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ABSTRACT 
- » ‘ 

• 

• • 

Copper is an essential clement in a variety of biological processes, bul it qan be toxic 
when present in excessive amounts. The ccntral regulators oT cellular copper metabolism 
includc copper-binding proteins, copper transporters, metal membrane active 
transporters and copper-depcndcnt enzymes. Uniil now, several copper transporters and 
coppcr related proteins have been identified. However, a lull profile of f^athvvay in which 
coppci ions causc cclliilar changes ‘ in proteins and lead to loxic eflecis is less 
well-known. Hence, there is a need to identify more copper binding proteins to fulfill a 
co.niplele coppcr Iransportalion system. The aims of this sludy are lo.idcntiry sonic novel 
coppci binding proteins and proteins related to Cu"' Ipxicily or 'deloxillcation 
mechanisms in the tilapia {O reach mm is niloticus) and the zebra fish (Danio re no) using* 
a prolcomic approach, and lo reveal the mechanism of copper tolerance and copper 
sensitivity by comparing llie^ dilTerciit biochemical responses lo cojiper exposures 
between the two model species. 

I'irslly, a ccll line derived from the liver of tilapia, I lcpa-Tl, was used as a model 
、 ， * and exposed lo Iwo sub-Ielhal conccnlralions of walcrbornc coppcr for 96 li. The 

* 

proteins expressed in Hcpa Tl were investi^uitd by dilTerenlial protein profiling using 
> • two-dimensional gel electrophoresis (2-DE). It was found thai Cu • (120 |iM and 300 

f.iM) caused diffcrcnlial expression of 93 diftcrcnt proteins, 18 oi' whicli were llirllicr 
y ‘ 

4 verified by real-time quantitative polymerase chain reaction (PCR) analysis, l-ollowing 
analysis with ingenuity pathway soil ware, several proteins were found lo be involved in 

« 

lipid metabolism, tissue connective development and ccll cycle conlrol, thus indicaling 

that coppcr toxicity afTccls these cellular functians. 



Secondly, the high copper contents iiflhe liver of the lilapia make this fish a suitable 
model Ibr I lie study of copper binding proteins. Liver was disseclcd fro in lilapia injected 
with CiT丨 and cylosolic IVaclions were separated by using Supcidcx 75 column 
chromatography followed with atomic absorption spcclromclry. Fractions containing 
copper-binding proteins were found in two major peaks, analyzed using difrerenlial 
prolconiic approaches, and loaded on a Cii chelating ion-iiiimobihzed alTinily column 
(Cii-IMAC). o r the 1.13 dilTcrentially expressed proltMiis m these iwo peaks, some 

• 

vvcll-characlcrizcd copper binding proteins were (bund, including copper iraiisporlcr 
• t 

ATP7A，cytochiVnc c oxidase, mctallothioncin, collagcn, catalasc，and vjlcllogenm. • ‘ • * ‘ 
» ‘ -

- ‘ 

These proteins are mainly involved in endocrine disruption, milochondria dysfunction, 

km cotiipelition, lipid inelabolism, copper Iransl'er, and cyioskclctoii disruption hi 

addition, a more concrctc image about copper iransportalion pathway was hypothesized 
.4 ‘ 

according to the function of I he novel copper binding proteins idcnlificd. 

Thirdly，/cbrafish liver ccll line (ZFL) was also used -as a model to study the 

iiiechanisni of copper toxicity. After processing similar exp^'rimeiilal procedures of 

previous I Icpa Tl experiment, 72 clifTcreiit proteins were idenlified lo be regulated by 

Cu'.' (100 ).iM and 200 j.iVl). More than 50 % of these proteins were also Ibiiiul 

dilTercntially expressed in the lilapia. The results suggested thai the toxicity mechanism 

between zebra fish and tilapia was generally conserved. Although, in ZFl., the regulation 

of several proteins, related lo ROS effect, mitochondrion copper iransportalion, and 

stress response, vvas quite different from lhal in lilapia. 

Fourlhly, to llirllicr reveal the mcchanism of coppcr tolcrancc and sensitivity in 

tilapia and /cbrafish, t ^ o iniporlanl coppcr iransporlers (ATP7A & B) and 

mctallothioncin (MT) were choscn for studying. Until now. a Hill length of ATP7A and 



partial length of ATP7B were obtained in lilapia. Then a real time quantitative PGR was 
conducted lo study the differenl regulations of these ihree genes in lilapia and zebra fish. 

t % 

It was Ibund thai could induce more MT and ATP7A & B in lilnpui ihan /ebrallsh 
both in vivo and in vitro. These results help us lo undcrsland llial the copper lolcrancc of 
lilapia is possibly diKHtrhigher expression level of bolh copper iransporlers and MT. 

Last but not least, I also compared the toxicity and biomarkcr gene expression in 
/cbrafisli exposed lo CU2O iianoparlicle (NPj and C11CI2, rcspcclivcl^ It was lound that 

t 

the loxicily of CuCI： is much higher than that of CU2O Nl,. Then seven genes, including 

M l', ATI)7A & B, copper liansporlcr 1 (Ctrl), incial regulatory iranscrjpiion facior 1 • » 
(M'ri-'l), gliilalhionc SLilliir transferase (GS T), Cu/Zn superoxide dismulasc (C.\i/Zn 

SOD), were clioscii for studying. Il was Ibund lhal bolli C112O Ni) aiul CuCM-

up-rcgulalcd ihc mRNA levels of Ml", Cu/Zii SOI), and Cli 1, A'I PTA & 7B. but 

down-rcgulalccl ihc mRNA levels of GS T. Interestingly, the tnduclions ol MT, C u i , 

ATP7A & B in the CU2O NP exposure groups were much higher than thai of CuCh 

exposure groups in vivo. Furthermore, as delennined by using Ctrl , ATP?A and ATP7B 

gene expression, the 110 observable efTecl levels (NOIiLs) of CuCI? and nano-CiHO were 

II ppb and 50 ppb, whereas I he lowest observable clTccl levels (LOKLs) o f C u n ? and 

nan()-(.，U20 were 43 ppb and 125 ppb. 

In conclusion, this study provided a comprehensive profile of gene expression in fish 

liver cells alter the administration of waterborne copper ions. Many copper binding 

proteins and copper transporters were identified and some arc useful biomarkers ol' 

cffccts and exposures to coppcr conlaminalion. Tilapia as a copper rcsislanl species 

relative lo zebrafihs can have stronger expression of copper iransportcrs and binding 

proteins lhan zebra fish. 

I l l 



.'铜是各种生物功能的必豁元索，担是如果超过一定数M，就会变成有毒的。细 
I 

胞中的铜代谢王耍受一拽银白控，包柄铜结合蛋白丨，转运班白，金戚膜转运蛋9， 

和铜依赖性醜。到目前力止，“"些铜转运蛋白以及梠关蛋1'1已经被鉴定出来。丨！丨楚， 
» , 

铜如何调控细胞内蛋表迖变化，通续何祌途径起游性作用仍然不是很清楚。这就 

豁要鉴定出更多的铜结合蛋�1来完善铜转运糸统图谱。本次研究的M的是利用蛋n 
• J ‘ • 

质組学•的方法’在非洲_伤..(Oreoclumis niloticus)和斑马龟{Danio re no) 
、'等 . 

» ‘ � 

中‘鉴班一些新W铜纪丨—•白’以及娘铜离子毒性及解邀机理ffl:^纟的蛋Ll ；并丨�.通过 

对比网个物种在鋼暴露之后的反应k异，揭示铜耐受性和敏威性的机埋。 

荷先，我们利用非洲鲫负肝脏细胞（丨kpa T 1 )做为模型’并且将其镇縣于同 

个亚致死浓度的銅离子 9 6小时》接着用双向蛋G电泳来检测U c p a T1蛋丨！!表达的 

变化 � 結果犮现 1 2 0 mir和300 m M的铜离子可以诱导 9 3个蛋� 3农达变化，其中 1 8 

个用实吋定激 P C R逬—•步购定。利用 I n g e n i n i y Pathway A n a l y s i s ( I PA)软件 

进行分析，发现这些差异表达蜜白主要跟脂肪代谢，组织发育，以及细胞长周期 

相关，这意味着铜离子的取性是迎过影响这些功能发挥作用。 

其次，非洲卿1鱼肝姬中富集锏离子浓度，因此适用于傲为铜結合蛋白研究的楔 

m。从注射锏离子的非洲iP鱼解剖出肝脏，进--步提取出绌胞质蛋f i ’然后利用 

Supcrdex 75凝胶柱进行分离’并且闭肢子吸收光丨削貪测分离后各组分的金丨浓皮。 

：:^^：验发现，铜结合蛋1^1主要集屮在网个吸收峰：接着将这网个吸收峰组分迸行差?^^ 

逛白组分析，以及金厲繁合层析分离。在这两个吸收峰中’ 1 1 3个蛋� - J冇表迖差异-’ 

IV 



并且鉴定出一些常见的同结合蛋白’包括 t r a n s p o r t e r ATP7A., cytochrome c 

o x i d a s e , mclal l o t h i o n c i n . col 1 agcn, calalasc.不T1 vi ic 1 1 ogcii�n.这些蛋llH-: 

要跟内分泌附断，线粒体功能紫乱，离子竞平•脂肪代谢’以及细胞货架破坏ffl尖。 

此外，根^̂ 丨新鉴定出的铜结合银『:1的功能.，我们做出一•个更评细的铜离子装运条统 

陶« • 

然后，我们利用斑马愈肝脏细胞系（ZFL)做为模型fel if究铜对斑14；鱼的urn: 
« ‘ 

机即“利) t i之削研究Hepa T1 ,的方法，我们发现100 u M 和 2 0 0 uM的铜离广可以ij^ 

^ ^ 72个摧白发平丧^^差异。>}；屮，50 跟之前的丨Icpa T 1差轻煩白匹配 ’ 

这表明例对斑 H鱼和非洲鲫免的毒性机理相丨。即便如此，在 Z F L中，跟 
- • 

KOS作片：]，线粒体银[^丨If特运，以及胁迫反应的聚m周控跟非洲鲫负还是相差似人。 

这些结架可以帮助我们了解到非洲_鱼的锏耐受性和斑4鱼的敏威牲可能[丨这吟 

逛亡丨的表迖调控彳J梵•。 

可者，为了史好地了tt非洲鲫&的锏耐受性和斑马里的敏威性，我们选择广网 

个逾耍的铜转运蛋！̂ 丨̂六丁？？八& B )和金属硫蛋 d (MT)进行研究。到丨-1钟为止，我 

们已经得到非洲_& A T P 7 A的全 c D N A，以及 A T P 7 B的部分 c D N A �然后利用实吋 

定量PGR来研究这三个越因在非洲_色和斑马负中的表迖调控。休内和体外实验姑 

梁发现，比起斑马鱼’铜离子以诱％^非洲鲫魚的MT，ATP7A & B I•：關高�这些 

结染说明非洲鲫鱼的較高铜耐受性可能跟铜转运蛋白和金丨虑硫蛋丨"I的高丧迖水平 

商关。 . 

