTATGACCCCCAMAAGGTCACAGTGACTCAGCTGCAG
GluAsnGlulyshlaSerIleCysTyrAspProGlnlysValThrValThrGlinLeuGlin

CAGGCAATTGAAGCACTGCCTCCAGGAAACTTTAAGACTCAACCGTGGGACGACTCGGGT
GlnAlalleGiuAlaLeuProProGiyAsnPhelLysThrGlnProTrpAspAspSerGly

GCCCTCAGTCCTGTGTCCACATCATCATCATCATGGCCTAGAGCGAGCAMACCAGGCCAAA
AlaleuSerProValSerThrSerSerSerSerTrpProArgGilyAlaAsnGlinAlalys

CCTGCTGTCTTGCAGCCTTGT "I TAATCAGCCACTGGGATCTGTAGTGAATATCCACATT
ProAlaVallLeuGlnProCysPheAsnGinProl.euGlySerValValAsnlleHisIle

GAGGGAATGACATCGCAACTCCTGTGTTCAGTCCATTGAAGGCATGATCTCCCAAAAGAAA
GluGlyMETThrCysAsnSerCysValGlnSerIleGluGLlyMETIleSerGlnLysLys

CGAGTCGTGTCAGCCCAGGTGTCYCTGACTGATCACCAGGGGATCITTGAGTATGALTCT
GlyValValSerAlaGInValSerLeuThrAspHisGinGlyllePheGluTyrAspSer

C'TGCTGACCACACCAGAGGAGTTGAGGGAGGCCATAGAGGACATGGGCTTCGATGCCTTT
LeuLeuThrThrProGluGluLleuArgGluAlalleGluAspMETGlyPheAspAlaPhe

CTCCCTGAGACCAACTCTCTGCTGCCTTCACCACATCCTCTTTCATCAAAGTCTTCAGGT
LeuProGluThrAsnSerLeuleuProSerProlisProleuSerSerLysScrSerGly

ATAGCGCCTGTCAAAGGTAAGGAGGTGGACAGTGACCACCATAAAGAAACCCCCCAGGGA
IleAlaProvValLysGlyLysGluValAspSerAspHisHisLysGluThrProGinGly

CGGAGTGGAGACACAAACTCTAAATGCTACATCCAGATCGGCGGGATGACCTGTGCTTCC
ArgSerGlyAspThrAsnSerLysCysTyrTleGinlleGlyGlyMETThrCysAlaSer

TGTGTGTCAAACATCGAGCGAAATCTCAAGAATGAACCTGGTATCTACTCTGTTITGGTG
CysValSerAsnlleGluArgAsnLeuLlysAsnGluProGlyIieTyrSerValleuVal

GCGCTAATGGCGAGTAAAGCAGAGGTCCGTTATAACCCTGAAGTCACCGATCCTATGAAG
AlaLeuMETAlaSerLysAlaGluValArgTyrAsnProGluValThrAspProMETLys
i)
ATAGCCGAGTGCGIGAAGGAGCTGGGCTTTACCGCCTCTGTTATGGAGAACTATGAAGGT
1leAlaGluCysValLysGluLeuGlyPheThrAlaSerValMETGluAsnTyrGluGly

TCAGATGGAACTGT TGAATTAGTGGTCAGGGGAATGACGTGTGCTTCTTGTGTTCACAAA
SerAspGlyThrValGlulLeuValValArgGlyMETThrCysAlaSerCysValHisLys

ATTGARATCCAACCTCATGAAAGAARMAGGGGATTATCTATGCCTCTGTTGCCT TGCCAACC
IleGluSerAsnLeuMETLysGluLysGlyllelleTyrAlaSerValAlaLeuAlaThr

AACAPAAGCACACATTAAATTTGACTCTGAAGTTATTGGACCACGAGACATCATCAAGCTG
AsnLysAlaHisIleLysPheAspSerGluVallleGlyProArgAspllelleLysLeu

ATTGAGAATCTAGGATTTGAAGCATCTTTGGTAAAGAGGGGCCGCACTGCCAGCCACCTG
IleGluAsnLeuGlyPheGluAlaScerleuValLysArgGlyArgThrAlaSerHisLeu
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GACCACAGCAAAGAGATACGACAGTGGAGGAAGTCTTTCCTTGTGAGCTTGG ' TTICTGT
AspHisSerLysGlulleArgGlnTrpArgLysSerPhelcuVaiSerLeuValPheCys