趟后’我们利W CiuO n a n o p a r t i G l e (NP)^tl Cu^：!2比较丫可溶性锏Iî l̂ 不可溶性 

铜对斑马色的攝性差异“结果发现CuCh的蒂性高于Cu幻NP °接下来’我们选择了 



7 个越因做力硏究对象’包括 MT，ATP7A-&B, copper t r a n s p o r t e r 1 ( C t r l ) , metal 
‘ •‘. 魯 - . 

r e g u l a t o r y I r a n s c r i p l i o n f a c t o r 1 (MTFl), g l u i a l h i o n e b u l f u r i r a n s T c r a s c 

(GST), Cu/Zn superox-ide d i smu ta se (Cu/Zn SOD)�结果褒丨!):j Cu,>0 NP 和 CuCl-,' 

可以诱丨淨MT，Cu/Zn SOD • Clrl和ATP7A & B在mRNA水、丨‘:上丧达上调’们.是GST 

丧达丨、•调“朽趣的是’在佑内相对于CuCh ’ CiuO NP可以诱导MT ‘ C l r l ’ ATP7A & 

B上调更高’。此外’通^综咨考虑（：丨rl ’ A ' l F / A & B的表达愦况，我们得出 f V u C h 
« ‘ 

和 Cu.’‘(）NP 的 no obsei^vaWe e f t c c l l e v e l s (NOELs)分别娃.11 ppb H"： 50 p p b ,然 
•• t 

ifij'L�::们的 o b s e r v a b l e c f f c c t l e v e l s (LOELjO分別是 ppb 和 1 2 5 ppb. 

实验也确)iz /很多铜子结合饭丨t丨和可作为生物标记丨U的银a�本研究的i比较/ II： 

洲_位和斑。f仇在例离广屮的IH白质，除了斑马伍与ROS f1-:/Tj.线粒体银11̂ 1̂ 々运， 
* 9 

以及胁迫反应的谨丨'丨调控打关之外，非洲鲫位的较高纲耐受性11]"能跟例的运蛋广丨和 

金诚硫饭111的商丧达水f钉关。 

VI 
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Chapter One 
INTRODUCTION 

1.1 Environmental health concerns of copper 
Copper is 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 (ppm) in normal 
soil. Copper can be easily molded or shaped. Its "reddish-gold" color is most commonly 
seen in ihc penny, clcclric^l wiring, and sonic water pipes. It is also lb unci in many 
mixtures of metals, called alloys, such as brass and bronze. Many compounds 
(substances formed by joining two or more chcmicals) of coppcr cxisl. These include 
natural occurring minerals as well as man-made chcmicals, including nanoparliclcs. 
Many copper compounds can be recognized by their blue-green color. When wc speak 
of copper, we will not only be referring to copper metal, but also to compounds of 
coppcr thai may be in the environment. Copper is extensively mined and processed in 
worldwide and is primarily used as the metal or alloy in the manufacture of wire, sheet 
metal’ pipe, and other metal products. Copper compounds are most commonly used in 
agricullurc to treat plant diseases, like mildew, or lor water. J lie most commonly used 
compgund of" copper is copper sulfate which is blue in colour and a compound used as 
fungicide and algacide. It is generally believed that coppcr is an essential element lo 
human health and tight regulatory system is available in our body, thus normally wc can 
handle excessive copper exposures. Since copper is a easily avaiblabe metal and the 
extensive use of copper pipes to replace plastic or iron pipes, coppcr uptake in human 
body has been a concern of environmental health issue. 

In 1992, copper was included by the World Health Organization (WHO) in the "List 



of Chemicals of Health Significance in Drinking-water", with a provisional guideline 
value of, 2 nig/Iitcr (ppm). WHO estimated that 30 mg of copper was the accepted 
maximum daily copper load. Considering an average adult body weight of 60 Kg and 
thai a lolal 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 liter 
was suggested. The WHO approximated this to 2 nig/L, as the provisional guideline 
value (PGV) based on human health cffccts. This caused the immediate conccrn of the 
coppci industry, since up lo that point, copper had been regulated on the basis of its 
cffccts on the color and taste of water, as well as on the possible staining of laundry and 
sanitary appliances. The report of Ihe Iniernalional Programme on Chemical Safely 
(IPCS) made reference to an unpublished study in dogs, which found iransitoiy elTects 
such as necrosis and increased liver fibrosis in animals daily exposed lo 5 mg of copper 
per kg of body weight. Thus, the recommendation was not based on epidemiological or 
clinical studies in humans, or on animal studies. In addition, no risk analysis or 
considerations on the duration of exposure were made. 

1.2 Copper related diseases 
Copper occurs naturally in plants and animals and plays a vital role as a catalytic 

co-factor for a variety of metallocnzynics including superoxide dismutasc (tor protection 
against free radicals), cytochrome c oxidase (mitochondrial clcctron transport chain), 
tyrosinase (pigmentation), peplidylglycine alpha-ainidating mono-oxygenase (PAM) 
(neuropeptide and peptide hormone processing) and lysyl oxidase (collagen maturation) 
(Harris, 2000; Pena ct al., 1999; Uauy el al.，1998). At the same lime, copper is toxic 
lo both cukaryotic and prokaryolic cells, nol Icasl due lo its ability to catalyze, via ihe 



so-called Fcnton reaction, the generation of aggressive free radicals. Also by binding 

ectopically to proteins, copper can disturb llicir structure (Bartscli and Nair, 2004; Koch 

et al.，1997; Valko ct al., 2005). Therefore, every organism has a number of elaborate 

mechanisms al its disposal lo control cellular uptake, dislribuiion, dcloxificalion and 
• I elimination of copper (Bertinato and L'Abbe, 2004; Puig and Tliicle, 2002a). 

Cellular contents of copper arc lightly controlled and balanced, otherwise, free 

copper ions will cause serious impacts and toxic cffccls. Menkes disease and Wilson 

disease arc well known inherited disorders of copper metabolism in humans (Tabic I I). 

The essential role of copper in ihc developing central nervous system is evidenced by 

Menkes disease, during which impaired copper transport into and within the developing 

brain results in demyelination and neurpdegcncralion (Kaler, 1998; Kodama cl al., 1999). 

Brain coppcr accumulation in Wilson's disease results in dystonia，dysarlhria, and other 

Parkinsonian symptoms, as well as psychiatric symptoms of depression, cognitive 

deterioration, personality change, psychosis, and schizophrenia (Ferenci, 2004). 

Although the signs and symptoms of Menkes and Wilson's diseases arc distinct, cach 

disorder results IVom inherited loss-of-function mutations in genes encoding homologous 

coppcr-transporting P-lypc adenosine triphosphatases (Alpascs) ATP7A (Menkes) and 

ATP7B (Wilson's) (Fig 1.1). 



Tabic 1.1 Hereditary disorders of copper metabolism (Modified from Madscn and 
Gitlin，2007) 

Genetics 

Presentation 

Wilson's disease 
Autosomal recessive 
Loss-of-function mutations 
八 IT7Bgene 
Late childhood: liver 
sccond-lhird dccadc， 
neuropsychiatric 

Menkes disease 
X-linked 
Loss-of-fiinclion mutations 
ATPVA gene 
Liai ly infancy 

Defect Biliary coppcr cxcrction Copper transporl across the 
placenta, brain, and gastrointestinal 
tract 

Pathogenesis Coppcr accumulation 

Clinical Cirrhosis, dystonia, dysarthria 
Parkinsonian Iremor, psychiatric 

Copper deficiency 
Mypolhcrmia, hypopigmenlation, 
abnormal hair, lorluous arteries 
intractable seizures, failure lo thrive 

Pathology Basal ganglia coppcr accumulation Cerebral and cerebellar 
degeneration 

Neuronal cell loss Purkinjc ccll axonal swelling 
Abnormal arborization 
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1.1. Ilomcostatic regulation of coppcr in mammals (redrawn from Mcrcer and 
Llanos, 2003). The directions of copper flow arc shown by ihc arrows and ihc steps 
involving the Cu ATPases, ATP7A and ATP7B, are also indicated. Ceruloplasmin (CP) is 
the main copper transport protein in the blood. Transport of copper k) the fetus and 
neonate is vital for normal development and is regulated by ATI)7A in the placenta and 
ATP7B in the mammary gland. 

1.2.1 Menkes Disease 
Menkes disease is an X-linkcd disorder characterized by growth failure, brittle hair, 

hypopigmenlation, arterial tortuosity, and neuronal degeneration due to loss-of-function 
mutations in the gene encoding AI P7A (Mercer el al.，1993; Vulpc ct al.，1993). The 
pleiotropic features ol" this disease arc the result of impaired activity of specific 
cuproenzymes resulting from impaired ATP7A function. The neurologic (batures are 
present in early infancy, revealing a critical role for ATP7A and coppcr in neuronal 

X A 



development (Mercer, 1998). Magnetic resonance imaging of the brain reveals dcficicnl 
myclination with cerebellar and cerebral atrophy (Geller ct al., 1997; Lcventer el al., 
1997), and neuropalhologic examination demonstrates focal degeneration of the 
graymaller and neuronal loss most prominent in the hippocampus and ccrcbclliim 
(Barnard ct al., 1978). Studies in a murine model of Menkes disease suggest a role for 
ATP7A and copper in axon extension and synaptogcncsis during development (1£1 el al., 
2005). ATI)7A mediates llic availability of an NMDA receptor-dependent, re leasable 
pool of copper in hippocampal neurons, and the absence of A'I'P7A aciivily in Menkes 
disease markedly a fleet NMDA rcccptor-mcdiatcd cxcilotoxicity in these neurons 
(Schliel el al., 2006). These data suggest a model whereby loss of AIT7A coniribuies to 
both seizures and neuronal degeneration in affecled patients and raise the possibility of 
tlicrapciilic approaches based on NMDA receptor blockadc (Hardinghain and Baiiing, 
2003). 

1.2.2 Wilson's Disease 
Wilson's disease is an autosomal rcccssivc disorder resulting in hepatic cirrhosis and 

progressive basal ganglia degeneration due to loss-of-funclion imitations in the gene 
encoding the coppci-transporter ATP7B (Bull ct al., 1993; Tanzi ct al., 1993). The 
resulting impaimicnl in biliary coppcr cxcrction leads to coppcr accumulation in 
licpatocytc, coppcr-iiicdiatcd liver damage, activation of cell-death pathways, leakage of 
coppcr into the plasma, and eventual copper overload in all tissues (Fig. 1.2) (Gitlin, 
2003). Although ATP7B is expressed in some regions of Ihc brain, in Wilson's disease 
coppcr overload in cxlrahcpatic tissues is due lo excess accumulation from 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 

Cii— 
Bile 

Cu— 

Wilson's 
disease 

Fig. 1.2. Pathogenesis of Wilson's disease (Modified 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 disease 
Alzheimer's disease (AD) is llie most common fonn of neurodegenerative dementia. 

The formation of senile plaques precipitated in the brain is a pathological marker of the 
disease (Bamham et al.，2004). Their core element ol" AD is an aggregated form of an 
acid peptide molecule involving 39 - 43 amino acid residues, which is termed the 
peptide (Fig. 1.3), a fragment of amyloid precursor protein (Al)l)). This peptide is 
generally accepted to be neurotoxic and, as sucli, is a Ihcrapculic target as well as a 
diagnostic marker. '1 he cores of Alzheimic plaques consist of aggregated peptides 
and have been described as metal sinks bccause of their high metal conicni: Cu, 0.44 
inM; Zn, 1 mM; Fc, 1 mM (Curtain et al., 2001). In vitro, cach oI these metals is capable 
ol" inducing aggregation of the peptide (Cherny et al., 1999), which has a 丨ligji aOinily 
for Cu^ and coniplexation resulls in altered morphology oTthc aggregated Ab fibrils. 

10 20 30 40 

DAlil RMUSGY liVGGQKLVFI- ARDVGSNKXJA IIGLMVGGVV lA 
Fig. 1.3. Scquciiccs ol" (he A(3 peptides (Donnelly cl al.，2007). 

Emerging cvidciicc suggested that 八D might be characterized by copper deficiency 

as recent 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 increase in neuronal copper levels (induced either by genetic inanipulation or by 

copper supplementation of diet) led to a significant decrease in brain A(3 levels (Bayeret 

al., 2005; Phinney el al., 2003). In addition, a receiil study of 33 palicnls revealed a 

negative correlation between plasma copper levels and cognitive decline which was 

interpreted in terms of a mild coppcr deficiency in most AD palienls (Kessler et al.，2006; 



Pajonk ct al., 2005). Although the mechanism leading lo these changes is not understood, 
the observations suggested that copper supplements might have iherapeiiljc potential. A 
clinical trial of daily supplementation via the salt Cu"^ orolatc is currently underway in 

Germany (http://ww\v.alzhciincr-bavcr.de/alzh.st 1 .html) (Pajonkct al., 2005). 
% 

1.3 Copper homeostasis in cukaryotic cells 
Over llie past few decades, critical progress was made in the idcnlificalion of genes 

encoding proteins which function in copper uptake, intracellular distribulion, dTliix and 
in the regulation of the copper homeostasis machinery (Kiinct al., 2()()8a; Puigcl al.， 

2002a). Many of the structural, functional and regulatory details have been strikingly 
conserved from microbes to iuiinans. i:ig. 1.4 shows a model for copper homeostasis in a 
typical mammalian ccll. 

1.3.1 Cellular uptake of copper 
Ctrl is an integral membrane protein that functions as a major copper importer al the 

plasma membrane. Genetic, biochemical and structural studies support a model in which 

Ctrl homotrimcrizes to form a central region of low electron density through which 

copper may traverse Ihe plasma membrane (Allcr and linger, 2006; Dancis ci al., 

1994). The gcnclic requirement for a metallorcduclasc in yeast for Ctrl -mediated high 

alllnily copper uptake, in addition lo other data (Kimet al.，2008a), all support the 

transport of Cu^ rather than Conserved methionine residues are present in the Ctrl 
. � y 

cxtra-cellular domain as Mct-X-Mct or Met-X2-Met and, while not essential for activity, 
arc needed for high affinity of (Ju+ import. Additionally, a conserved Met motif, 
Met-X3-Mel present in the Ctrl second transmembrane domain, is essential for CiT 

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


import (Puig et al‘，2002). These and oilier experimenial results arc consislenl with 
thiocther-Cu*" coordination lo Ctrl at one or more steps in the import process. 

Unlike many other high affinity metal transporters (such as ATP7A/B, see below), 
Clr does not require ATP for copper uptake (Lee ct al.，2002; Petris, 2004). lis transport 
ability is stimulated by extracellular K' and probably facilitated by the exlremely low 
iniraccllular concentration of free copper; while llie concentration of iiilraccllular total 
free copper ion concentration is approximate 10 to 100 micromolar. And several orders 
of magnitude lower arc due to an instant association of imported coppci wilh chaperoncs, 
scavengers and other proteins (Rae el al., 1999). 

In yeast, three copper transporters termed yCtrl, yCtr2 and yClr3 have been 
described. The yCtrl and yCli.3 are functionally rcdundani, plasma membrane-integrated, 
high-affinity copper transporters. Extracellular copper, usually Cu^^, has to be red need lo 
CV by plasma membrane reductases cncodcd by FREI and FRn2 before being imported 
by yCtrl and yCtr3 (Petris, 2004; Rutherford unci Bird, 2004). Any cxccss copper is 
sequestered in the vacuole (somewhat analogous to the mammalian lysosoine), a storage 

container of yeast for substances intended for recycling/dcgradalion, including valuable 
« _ 

metabolites such as phosphate, selected "amino acids, metals, and scqucsicrcd toxins 

(Huang and Klionsky, 2002). Since yCtr2 is localized in the vacuolar membrane and 

upon copper depiction, imports coppcr from (he vacuole to the cytoplasm, it plays an 

important role in yeast copper homeostasis (Rccs ct al.’ 2004). The function of all ihcsc 

coppcr importers was characterized by specific mutagenesis and by targeted gene 

disruption. 
10 



1.3.2. Copper delivery to secretory compartments 
Many Cu-dependenl proteins traverse the sccrclory pathway en route lo the plasma 

membrane, inlraccllular membranes or sccrelion IVom cells. These incluclc secrclcd 
rather than intracellular forms of lysyl oxidase and Cu/Zn SOI), tyrosinase, blood 
clotting factors and the inuUicopper fcrroxidascs ceruloplasmin and hephaestin. The 
Aloxl Cu chapcronc, which is composed of (iappap folds, coordinates to a 
solvent-exposed Cu* atom for delivery to tlic secreiory comparlmenl (Anastassopoulou 
cl al., 2004; Wcrnimonl ct al.，2000). Cu' is t ran si erred IVom the surface of Atoxl to a 
mclal binding domain repeal with the consensus scqiicncc of GMTCXXC in ihc N 
tcmiiiius of the CV-transporting ATPascs ATP7A and ATP7B (Pufalil ct al., 1997). This 
transfer occurs via a series of inlerprolein ligand exchange reactions, ulliniatcly leading 
lo the movement o f C u ' across the membrane of the secretory compartnicnl (AT1)7A and 
ATP7B), across the basolatcral membrane of lECs (ATP7A) or out oHiepatocytcs and 
into ihe bile (ATP7B). Though much progress has been made in understanding the 
catalytic mcchanisms used by Cif-transporting ATPases, what is iiol clear at present are 
the mcchanisms by which Cu — is transferred Croni the N-lcmiinal Cu*" binding domain of 
Ihc Iransporlcrs to Ihc transmembrane domain for liansrer across ihe membrane. 
Whereas mutations in the genes encoding ATP7A and ATP7B causc Menkes disease and 
Wilson's disease, respectively (and similar stales in mouse knockout models (Husicr et 
ill., 2006; Lulsenko et al., 2007), loss of the gene encoding Atoxl in mice resulted in 
perinatal lethality. This likely reflects the ccntral role this Cu chapcrone plays in 
delivering Cu* to both the ATP7A and ATP7B transporters, and perhaps other 
intracellular targets thai have nol y d been identified. 

11 
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Fig. 1.4. Cellular copper homeostasis (Modified from Balamuriigan and Schaffncr. 
2006). Model of copper tralTicking in polarized cell reveals copper entry via Ctrl 
followed by distribution to the copper chaperoncs. The copper chaperone for superoxide 
dismutase (CCS) delivers coppcr to Cu/Zn superoxide dismutasc (SOD), Atoxl delivers 
coppcr to one of the Alpascs (ATP7AyATP7B) in the laic Golgi and Cox 17, and Scol 

* 

and Cox 17 are involved in the pathway of coppcr trafficking to mitochondria and 
cytochrome oxidase (Cox). The Atpascs transport coppcr ink) the sccretory pathway for 
incorporation into newly synthesized cuproprotcins and for export from the ccll. 
Melallothionein (MT) serves to chclatc most available copper and is critical lor cell 
survival in copper exccss. MTF1 served as a transcription factor to modulate the 
regulation of MT and Ctrl . 
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1.3.3. Controlling cylosolic copper 
Without the Cu CO factor, Cu/Zn SOD is calalytically inactive for superoxide 

disproporlionation, and thus organisms lacking either Ctrl or SOD arc deficient in 

oxidative stress protection (Dc Freilas et al., 2000). Indeed, Asodl yeast acciimulaicd 

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 Ibnii of amyotropic lateral sclerosis arc more prone to unfolding and 

aggregation when metal-free, which underscores the importance of deciphering the 

mcchanisms for metal loading of this enzyme. 

Copper delivery lo Cu/Zn SOD requires the Cu chaperonc for SOD callcd CCS 

(copper chaperon for SOD). Though CCS bears strong structural similarity lo Cu/Zn 

SOD, CCS is calalytically inactive and delivers Cu to Cu/Zn SOI) by direclly docking 

willi the apo or zinc-loaded monomer (Fumkawa el al., 2004; Lamb ct al.，2001). In an 

oxygcn-cicpcndcnl mechanism accompanicd by Cu/Zn SOD intramolecular disulfide 

bond fomiation, and a scries of ligand exchange reactions between CCS and Cu/Zn SOD, 

Cu^^ is transferred from CCS lo four hislidine ligands of Cu/Zn SOD, with water 

as ihc fifth ligand bound lo C u � ’ in square pyramidal coordination geometry. In addition 

lo their residency in the cytoplasm, both CCS and Cu/Zn SOD arc also localized to the 

mitochondrial IMS, where active Cu/Zn SOD is thought lo protect cclls IVom significant 

quantities of superoxide given off from the incomplete reduction of oxygen during 

mitochondrial electron transport (Field cl al., 2003). 
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1.3.4. Copper delivery to mitochondria 
« � t 

In addition to delivery of Cu^^ to cytosolic proteins and to the secretory comparlment, 
Cu"^ must be targeted to mitochondria, where cylochrome oxidase uses Cu^" for 
oxidative phosphorylation. Genetic studies in microbes, and the mapping of mutated 

* 

genes that are responsible for dcfccts in cytochrome oxidase assembly, have also 

identified many proteins involved in cylochrome oxidase copper binding in 

mitochondria (Cobine ct al., 2006). These proteins includc Cox 17 in ihc mitochondrial 

inter-membrane space, Coxl I in the mitochondrial inner membrane, and Scol and Sco2, 

structurally similar proteins thai play a more proximal role in coppcr delivery to 

cylochrome oxidase. Defects in Scol and Sco2 caused catastrophic defects in 

cytochrome c oxidase assembly and resulted in severe human disease (Leary et al., 

2004). 