GCGCCTGTGATGGGCATGATGACCTACATGATTATTATGGACCACCAGATGACAGTTTCA
AlaProValMETGIyMETMETThrTyrMETIleTieMETAsSpHisGInMETThrValSer

CATCATCACAACAATACGGCAGAGCACCGCAACCACTACCACTCCACCATGTTTCTGGAG
HisHisHisAsnAsnThrAlaGluAspArgAsnHisTyrHisSerThrMETPhelLeuGlu

AGACAGCTGCTCCCAGGCCTCTCCATCATGAACCTCCTCTCCTTCCTGTTTTGTGTGCCA
ArgGlnLeuleuProGlyLeuSerlleMETAsnLeuleuSexPheLeuPheCysValPro

GTACAGITCATTGGAGGTCCCTACTTCTACATTCAAGCCTGGAAAGCC TTGAAMCACANG
ValGlnPhelleGlyGlyArgTyrPheTyrlleGlnAlalrplysAlaLleulysHisLys

TCTGCTAACATGGATGTGCTAATTGTTCTGGCCACTTCCATAGCCTTCACCTACTCATGC
SerAlaAsnMETAspVallLeulleValleuAlaThrSerlleAilaPheThrTyrSerCys

GTCGTCCTAATTGTGGCCATGGCGGAGAAGGCAAAAGTCAATCCCATCACGTTCTTCGAC
VaivValleulleValAlaMETAlaGlul.ysAlaLysValAsnProlleThrPhePheAsp

ACACCGCCTATGCTCTITGTCTTCATCTCTCTGGGACGCTGGCTGGAACAGATAGCCAAG
ThrProProMETLeuPheValPhellieSerleuGlyArgTrpleuGluGlinlleAlalys

AGCAAGACTTCTGAGCCTTTGTCCAAACTCATGTCTTTACAAGCCACTGAGGCCACACTT
SerLysThrSerGluhlalLeuSerLysLeuMETSerLeuGlnAlaThrGluAlaThrVal

GTCACTCTCGGCAGTGATAATTCAGTTCTCAGTGAGGAGCAGGTGGATGTGGAGCTGETT
ValThrLeuGlyScerAspAsnScrValLeuSerGluGluGlnValAspValGlul.euVal

CAGAGGGGTGATATAGTCAAAGTCCTTCCTCGGGGAAAGTTTCCAGTCCATGGGAGGHTC
GinArgGlyAspTleValLysValValProGlyGlyLysPheProValAspGlyhrgVal

ATTGAACGACATTCCATGGCTCATGAGTCCCTCATCACAGGTGAGGCCATGCCAGTGACA
lleGluGlyHisSerMETAlaAspGluSerLeulleThrGlyGluAlaMETProvalThr

AAGAAGCCCGGGRGCTCGGTGATTGCAGGCTCCATTAACCAGAACGGCTCTCTGCTCGTC
LysLysProGlySerSerValIleAlaGlySerIl¢AsnGlnAsnGlySerLeuLleuVal

AGTGCTACACATGTTGGCATGGACACCACGCTGTCTCAGATTGTCAAACTAGTGGAGGAG

SerAlaThrHisValGlyMETAspThrThrleuSerGlnlleValLysLeuValGluGliu
T-7A 3' F4

GCTCAGACTTCAARGGT PCCCATCCAGCAGTATGCAGATARAATTAGTGGCTACTTTGTA

AlaGlnThrSerLysAlaProllieGlnGlnTyrAlaAspLysIleSerGlyTyrPheval

CCCTTCATTGTTGGCATATCTGTGCTTACCCTGATCGCCTGGATCATCATTGGCTTTTTG
ProPhelleValGlylleSerVallLeuThrLeulleAlaTrpllellelleGlyPheleu

AACTTCTCTCTAGTGGAGATGTACTTTCCTGGTTACGACAAATCCATTTCCAGAACTGAG
AsnPheScrLeuValGluMETTyrPheProGlyTyrAsplLysSerIleSerArgThrGlu

GCAGTGGTTCGCTTCGCCTTCCAGGCCTCCATAACCGTGTTATGCATCGCCTGTCCCTGT
AlavalvalArgPheAlaPheGlnAlaSerIleThrValleuCyslleAlaCysProCys