1.4. Dctoxification/climination 
1.4.1. Mctallothioneins: a safeguard of the cell 

Even though copper export and import are subject to elaborate control mcchanisms, 

there can be conditions where coppcr is imported in excess. For example, Drosophila 

Ctrl , the major larval coppcr importer, is regulated at the transcriptional level while in 

other spccies the Clrs are regulated posttranscriplionally. However, because Ctrs are not 

active transporters both down-regulation mcchanisms may not be fast enough to copc 

with a sudden increase in ambient copper concentration (Pelris et al., 2003; Sclvaraj et 

al., 2005). There fore, ̂ an^nportant aspect of metal homeostasis is the sequestration of 

intracellular toxic heavy nietals，especially coppcr, a task that is mainly perfonncd by 

intraceullar proteins, such as metallothioncins (Kagi, 1991). 
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Melallothioneins constitute a group of low molecular weight, cystcine-rich proteins 
wilh high metal binding capacity (Baskin et al., 1998; Kagi, 1991; Palmiler, 1998; 
Quaifc et al., 1998; Schwartz ct al.’ 1998; Thomas and Palmitcr, 1998). They arc found 
in all eukaryotes as well as in some prokaryotes and mainly function as intracellular 
metal scavengers/mctal storage proteins (Ecker ct al., 1986; Turner and Robinson, 1995). 
Typically, mclallolhioncin genes arc expressed at a basal level but Ihcir transcription is 
strongly induced upon heavy metal load (Andrews, 2000). 

Among I he approximately 60 amino acids of a typical vertebrate mctallothioncin, 
close 10 one third are cysteines. All mammals contain four major members of llic 
metallothioncin family, termed MT-I to MT-IV (or MT-1 to IVIT-4) (Kagi, 1991; Palmitcr, 
1998). In mouse, each type is represented by one member, while in humans, MT-I has 
expanded into a gene family of its own with over 12 genes (some are pscudogencs). 

MT-1 and MT-I I are expressed at all stages of dcvelopmeni in most，if not all ccll types. 
* 

Their transcriptions are responsive to adverse conditions, especially heavy metal load, 

oxidative stress, ionizing radiation and a number of other stress conditions (Duniam and 

Palmiter, 1987; Pal miter, 1998). MT-I 11 is constitutivcly expressed, predominantly in 

neurons but also in glia and male reproductive organs, and its elimination in the mouse 

increased susceptibility to seizures (Aschncr ct al.，1997). MT-IV expression is confined 

to differentiated squamous epithelia and the MT-IV gene, which also contains a metal 

response element (MRH) in the promoter region, is at least partially melal responsive 

(Quaifc ct al., 1994). 
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1.4.2. Mctallolhionciiis and ATPase transporters handle excess ccllular copper 
Melallothioneins can store copper but they are not suitable to eliminate an excess of 

it from the ccll. For this, there arc the aforementioned ATP7 transporters, which in some 
multicellular organisms redistribute copper from one ccll to the others but do not affect 
total body copper. In vertebrates, 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 Golgi lo ihe plasma f 
niembrartc to cxporl copper into the so-called canaliculi, the smallest bile transport 
channels that ultimately lead into the gall bladder (Camakaris ci al.，1999; Pclris cl al., 
2002). 

1.4.3 Transcriptional regulation of coppcr homeostasis 
As mentioned, the expression of melallothioneins is regulated at the transcriptional 

level. Upon heavy metal load, specific metal-responsive transcription factors bind to 
mclallothioncin gene promoters to boost their expression. The cis-acting element on ihc 
metallolhionein gene promoter is callcd melal-responsive element (MRE) and its 
associated binding protein or trans-acting iranscriplional factor is known as 
MRE-binding transcription factor, MTFl. 

m. 

MTF-1 is a unique transcription factor which is able to handle both extremes, namely, 

coppcr load and copper starvation. At high coppcr level, it activates mctalloihioncin 

genes for more mclallothioncin to sequester extra'coppcr ions, while at low coppcr level 

MTF-1 activates the gene for the copper importer Ctrl to remove copper ions. The 

upstream region of the Ctrl gene, which mediates transcriptional induction upon copper 
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scarcity，includes a segment with three uniquely spaced, strong MREs that is highly 

conserved among several Drosophila and other animal spccics. These MRUs arc bound 

by MTF-1 both at low and high coppcr, and due to their specific arrangement’ possibly 

in conjunction with auxiliary factors, confer activity upon copper starvation. While 

Drosophila Ctrl is predominantly, if nol exclusively, regulated at the transcriptional 

level (Selvarajel al., 2005), yeast and human Ctrs are regulated posUranscriptionally, 

whereby excessive copper concentration was reported to stimulate rapid protein 

degradation and/or cndocytosis (Guo el al., 2004; Pctrisct al., 2003). Each of these 

mcchanisms, whether transcriptional or posttranscriptional, allows for a fine tuning of 

Ctrl levels and thus of copper import by controlling the amounts of copper transporters 

and metallothionein. 

1.5 Coppcr 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 ail. ranges 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 reach 5000 

ng /m\ The average concentration of coppcr in lakes and rivers is 4 ppb (Craig ct al., 

2007a). The average copper concentration in groundwater is similar to that in lakes and 

rivers; however，monitoring data indicated thai some ground water, contained higher 

levels of copper. This Copper is generally strongly attached lo particles in the water. 

Lakes and reservoirs recently treated with coppcr compounds to control algae or receive 

cooling water from a power plant may have high concentrations of dissolved coppcr. 

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

Although copper is important, it is toxic when concentrations exceed that of natural 
concentrations (<0.05 mmoI/L). At concentrations even found in naUiral waters, Ihe 
ionic form of copper is very poisonous towards photosynthesis and growth of unicellular 
algae (Contreras ct al., 2009). Copper is one of the world's most widely used metals, 
with the electrical industry probably making use of it ihe m o s t . � t readies aquatic 
systems through anthropogenic sources such as industrial, mining, plating operations, 
usage of copper salts to control aquatic vegetation or influxes of copper containing 
fertilizers (Nussey el al., 1995). Copper has an unclear mode of action on aquatic • 
organisms, but toxicity is largely attributable to C i / ' (Sandrini ct al., 2009), that forms 
complexes with other ions and many useful proteins (Nusseyet al., 1995). Changes in llie 
amount of free Cu^ ' in solution will alYecl the amount of copper that is bioavailablc and 
licnce become toxic (Welsh et al.，2008). A reduction in water dissolved oxygen, 

hardness, temperature, pH, and chelating agents can change the Cu^' toxicity (Nusscyei 
% 

al., 1995). Organic and inorganic substances can easily complex the cupric form of 
copper, which is the most common spcciation of Ihis metal, and it's then adsorbed on to 
particulate matter. The chemical spcciation of copper ions strongly depends on the pH of 
water. Copper, in water, precipitates at hig^v^ ĵjfi (alkaline) and is thus noi toxic, whilst al 
low pH (acidic) it is mobile, soluble and toxic (Nusseyet al., 1995). The main difference 
in copper toxicity between mammals and fish concerns environmental uptake, occurring 
almost exclusively through the gills in fish. This organ is the important site of toxic 
insult and important in the start of compensatory responses (PcJgrom ct al., 1995). 

18 



1.6. Biomarkers i 
Traditionally, chemical analysis was the principal approach in assessing 

environmental impacts and setting water quality standards (Hallare cl al., 2005; Kohlcr 

ct al.，2007). It measures ambient contamination concentrations to assess the pollution 

level, and also the health status of aquatic organisms in the environment (Hallare et al., 

2005). Nevertheless, chemical analysis does not show the bioavailablily of 

environmental pollutants and thus only little information can be provided on the 

potential or actual biological effccts or environmenlal damage caused by ihc 

contaminants (Hook and Fisher, 2001). Using the water quality parameters collcctcd 

merely from chemical analysis to portray the biological and ccological condition of the 

aquatic system, in many eases, inaccurate predications are resulted (Adams, 2002). 

Therefore, an idea oT using the molecular biomarker for prompt assessment of water 

cytotoxicity was also proposed earlier. Biomarkers have been defined by Nation 

Research Council as 'xenobiotically induced variations in ccllular or biochemical 

components or proceses, structures, or functions thai are measurable in a biological 

system or sample' in 1987. They are classified as marker of exposure to a toxicant, 

markers of effects and markers of susceptibility to the effccts of exposure. The use of 

biomarkers in environmental pollution assessment enables monitoring of stress 

responses ranging from biochemical lo the population and community level (Lagadic cl 

al., 1994). 

As to the biomarkers for monitoring the copper contamination, it has been found 

several proteins had the potential to act as biomarkers, such as catalase, heat shock 

proteins (HSI)s)，and mctallolhionein (MT) (Airaksincn et al., 2003; Dang et al., 1999). 

However, most of these proteins were not specifically responscd 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 is important to find several proteins, which can be act 
as biomarkcrs to specially monitor the copper contamination. 

The potential for multiple markers, using high throughput methods such as « 
proleomics, Iranscriptomics and other methods is being investigated. Proleomics 

, 4 

technology offers significant potential for the identification of novel Cu biomarkcrs 
particularly in relation lo ihe analysis of Cu-transporting or Cu-binding proteins in both 
healthy individuals and those with Cu-rclatcd conditions (Park et al., 2009; Smyth ct al., 
2009). There are specific technological problems associated with the investigation ol" 
melalloproteins, including analysis at low concentrations and the inherent instability in 
response to environinenlal changes. Consequently, isolation of Cu-containing proteins in 

« 

physiological conformations is particularly challenging. The ability of these techniques 

to screen the entire protcome of a cell may ultimately facilitate the idcnlification of 

biomarkcr(s) with no obvious role in Cu metabolism. Potentially, a protein-product 

subslantially down-stream from processes clearly related to Cu metabolism may provide 

an unexpected component of the 'suite' of Cu bioinarkers. Ullimalely, a combination of 

'standard' proteomics and transcriptoinics technologies in conjunction with a range of 

innovative metal detection techniques will be required to drive the scarcli for robust 

copper biomarkcrs. 

1.7. Effccts of copper on fish ^ 
Copper is an essential micronutrient and Cu^' acts as a co-factor in multiple 

» 

enzymatic processes bui is potentially toxic to aquatic organisms. While copper ions arc 
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present in all aquatic environments, multiple anthropogenic activities may result in 
elevated concentrations, increased exposure, and potential toxicity lo aquatic organisms. 