TCCCTTGGC TTGGCAACCCCGACAGCTGTCATGGTGGGCACAGGGEGTCGGAGCCCAAAAT
SerLeuGlyLeuAlaThrProThrAlaValMETValGlyThrGlyValGlyAlaGlnAsn
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GGCATCCTGATAAAGGGGGGAGAGCCACTTGAGATGGCGCATAAGGTTCAGTCTGTGGTG
GlylleLeulleLysGlyGlyGluProLeuGluMETAlaHisLysValGlnServValval

TTTGACAAGACCGGCACCATTACATACGGGGCCCCAAAGGTTGTTCAAGTAAAGATCGCG
PheAspLysThrGlyThrTleThrTyrGlyAlaProLysValValGlnValLysIlehAla

GTGGAGGGGAATAAGATGCCTCGCTCCCGCCTGC TGGCCATTGTAGGCACAGCTGAGAAC
ValCluGlyAsnLysMETProArgSerArgLeuleuAlaTleVaiGlyThrAlaGluhisn

AACAGITGAACACCCGCTGGGAGCCGCTATTACCAAATACTGCAAACAGGAGCTIGGCACA
AsnSerGluHisProLeuGlyAlaAlaileThrLysTyrCysLysGlnGlul.euGlyThr

GAGTCTCTTGGCACGTGCGTGGACTTTCAGGCAGTGCCAGGCTGTGGCATCCGATGTCAG
GiuSerLeuGlyThrCysValAspPheGinAlaValProGlyCysGlylleArgCysGln

GTGAGCAACACGGAGAATCTGCTGAAGCAGT TGGACAGTGACAGCGAGGACAACAACCACG
ValSerAsnThrGluAsnLeuLeulysGinl.euAspSerAspSerGluAspAsnAsnGln

CGCAACAGTGTCCTAGTCCAGATCAGCCACAGCCGGACATGCACCAGCTCCCATCCACTC
ArgAsnSerValleuValGinlleSerAspSerArgThrCysThrSerSerHisProleu

ATCATGGACCCACAGCCCCAAAGCCTGGTTCAGACAGCCACCTATGTAGTCCTGATTGGG
TleMETAspProGlnPreGlnSerLeuvValGlnThrAlaThrTyrValValLeulleGly

AMNCAGGGCGAGTGGATGAGGAGGAAC TGCCTGCAAGTCAAACCTGAAATCGATGANGCCATGC
AsnArgGluTrpMETArghrgAsnCysleuGlnVallysProGlulleAspGluAlaMET

ATCGAGCACGAGCGCAGAGGACGCACTGCTGTTCTGGTGGCCGTAGACGACCTACTGTGT
IleGluHisGluArgArgGlyArgThrAlaValLeuValAlaValAspAspLeuleuCys

GCAATGATAGCCATAGCAGACACAGTGAAACCAGAGGCTGAGT TGGCGGTCCACACGCTG
AlaMETIleAlalIleAlaAspThrValLysProGluAlaGluLeuAlaValHisThrLeu

ACCAACATGGGTCTGGAAGTTGTGCTGATGACTGGAGACAACAGCAACACAGCTCGGGCT
ThrAsnMETGlyLeuGluValValLeuMETThrGlyAspAsnSerl.ysThrAtaArgAla

ACTGCTGCTCAGGTCGGCATCAGGAAAGTGTTCGCTGAGGTGCTGCCCTCCCACAAGGTG
ThrAlaAlaGlnValGlylleArgLysValPheAlaGluValleuProSeriisLysVal

GCCAAAGTGGAACAGCTGCAGCAGGCAGGAAAGAGGGTCGCCATGGTGGETGACGELGTC
AlalLysValGluGlnLeuGlnGlnAlaGlyLysArgValAlaMETValGlyAspGlyVal

AACGACTCGCCCGCTCTGGCCATGGCTGACGTGGGCATCGCCATAGGAACCGGGACAGAT
AsnAspSerProAlaleuAlaMETAlaAspValGlyllehlalleGlyThrGlyThrAsp

GTGGCCATAGAGGCCGCAGATGTTGTGCTGATCAGGAATGACCTGC TGGATGTGGTCGGC
ValAlalleGluAlaAlaAspValValleulleArgAsnAspleuleuAspValVaiGly