1.7.1. Copper toxicity in fish 
At the cellular level, C u � . inhibits the sodium/potassiuin-ATPase’ caused lipid 

peroxidation, and produced morphological damage, leading to disturbances in sodium 
the vertebral column occurrcd. According to (Lewis and Dickson, 1971)，damage to the 
gill and head area of fish, could probably cause mucous to accumuiatc on the gill area 
and the fonnalion of edema of gill filaments. This could then lead lo respiratory 
problems, which in turn affects the fish even more negatively resulting in stress and 
eventually death. A decrease in heart rate (bradycardia), ventilation increases and 
anaemia may occur, whilst the locomotor activity increases, although glycogen content 
of liver and muscle is reduced. Copper exposure could also rcduce lish growth, ollen 
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 ion concentrations, hematologic parameters, 
and enzyme activities in blood and liver (Sappal el al., 2009). Cu"' may also cause 
immunosuppression, vertebral deformities and neurological disorders in tilapia (Bettini 
ct al., 2006). 

1.7.2. Mechanism of acute coppcr toxicity in fish � 

The mechanism of acute copper toxicity to fish is well known and can be easily / • 
explained by direct target organ effects of Cu^"". Copper concentrations of the order of 
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10-150 |.ig/l (0.16-2.3 (.imol/1) or more arc aculcly toxic to fish in soil water (e.g. 24 h 
LCso tor rainbow trout, Oncorhynchus my kiss, is 90 }ig/l lot a I Cu, (Taylor ct al., 2000). 
Toxicity is generally rcduccd by increasing water hardness, addition of hiimic substances, 
and changes in pH so that both free Cu^^ ions at low pH and cationic hydroxides at high 
pH (CuOhf and Cu20H2^^) cause toxicity (Grosell el al., 2007). 

The primary target organ for aqueous exposure is the giil cpilhelium, which suffers 

an acutc oedema and epithelial lifting during exposure. This oedema is probably initialed 

by Cu"'-dependent inhibition of the branchial Na'K'-A'ITasc (Li ct al., 1998) leading lo 

solule accumulation in the epithelial cells and the conscqucnl osmotic inllux of water 

into the cclls. This initial disruption is then followed by a general loss of ionorcgulatory 

control by the gill, efflux of electrolytes from the blood over the gill epithelium, 

resulting in cardiovascular collapsc and death (Pclgrom 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 lo (:u has somewhat 

different etiology, but the end point is the same. It may involve protracted vomiting, 

resulting in ionorcgulatory and acid—base disturbances, and eventually leading to severe 

lesions of the foregut which ultimately cause death via gastro-inteslmal haemorrhage 

(Handy et al., 1999). 

1.7.3 Mcchanism of chronic copper toxicity in fish 
Environmental quality standards (EQS) prolcct ficsh waters from acute Cu 

contamination (e.g. in Ihe EU the EQS for Cu is 1 |ig/l in soft freshwater) and ii is rare 
for Cu concenlralions to cxceed more than a few [ig/l (or 0.1 nmol/1) in fresh waters 
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(Brix el al.，2001), Chronic effects of Cu around the HQS are, therefore, more 
environmentally relevant. Chronic toxicity estimates vary between 11 sh species, life 
stage, and water quality; but values between 2 and 14 |ig/l (0.03 - 0.22 }.imol/l) arc 
typical for freshwater fish (Brixct al., 2001). Arguably the longest and most 
comprehensive" chronic cffccts study to date is that of (Mckim and Benoit, 1971) which 

« “ 

explored sub-lethal cffccts over 18 months in brook trout (Salve I in us font in a lis). Some 
studies reported a maximum acceptable toxicant concentration between 17.4 and 9.5 fig/l 
of lolal coppci in relatively soft water. In a subsequent study on llic same species 
(Mckim and Benoit, 1971) reported 'no adverse cffcct' of 9.4 fig/1 (0.15 ^imol/l) tola! Cu 
based on survival, growth, and reproductive end points. There are relatively few chronic 
toxicity data for dietary Cu exposures, the lethal dose for rainbow trout is higher than 10 
g Cu/kg food and sub-lelhal effects occur between 1000 and 500 mg Cu/kg food 
(Ilandyct al.，1999; Kamundc ct al., 2001). , 

一 * 

The notion that responses to chronic Cu exposure are more a matter of physiological 

and metabolic adjustment, rather than a consequence of simple target organ toxicity arc 

illusiralcd by adjustment to Cu homeostasis itself in the organs of fishes. Aqueous Cu 

accumulates in several tissues during chronic exposure including the gill, liver, kidney; 

and to a lesser extent in the muscle (McGccr cl al., 2000; MCKIMct al.，1971). Whilst 

these-target tissues are broadly the same as acutc exposures, in chronic exposure fish 

have more time lo down-rcgulate Cu uptake across the gills and re-distribute newly 

acquired Cu to the liver for cxcretion (Groscll et al., 1997; Grosell ct al., 1998) to 
V e 

minimize toxic cffccts. The above work by Grosell’s group also showed that fish shares 
important similarities with mammals: (i) fish regulates whole body Cu status using the 
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liver as central compartment for controlling excretion and circulating Cu concenlralions, 
and (ii) hepatic excretion of Cu is stimulated by chronic sub-lelhal exposure. Whole 
body Cu status in fish is also a function of body size. Adult fish arc able to regulate 
tissue Cu concenlralions to 'lower levels than smaller juvenile fish of the same species 
(e.g. muscle，(Groscllet al.，2007). Both the temporal adjustment of Cu dislribution'and 
excretion, and apparent body-mass dependence of these events suggested a well 
regulated physiological process in fish. 

In addition to ihc control of whole body Cu status itself, many other physiological 

processes are modified during chronic Cu exposure. They includc altered ccllularily 

(both cell type and turnover) in the gul or gill epithelium (Bernlsscn cl al., 1999), 

transient changcs in ionorcgulatory physiology, modified redox status (Baker et al., 

1998), altered inimunily (Delhioff and Bailey, 1998), rcduccd swimming speeds to 

preserve nictabolic scope for acrobic metabolism, or modified aerobic metabolism to 

preserve swimming performance, and altered reproductive strategy. 

1.7.4 Copper and oxidative damage 
Many of these responses arc in part due to Cu's high reactivity with H2O2 and 

potential to undergo redox reactions to form reactivc oxygen spccics (ROS), a proccss 

known as the Fcnton reaction. The resulting cellular damage can be in the Ibnn of 

membrane lipid peroxidation, DNA damage, and protein carbonyl produclion (Powell el 

al., 2005). Like other organisms, fish combat elevated levels of ROS with protective 

ROS-scavenging enzymes, such as superoxide dismutasc (SOD) and catalase (CAT) thai 

convert the superoxide anions into H2O2 and further into H2O and O2, rcspcciively. Once 
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these enzymes are overwhelmed by excessive ROS production, irreversible cellular 
� 

damage and death can occur. j 

In turn, ROS cffccl in cells has also evolved a complex mechanism, known as 
DNA repair system, to rcduce ihe yield of mutations and chromosomal aberrations. This 
complex ccllular system acts al three levels: (a) arresting the ccll cycle to allow lime ibr 
DNA repair; (b) Iriggering the signal transduction events to activate the repair 
components; and (c) directly reversing, excising or tolerating DNA damage via 
constitutive and induced activities (Bcglcy and Samson, 2004). If DNA damage is not 
repaired, cclls undergo complex enzymatic reactions that miglu lead to apoplosis, 
nccrosis or olhci forms of cell death (Nyberg ct al., 2002). 

» I 

1.8 Fish models 
1.8.1 Tilapia 

Nile tilapia is one of the most important freshwater finfish in world aquacultiirc, and 

a very importaiU spccics in global capturc fisheries (Balirwa, 1992). Among llic 

numerous regions now inhabited by Nile tilapia, many are under threat from metal 

pollutants including coppcr (Khallaf et al.，2003). Nile tilapia was found lo be a good 

bioindicator as it could withstand the adverse conditions within the minimum pmod (4 

weeks) of active biomonitoring (Biruiigi el al., 2007). Active biomonitoring is a good 

tool (or monitoring water quality as it integrates responses to combinations of all 

contaminants thereby indicating overall effcct in a water body. 
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In Hong Kong, tilapia is very common and widely distributed in inland waters, kei 
vvais and cstuarine regions (Shcn et al., 1998). The tilapia (Tilapia mossamhica) was 
introduced from East Africa into local reservoirs in the 1950s. Nowadays, they arc 
widely distributed irt local water courses and Tilapia mossamhica, also known as 
Oreochromis mossamhicus, is the dominant spccics found in local watercourses, 
especially tlicxchabililated areas. The Shing Mun River is one of the major contaminated 
rivers and esluariiie regions in Sha Tin (population over 580000) with two major 
induslrial estates: Fo Tan and Tai Wai. Comparing different sites in Hong Kong, Fo Tan 
was found lo have a relatively high metal contents in tilapia with up to 449 ppm (dry 
weight) copper (Zhou cl al., 1998). Sediments collcctcd from Fo Tan was also mostly 
polluted by copper, zinc, nickel, cadmium and chromium (Zhou el al., 1998, HKliiM3, 
1995). Another independent study also found high copper conlcnls in liver and gills ol 
tilapia collcctcd from Tan (Shcn ct al., 1998). No significant dilTcrenccs in metal 
contents were found in male and female tilapia, mean wet weight coppcr content was 
328 ppm (standard deviation was 181 ppm) in liver of tilapia collcctcd in Sliing Mun 
River (Shcn el al.’ 1998). 

Tilapia was also found to be a copper resistant fish with 24 h and 96 h half lethal 
conccnlralions (LC50) of 2.8 ppm and 1.5 ppm respectively, alter comparing with other 
spccies of f i sh as shown in tabic 1.2. For example, carp is a copper sensitive species with 
its 24 h and 96 h LC5() value of only 200 ppb and 50 ppb respectively (Lam et al.’ 199X). 
Liver and gill mclallothionein mRNA levels in tilapia were also Ibund to be sensitive 
biomarkcr of inclal exposures with both injection and aqueous exposures (Lam cl al., 
1998; Cheung ctal . ,2004). 
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Table 1.2. The LC50 values of Cu:. to different species of fish 
Fish Spccics LC 50 values References 
Tialpia {Oreochromis 2.8 ppm (24 h) and 1.5 ppm (96 h) Lam el al., 1998 
rnossambicus) 
Common Carp 200 ppb (24 h) and 50 ppb (96 h) Lam ctal 1998 
{Cyprinus carpio) 
Rainbow trout 20 ppb (96 h) Eyckmans ct al., 
(Oncorhynchus my kiss) 2010 
Gibcl carp {Carossius 150 ppb (96 h) Eyckmans ct al., 
aura tits gibe Ho) 2010 
Sea bream {Sparus 2.36 ppm (24 li) and 1.36 ppm (96 h) Wong el al., 1999 
sarba) 
Zebrafish {Danio rerio) 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 waierbornc 
copper exposure (Shaw and Handy, 2006). The tilapia recovering from dietary Cu 
exposure needed 63 days, but recovering from vvaterbome Cu exposure jusl needed 10 
days. And some studies focused on copper uptake in tilapia larvae Ibund lhal the coppci 
concenlration accumulated in tilapia larvae become steady for 96 h exposed in coppcr 
(Wu ct al., 2007). Gills were the first organ to be targeted by heavy metal exposure; liver 
was Ihc major site of accumulation, biotransformation and excretion of xcnobiotic 
compounds, and intestines were also the imporlant tissue in copper uptake. For example, 
it was ibund that the concentrations in liver and gill were much higher than that in tlic 
muscle alter different copper concentration exposure (Table 1.3). As lo meial inicraciion 
ill lilapia, it was found that external Ca^" and Na' would eiihancc of C i r ' resistance in 
fish, but reversely, exposure to sub-lethal concentrations of Cu^^ would decrease the 
contcnl of Ca^', and increase the content of. Na* (Wu ct al., 2007). It was thought that 
this interaction might be related to competition in binding with the same metal 
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transporter. 
Table 1.3. IVIean copper concentrations in the tissues of Tilapia zillii exposed to 

coppcr 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 39.4 158.8 
1 5.79 71.4 228.1 

1.8.2 Zcbrafish 
The zebrafsh {Danio rerio) has traditionally been used as both an animal model for 

molecular genetics of development and aquatic toxicology research (Hill et al., 2005). It 
olfers a significant advantage since they have small size and easy to expose them to 

dilTerenl concentrations of chemicals in the laboratory with large numbers of individuals 
per experiment. Furthermore, embryonic development is external, outside the mother, 

1 
providing access to all phases of development and making ii possible to observe 
morphological changes associated with exposure to toxicants in ihe environment. 
Embryo-larvae of zebrafish is proven to be a sensitive and reliable model lo study the 
toxic effects of sediments and pollutants such as metal ions and other chemicals (Li et al., 
2004; Chan et al., 2006; Fraysec et al., 2006). Zcbrafish is also proposed as a model 
for human disease (Perry et al., 2010). 

: I n the zebrafish ovary, maturation of the oocytes is accompanied by accumulation of 
coppcr in the yolk, reaching amounts of 3.5 ng/oocytc by the late vitcliogcnic stages 
(Riggio et al., 2003). After fertilization, copper concentrations increased al 512-ccll 
stage but declined gradually lo normal level similar lo 2-ccll stage at 5 h 
post-fertiliazalion, suggesting thai 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 
mechanisms by which copper enters the organism in early development, and whether 
certain levels may disturb the development of specific body siructiircs. 

Besides, many genes previously known from other organisms to be critical for 

copper homeostasis and transport were identified in the zebrafish，cither by in silico 

examination of the genome or expressed scqucncc tag databases or by deliberate cloning 

of homologs. To date, only a handful of copper related genes have been characterized by 

mutation, but zebrafish offers the possibility of analyzing embryonic genes by inhibiting 

translation with antisense morpholinos, as was the ease for the Ctr-1 high-affinity copper 

transporter (Mackenzie et al., 2004) or lysyl oxidase (Craig el al.’ 2007b). Transporters, 

chaperoncs, and oilier regulatory proteins (such as the metal-response transcription 

factor-1 and mctallothionein genes) were studied in embryos and larvae only in terms of 

their expression (Chan et al., 2006; Chen et al., 2002; Chen et al.，2004). Likewise, most 

proteins that require copper as a cofactor for their activity are found in the fish, and 

some oT these are characterized. Therefore, given the great genetic potential of the 

zebrafsh, it should be possible to approach the identifcalion of the molecules and 

proteins involved. Such findings would also have immediate application to human 

physiology since, as mentioned above, coppcr homeostasis genes seem to be highly 

conserved throughout multicellular organisms. 

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

the oxidative efTects on cellular molecules, and the studies of copper toxicity mainly 
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focused on several well known proteins and genes, such calalasc, nielallothionein, 
Cu/Zn SOD, etc (Table 1.3) (Kimel al., 2008a). A complete map of the mechanism of 
copper toxicity is still lacking. The use of protcomic approaches, which allow the large 
scale mining of the interesting proteins, would help us to a get more concrete proteins: 

I 

profile related to copper toxicity. Tilapia is a metal tolerant specics, and reversely, the 
f 

zebrafish is metal sensitive. It is believed that by comparing the protcomic 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 off ish. 

The coppcr homeostasis and transportation pathways have been revealed principally, 
and several important coppcr binding proteins and transporters have been also identified 
(Table 1.4). However, a full picture of copper homeostasis remains unclear because other 
copper related proteins are still unknown, and many copper-binding proteins for coppcr 
transfer to mitochondria, and nuclear are not studied yet (Michelle and 丁hide，2008). In 

t 

fact, copper ion is known to be able to bind with many proteins if not all in the cell, 
therefore, it is important to identify additional novel copper-related proteins and uncover 
the functions and relationships of copper-binding proteins and confirm if Ihey bind 
copper specifically or non-specifically. Metalloproleomics refers to the identification 
and detailed characterization of metal-binding proteins and their metal binding motifs. 
Since most metals pass through the liver for detoxification, hepatocytes arc ideal for the 
study of proteins involved in intracellular heavy metal metabolism. Determining ihis « 
distinct protcomc in the liver will help uncover novel components of copper transport 

and extend our understanding of the cellular mcchanisms of coppcr 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 (APP) 
Atoxl 
ATP7A 
ATP7B 
Carbon monoxide 
dehydrogenase to 
acetyl-CoA synthase 
Ceruloplasinin 
Coagulation factors V and 
VIII 
CCS 
CopZ 
Cox 17 
Ctrl 
Qi/Zn SOD (SODI) 
Cytochrome c oxidase 
Dopamine P-hydroxylasc 
(DBH) 
Ethylene receptor (HTRI) 
Hemocyanin 
Hephaestin 
Glucose oxidase 
I^ccase " 
Lysyl oxidase 
Mctallothioncin 
Pcptidylglycine-a-amidati 
ng mono-oxygenase 
(PAM) 
Prion protein (PrP) 
Steap proteins/Krel/Frc2 
Tyrosinase 
XIAP 

Protein involved in neuronal development and potentially Cu 
metabolism; cleavage leads to generation of Ap peptide that aggregates 
in senile plaque associated with Alzheimer's disease 
Melallochapcrone that delivers Cu to ATP7A and ATP7B Cu* 
transporters 
Cu-transporting P-type ATPase expressed in all tissues except liver 
Cu*-lransporting P-type ATPase expressed primarily in the liver 
Moorella thennoacetica bifunctional enzyme; reduces C 0 2 to CO with 
subsequent assembly of acelyl-CoA 
Serum fcrroxidase lhat functions in Fe3+ loading onto transferrin 
Homologous pro-coagulants present on the surface of platelets, where 
they nucleate the assembly of niultiprotein proteolytic complexes 
involved in blood coagulation 
Melallochapcrone that delivers Cu to Cu/Zn SOD 
Archaeoglobus fulgidus [2Fe-2S] and Zn2+-containing Cu chapeione 
Metallochaperonc that transfers Cu to Scol and Cox 11 for cytochromc 
oxidase Cu loading in mitochondria 
High-affinity Cu+ transporter involved in cellular Cu uptake 
Antioxidant enzyme, catalyzes the disproportionation of superoxide lo 
hydrogen peroxide and dioxygcn 
Terminal enzyme in the mitochondrial respiratory chain, catalyzes the 
reduction of dioxygcn to water 
Oxygenase, converts dopamine to norepinephrine 
Member of a plant rcceptor 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 m iron efflux from 
enterocytes and macrophages 
Pentose phosphate pathway oxidoreductase that catalyzes the oxidation 
of D-glucose into D-glucono-1, 5-laclone and hydrogen peroxide 
Phenol oxidase involved in melanin production 
Catalyzes formation of aldehydes from lysine in collagen and clastin 
precursors for connective tissue maturation 
Cysteine-rich small-molecular-weight metal-binding and detoxification 
protein 
Catalyzes conversion of pcptidylglycine substrates into a-amidated 
products; neuropeptide maluration 
Protein whose function is unclear but binds Cu via ihc N-terminal 
octapcptidc repeats 
Family of metalloreductases involved in Fe3+ and Cu?) reduction 
Monophenol mono-oxygenase; melanin synthesis 
Inhibitor of apoptosis through binding and catalytic inhibition of several 
caspases 



While measured concentrations of chemical contaminants were generally below 
acutcly toxic levels for fish, potential sub-lethal toxic effects resulting in, e.g. energy 
reallocation or behavioral abnormalities are of our major concerns to study the toxic 
effects of copper ions. Sub-lcthal effects arc difficult to delect in the field, but they may 

decrease the evolutionary fitness off ish populations (Scholz et al., 2000; Sorcnsen, 1991; 
t 

Dc Vlaming et al., 2000; Sandahl et al., 2005). As coppcr contamination in the 
environment is gelling more and more serious, it is also important to verify several 
biomarkers of effects genes to monitor the copper contamination in fish. Existing 
biomarkcr genes include catalasc, heat-shock proteins, MTs, and the like, all may act as 
biomarkers of effects 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 related to other chemicals, such as cadmium, dioxin, ct al. 
Therefore, it is necessary to find some other biomarkers and develop a novel biomarkers' 
system to monitor the coppcr contamination together, and make the results more 
sensitive, comprehensive and specific. In a nutshell, the aims of this thesis research are 
to identify copper-related proteins and copper binding proteins in fish models using a 
proteomic approach. I-urlher more, gene expression study of in vitro and in vivo 
experiments was also used to verify the responses of the identified proteins at their gene 
expression level with sensitive real-time PCR. 

Specific objectives of this project are: 

1. To identify novel proteins related to mechanism of coppcr tolcrancc 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 exposure experiments 
using tiiapia; 

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

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-Tl cell line 

when exposed to Cu!. 
« 

2.1. Introdnction 
Copper is an essential element, but it can have a number of potentially toxic effects 

on cells. It has been wcll-charactcrized that excessive coppcr levels lead to the 
production of hydroxyl radicals (OH ), which can damage phospholipids and cnzynics 
(Husler ct al., 2007; Turski and Thiele, 2009). Both prokaryotic and eukaryotic cells 
have developed a tight cellular control mechanism for coppcr homeostasis, with a 
complex machinery of proteins that bind the metal ion and thus control its uptake, 
transport, sequestration, and efllux of copper (Harrison ct al., 2000; O'Halloran and 
Culotta, 2000; Puiget al., 2()02a). 