AGTATTGACCTCTCGAAAAAGACCGTCAAGAGGATCAGGATCAACTTTGTCTTCGCTCTT
SerlleAspleuSerLysLysThrVallysArglieArgIleAsnPheValPheAlaleu

ATCTACAACCTGGTTGGAATTCCTATTGCTGCTGGGGTGTTCCTTCCCATCGGLCTGGTG
IleTyrAsnLeuValGlylleProlleAlahAlaGlyValPheLeuProlleGlyLeuVal

TTACAGCCGTIGGATGGGCTCGGCTGCCATGGCGCTGTCATCCGTCTCTGTGGTTTTGTCC
LeuGlnProTrpMETGlySerAlaAlaMETAlaleuSerSerValSerValValleuSer
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TCACTTCTACTCAARTGTTACACTAAACCCACTGCAGAGAAGCTGGAGGCCAGACTGGGT
SerLeuLeuLeuLysCysTyrThrLysProThrAlaGluLlysLeuGluAlaArgLeuGly

ACCAGCAGGCGGCAGGGCAGCCTGTCTGACGTCAGCGTCCACATCGGCATGGGCGAGATG
ThrSerArgArgGlnGlySerLeuSerAspValSerVallHisIleGlyMETG]1 yGluMET

CGTCGCCCGTCCCCCAAACTCAGTCTGCTAGACCGCATCGTCAACTACAGCCGAGCGTCG
ArgArgProSerProlysLeuSerLeuleuAspArglieValAsnTyrSerArgAlaSer

ATCAACTCGCTCGCGCTCAGACAAGCATTCGCTCAACAGCTTCGTCCTCAGCGAGCCCGAL
IleAsnSerLeuArgSerAsplLysHisSerLeuAsnSerPheValleuSerGluProAsp

AAAMCACTCACTACTGGTCGGGGAGGCTGCGAGCCATGAGGATGACTTGTGTTGAATTATT
LysHisSerLeulLeuValGlyGluAlaAlaSerHisGluAspAspLeuCys *

ATCTGAGAAGCTTACAATAGAAAGTGCATTTATTCAAGCCTGGGCCATCCTAAGCCAAAR
GGGTTACATTGAATAATGGCCCTTCCATCTCCTGTAGGTACCCTCAGGGCAGCACTGTTT
ACGTGAAGAAAGCTTGCATGTCCCTTGTTTCCTTTTAGCTCAACCAGCTGATCACATTCT
TCAGACTATGATGAGATGTGTTTTGTTGAGGTTACCGCCCTTGGAGACACTCTTAGAGAA
ACCAATTGACACTACGATCCACAACTCYTCCCGTGTCAGCTTCTTCAGAGCCATGAAGCAG
GTGCCACATCCAGGAAGCAGAGCTGTGATCATTGTTGCAACTTTACAATCTTGAACATCT
ATCCAAAGACATTTAAACAGTGGTGCCCTTCCTAAGAGTGGACACAGTAGAGTTTTATTT
TAGTTAATCTTCCTTAAATGGARAAGTGTTTGTATAATTATATTCCAAACTATTTATACT
TATCTATTTTTTCACTACATCGATGTAAAACATGANGTTCTTGAATCCAAATCTAAATTA
TGATTTTGACGTTCCCAAAAMAATGTGTGATTGTTCAGAAAGTAATGCATAARAACTTTA
TAACAAGCTSCAAAAGGGATTAhGCAAAATTAAGGAGTGAGATGTGHATGTCAGTGTTAC
CTAAAGTGCCAGTTGAAGTGCCCCCTGGCAAAGTCCAACCUATTCCAAAGATAGCAGCAT
TCAGAGGTTATTTTGGACTTGATTTTCACAAAGTGTGAGCAGAGGT TTGCTGAAGGTCGA
TTTAAGCTTTAGTTTCAGCATGTGTCAACTCGCTCCAGCTGTAGTCAGTCATCTGTCAAT
GTATGTGAAGATTATTCGCTGTTGCAGTGAAGCAGAAGT TACATGGATTATGATGTTTTT
GGATGTCTTTATGAGTTGTTGCAATTAGACTTGTCTT TTCGAAATGGCTGAACTTTAAARA
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