Despite the identification of many copper-relaled proteins, the full picture of copper 
homeostasis remains unclear becausc the functions and relationships of these proteins 
arc still unknown, and many copper-binding proteins still need to be investigated (Turski 
and Thiclc, 2009). Therefore, it is important to identify additional novel coppcr-relatcd 
proteins and uncover the functions and relationships of copper-binding proteins. Some of 
these, such as catalase, hcal-shock proteins, MTs, and the like, may be suitable to act as 
biomarkcrs of clTects for monitoring copper contamination in the environment 
(Airaksinen et al., 2003; Dang et al.，1999). In recent years, a number of new tcchniqucs, 
such as Iranscriptomics-based DNA microarrays (Lange and Ghassemian, 2005) and 
proleomics, have been developed lo evaluate 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 ct al., 2000). 

Tilapia (e.g. Oreochromis niloticus) is commonly found in local ponds, rivers and 

csluarine 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-linc from liver (Hcpa-Tl) is chosen for 

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

2.2. Materials and methods 
2.2.1 Cell culturc 

Hcpa-Tl is an adherent tissue hcpatocyle cell line with epithelial-like morphology 

isolated from tilapia. It was purchased from the Cell Bank at the Rikcn BioResourcc 

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 scrum and 1% penicillin/streptomycin，according to the supplier's protocol. 

， 

2.2.2. Cytotoxicity assay 
Hepa-T 1 was first seeded on 96-well plates with a cell density of 10 x per well 

and incubated overnight. The medium was then removed, and the cells were exposed to 

media with different concentrations*of C u : . (copper chloride, CuCl2.2H:;0，analytical 
1 

grade) for 96 h. After metal exposure, the medium with C u " was removed, and a 100 pi 

35 

J
l
l
j
a
l
 



medium with 10% alamar Blue was added into the wells and incubated for 1 hour. The 
culture plate was wrapped with aluminum foil during incubation to avoid photolysis of 
the alamarBlue. Fluorescence was measured with a Tccan Polarion microplatc 
fluorescence reader (Tccan) with an excitation wavelength of 485 nm and an emission 
wavelength 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 fluorescence readings of the control and treatment. 

After determination of the 96 h LC50, the Hepa-Tl were divided into three groups: 
a control group without the addition of metal and two nictal-cxposcd groups to which 
were added two different conc^trations of Cu^^ (20% and 50% of the 96 h LC50 
values). After 96 h，the cclls were lysed with trypsin briefly, washed with a PBS buffer 
and collected in a 15 mL falcon tube. They were then centrifugated at 1,500 Xg for 3 
min. The suspension was discarded, and the cell pellets were washed with PBS three 
times by rc-suspension and cenlrifugation. The harvested cclls were then stored at -80°C 
until use. 

2.2.3. Annexin-V/PI assay and cell cyclc analysis 
The IIcpa-Tl cells were treated with 120 pM and 300 [iM of Cu^' for 96 h. The 

apoptotic and necrotic rates were determined with an Annexin-V-Fluos staining kit 
(BioSource International Inc., USA). The cells were incubated in Aniiexin-V-riTC and 

a PI labeling solution for 30 min after staining and were then washed and analyzed using 
" ， \ 

• •气， 
a BD FACSCanto Flow Cytomcter (BD Bioscience, NJ, USA). To analyze the 

• i 

distribution of Hepa-Tl in the cell cyclc under different treatment conditions, the cells 

were briefly Irypsinized, washed with PBS and fixed in 75% ethanol at 4°C for at leasl 
6 
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18 h. They were then incubated for 30 min in a DNA-
Hg/rnl r i b o n u c l e a s e A (S ig ina -Ald r i ch ) and 5 

Sigma-Aldrich). For cach sample, 10,000 PI stained 
different phases of the cell cyclc were expressed as a 
cells counted. 

staining buffer that contained 200 
|ig/i"nl propidium iodide (PI, 

cells were captured, and those in 
pcrccntage of the total number of 

2.2.4 ls<»lation of the cytosolic fraction ‘ 
The treated Hepa-Tl cells were thawed at room temperature and suspended in a 

200 uL lysis bulTer (25 mM tris-HCl, 2 niM DTI； 20 ^M PMSF, pH 7.4). They were 
then lyscd by ultrasonic fragmentation at 4°C for 10 min, followed by quick freezing in 
liquid nitrogen and re-thawing at room temperature three times to lysc them completely 
(Specter el al., 1997). The sample was then ccnlrifugated at 1,500 Xg for 10 min. The 
supematanl was further ccnlrifugatcd at 105,000 Xg for 60 min to collect its cytosolic 
fraction (Spector ct al.，1997). All centrifugations were processed al 4°C\ Finally, the 
protein concentration was determined using Bradford protein assay (Bio-Rad) with 
bovine serum albumin as the standard, and that of each 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 butler comprising 8 M urea, 

2 M thiourea, 4% CHAPS, 0.5% ampholyte (pH 3-10, GE Health), 50 mM dithiothreilol 
and 0.01% bromophcnol blue as the tracking dye. The isoelectric focusing (lEF) step 
was carricd oui 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 rchydrated 
• » 
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with 250 uL (50 ug) of total prolein and incubalcd for 12 h at 20。(： with 30 V’ followed 

by lEF steps of 2 h at 500 V，1 h at 1000 V，gradient elevating to 8()()() V for 2.5 h and 

8000 V continued for 1 h. After the IliF steps, the IPG strips were incubated at room 

temperature for 15 min in an equilibration buffer (50 mM Tris-HCl [pH 8.8], 6 M urea, 

30% glyccol, 2% sodium dodecyl sulfate [SDS], 1% DTT) lhat contained 0.01% 

bromophenol blue. A second equilibration step was carricd out for another 1 5 niin under 

the same conditions，except that the dithiothrcilol was rcplaccd with 135 inM 

iodoacctamidc. The equilibrated strips were then loaded onto 12% polyacrylamide ( 1 4 � 

16 cm, 1 mm thick) with SDS and a slacking gel of 2 cm of 4% polyacrylamiclc gel 

placed on lop. The IPG strips were sealed with 1% low melling point agarose lo ensure 

good coiUact with the gel. Ihc second dimension of the SDS-polyacrylamide gel 

electrophoresis (SOS-PAGE) was carricd out using an Sli 600 Ruby HIcclrophoresis 

Unit (GE Health) at room temperature with a Tris-Glycinc buffer (25mM Tris, 192 mM 

glycine and 0.5% SDS) at a constant power of 50 uA per gel until the tracking dye had 
• 

readied the bottom of the gel. After separation, the proteins were visualized by staining 

llie gels with silver stain, as rcconimended by Ihc manutiiclurcr (GE Health). 

The 2-nR images were scanned and analyzed using I mage Master 2-[) f-litc 

software. The image spots were initially automatically outlined and nialcheci, and then 

manually edited. The intensity volume of cach spot was processed bybackgrounci 

subtiaclion and total spot volume normalization, and ihc resulliiig spot volume 

percctUage was used tbr comparison. 

2.2.6. In-gel digestion and protein identification 
i7 

The protein spots of interest were manually excised from ihc 2-DIZ gel. Each prolein 
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sample was further processed by cnzymatic digestion with trypsin to generate peptide 
fragments (Cayalte el al., 2006). Tlic iryptic peptides were mixed with 
acyano-4-hydroxycinnaniic acid (CHCA) of 4 mg/niL in 50% ACN and 0.1% TFA， 

spotted onto the target plate and allowed to dry. MALDl-TOF MS was performed with a 
4700 Proteomics Analyzer (TOF/TOP、，）(Applied Biosyslenis, USA) equipped with a 
355 nin Nd:YAG laser. The iiistrumenl was operated m a positive ion reflcclion mode of 
20 kV accelerating voltage and in a batch mode of acquisition control. Retlccloi spectra 
were obtained over a mass range of 8{)0-3()00 Da. All of the mass spectra were internally 

V 

calibrated with ACTl l peptide and peaks of trypsinizecl alcohol dehydrogenase. Peptide 

mass mapping was carried out using the MASCOT program (Matrix Scicncc, London) 

Willi the Swiss-Prot database and CJPS explorer so It ware (Applied Biosyslenis). louring 

the database scarcli, one missed cleavage per peplide was set as the maximum allowance, 

ami a mass tolcrancc of 0.5 IM and an MS/MS tolerancc of, 0.1 Da were also used 

according lo predefined optimized protocols. Oilier possible variations, such as 

carbamidoniethykition lor cysteine and oxidation tor inclliionine, v.ere also taken iiuo 

account. IVyptic aulolylic IVagineiUs and notable coiUaniinalioii were removed from llie 

datasel manually before the tiaiabasc IVagnicnl search. 
� 

2.2.7. Real-time quantitative polymerase chain reaction (PCR) 
riie changes in identified protein expression following the adniimslration of Cu^^ 

with dilTerent concentrations of copper ions were verified using real-limc quantitative 

PCR methods. A real-time quantitative PCR was performed in a thin-wall 8-lubc strip » 
with the Chromo 4tm Four-Color Real Time System (MJ Research®); the GAPDH 

(Glyceraldehyde 3-phosphate dehydrogenase) gene was used as the internal control lor 
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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-II'^^ Reverse Transcription (Promcga). SYBR® Green PCR 
Master Mix (Applied Biosyslems) was used for the real-time PCR analysis. The 
sequences of the forward and reverse primers for the identified genes arc shown in Table 
I. The PCR primer sets Ibr these genes were designed by using the online rcal-limc PCR 
Primer Design tool (hUps://vvww.genscript.com/ssl-biii/app/priincr), and the primers 
were synlhcsizcd by In Vilrogcn. The amplification condition of the rcal-limc 
c]uanlitativc PCR for the genes was optimized before further investigation and analysis, 
riie Cl value is the number o f PCR cyc lcs required lo be higher than Ihc predetermined 

threshold value of 0.002 for S Y B R � Green inlensily. The Ct value of GAPDI I for cacli 
sample was subtracted from the corresponding Ct value of each gene as ACt, and the 
value was normalized against the respective control treatment as A ACt. The relative 
expression of each gene was calculated as ihc equation: Relative fluorescencc = \ 
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Table 2.1. Nucleotide sequences of primers used in the real-time quantitative PCR assay. 
Gene Primer Sequence 
Cytochrome P450 lA 
(CYPIA) 
Vitellogenin (Vig) 
NADU dehydrogenase 
subunit 4L ‘ 
Cytochrome c oxidase 
subunit 11 
Glyceraldehydc 
3-phosphatc 
dehydrogenase 
Actin 
lntcrlcukin-1 alpha 
Growth honiionc (GH1) 
SUMO-1 
ATP synthase subunit 
beta 
Myoglobin 
Zic family member 1 
Zinc finger proiein 60 
MllC class II anligen 
Insulin-likc growth 
factor-1 
Proteasomc 
Parvalbumin beta 
Mclallothionein (M'F) 

I'orward 5'-ATCTGYGGI IATGTGCTTYGGCCGRCGCTA-
Reverse 5'-TCiCCACTGRTTGATGAAGACRCAKG I GTC 

YlTGG-3' 
Forward 5'-GAArGTGAATGGGCTGGAAATAC-3' 
Reverse S'-TTTGTTTGATCTGGATGTCAGCrf-B' 
Forward S ' - lTTAlTGCCCTTrCCCTC '10-3' 
Reverse 5'-CGAGCAG rAGCGACGAGTAG-3' 
horward 5'-'rAATTCTCATTGCCCn'CCC-3' 
Reverse 5_-’rAAGAG 丁GGAAGCCGACiG 丁 (：-；3| 
Forward 5.-ACCACGAAAAGTACGACAGGTCA-3. 
Reverse 5'-CGGCCATCTCTCCACATlTTAC-3' 
Forward 5’-GTGACGTCGACATCCGTAAG-3’ 
Reverse 5'-TGATCTC:CTTC TCiCAl CCTG-3" 
Forward 5'-AGAGCATTGTGGAAGC:ACAG-3. 
Reverse 5'-TGGAGAAGAACCAAGCTCCT-3' 
Forward 5'-TTTCACCAAGGCTG rCTGAG-3' Reverse 5'-GTTGCCTCCCAGACrrTGAr-3' 
I-orward . 5'-ATG TCAGACACGGAGACCAAO' 
Reverse 5'-TCCTG 八 CCGATCAC：TTT(;AG-3• 
F•ô warĉ  5.-TGAGGCTCTCAGGGAGATTT-3' 
Reverse S'-GGTTACCCAClGCACn CACT-3' 
Forward 5'-CTGGGATTTCTCAGGGTGAT-3. 
Reverse 5'-GTCiTATTGGCC/\GTGGnTG 丄 3‘ 
Forward S'-CGAGCTTGTGACCCArCTAA-.V 
Reverse 5'-(}CTTTGAATGGCTTTCCTTC-3' 
Forward 5'-GACGGTACCGfJTCAC:TACCl:3, Reverse 5’-TCTGlTGATGCCG TTCATCT-T 
I'orward 5'-CTCCGAACATCC:CA(;AACrT-3’ 
Reverse 5'-TACCAGTCCAGTTGCTCAGG-3' 
Forward 5'-'I CAGATACACG(JTGCCAAAT-3' 
Reverse 5.-GCGGCTCACACTCTTACAAA-3, 
Forward 5'-GTCTGCA ACTGTAGGGCTGA-3 “ 
Kcverec 5.-TCCAGCAATGGAGATACCAA-3, 
Forward 5.-ATTGAGGA(K}AGGACiCmA 八-3' 
Reverse 5.-CATCACCATCACTGTCACCA-3' 
Forward 5'-TGCAAGAGCTCiCAAGAAGAG-3’ 
Reverse 5.-TGTCGC 八 rGTCTTTCCTTTG-3. 

2.2.8. Functional classification 
The functional classification of the proteins modulated by C u ' ' treatment among 

the differcnl metabolic pathways and subcellular locations was based on Ingenuity 

Pathways Analysis (IPA) (Ingenuity Systems, htlp://www.ingenuity.coin). IPA mapped 

each modulated protein to its corresponding gene object (e.g., genes, mRNAs and 
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proteins) in the Ingenuity Pathways Knowledge Base (IPKB). These gene objects, called 
"focus genes," were overlaid onto a global molccular network developed from 
information contained in the IPKB and were used as the starting point to generate the 
anticipated biological networks based on their connectivity. The functional analysis of 
each network identified the biological functions and/or diseases that were most 
significant to the genes in thai network. Tlie networks associated with biological 
functions and/or diseases were considered for analysis. The genes mapped to the 
biological networks available in the IPKB were ranked by scorcs indicating the 
probability that a collection of genes equal to or greater than the number in the network 
co|jld be achieved by chance alone. A score of 3 indicates that there is a 1 /1000 chance 
that the focus genes arc in the network due to random chance. Therefore, genes with 
scores of 3 or higher can be said not to have been generated by random chance with a 
99.9% confidence level. A score of 3 was thus used as the cutoff for identifying gene 
networks significantly affccied by C u�： 

2.2.9. Statistics 
Statistical analyses of the gene expression levels 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 thai of each treatment group using the 
one way Annova Test. Statistical tests were pcrfomied at the p < 0.05 and p < 0.01 
levels of significance using Imagcmasler Plus (version 7.2, GH Health). 

42 



2.3. Results 
2.3.1. Copper toxicities 

The median lethal concentration (LG50) of Cu" on the Ilcpa T1 cell line at 96 h 
was determined using alamarBluc assay. The dose response curves with 96 h LC50 were 
plotted using SigmaPlot 10 (Fig. 2.1): that of CuCI： was 597 |aM (95 % confidence 
interval: 513 uM to 696 uM) and that of CUSO4 was 818 ^M (95 % confidcnce interval: 
655 uM 10 1023 uM). CuCb seemed to be more toxic than C11SO4 and was thus used in 
this projcct. I-'low cytometry measurement 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 CuCb-trealcd cells. After incubation with different 
concentrations (120 fiM and 300 jiM) of CuCh for 96 h, the percentage of 

A n n e x i n - V + / P H cells (apoptosis) increased to 1.3% and 3.2%, respectively, compared 
to 0.0% in the control group. The pcrccntagc of Annexin-V-/PI- cells (necrosis) 
increased to 10.7% and 18.4%, respectively, compared to 0.0% in the control group. 
These results demonstrate that CUCI2 primarily induces cell necrosis rather than 
apoptosis. To determine whether CuCb stimulates llepa-Tl proliferation, the cell cycle 
distribution was also measured after exposure to different concentrations (120 )iM and 
300 |j,M) of CuCb. It was found that CuCb treatment rcduccd the number of cells in the 
GO/G1 phase, but increased the percentage of cells in ihc S and G2/M phases (Fig. 2.2)， 

thus indicating that copper can induce the proliferation o f l l epa -T l . 
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Concnetration of CUSO4 (uM) 

Fig. 2.1. Cytotoxicity (%) of Hepa-Tl cells after CuCl� and CUSO4 exposure in different 
concentrations (in log scale) for 96 h. The 96 h LC50 values of CUCI2 and CuSO^ on Hepa-Tl cells 
were determined as 597 |iM and 818 nM. The 96 h LC50 values were calculated using Sigmaplol 
with non-linear regression. 
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Fig. 2.2. CuC12-induced apoptosis and necrosis with Anncxin-V-FITC and PI 
staining. Panel A. The upper panel shows the detection of CuCh-induced apoptosis and 
necrosis with Annexin-V-FITC and PI staining. The Hepa T1 cclls were exposed to 
different concentrations of CuCb for 96 h. After being stained with Annexin-V-FITC and 
PI, the cells were analyzed using flow cytometry. LL: Anncxin-V-/PI-cells (normal); LR: 
Annexin-V+/Pl-cells (early apoptosis); UR: Amicxin-V+/PI十 cells (late apoptosis); UL: 
Anncxin-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 CuCb exposure for 96 h, the cells were collected, fixed and incubated with 
PI as described in Materials and Methods section. The cclls 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/GI: 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. (*/?<0.05, **/7<0.01, derived from 
Mann-Whitney test). 

46 



2.3.2. 2-DE gel analysis of cytosolic proteins 
The cytosolic proteins extracted from the control cells and CuCb-treated (120 |iM 

and 300 ^M) Hepa-Tl cells were analyzed by 2-DE. Approximately 2,000 protein spots 

were detected on the 2-DE gels. A representative protein profile of the Hepa-Tl cclls 

treated with 120 fiM of CuCh is shown in Fig. 2.3. In total, 125 proteins were found to 

be regulated by CuCIz 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 indentificd 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 p � v a l u e s from the 

2-D gels were in agreement with the iheorelical Mw and pi values of the proteins. Thus, 

the protein spots were identified with a high degree of confidence. 

The magnitude of the ratio changcd from 0.00051 down-rcgulalion (Ig heavy chain, 

Spot No. 3298) to 201.2 up-regulation (Preprolein translocasc subunit sccG, 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 pi theoretical values. Any 

changes in Mw and pi 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. 2154 and 2340 were identified as a growth hormone 
t 

precursor. They may be degradation products or ditTerent isofomis of the same protein. 

Thus, out of the original 125 spots selected for identification，a total of 93 individual * 
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 exposure, real-time 

quantitative PCR was used to analyze that regulation at the level of mRNA accumulation. 
A total 18 genes that had their sequences in the tilapia database were choscn for this 
analysis. Those choscn arc shown in Tabic 2.2 in yellow. As can be seen in Fig. 2.3B, 
except for cytochrome P450IA (CYPlAI) and Small ubiquitin-rclated modifier I 
precursor (Sumo-1), the regulation of most of the genes at the RNA level was in 
accordance with the regulation of the proteins shown in Fig. 2.4A. This result furlhcr 
confirms our confidence in the proteins identified through the protcomic approaches. 
Interestingly, the fold regulation of the genes was lower than thai of the protein 
regulation, which suggests that, in addition to gene regulation, there are also various 
levels of regulation during protein synthesis, e.g., iranslational, post-translational and 
post-transcriptional regulation. For instanfe, CYPl A may be atTcclccl by the 
transcriptional activities of the Aryl-hydro carbon (Ah) receptor, which may be inhibited 
by coppcr ions. However, the mRNA produced may be enhanced by Iranslational control 
to produce more proteins. 
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Fig. 2.3. 2-DE gel images of the cylosolic proteins obtained from I he Hcpa 11 cell line 
in the 120 |iM CuC12 treatment group. The total cytosolic proteins were loaded and 
separated using IPG strips (pH 3-10)/SDS-PAGE (12% acrylamide). The gels were 
slained 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 acciunulaiion level 
after CuCl2 treatment that were selected for mass spectrometry identification (the details 
arc suminarized in Table 2.2). 
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, their related genes with tilapia sequences in the database.(八）Zoonvin regions ol, typical 
2-DE demonstrate the effcct of increasing the CiiCh concentralion on the rcgulaiion of these 
proteins. (R) Real-time quantitative PCR results of ihc genes' regulation through the effects of 
increasing ihe CuCl^ concentration on Hcpa-Tl cells. The concent rat Luns o f C u C h mcreasc from 

t � left to right (Ihe left column is rhe control group; the middle ct/iimii is the 120 uM CuCh 
trealmenl group; and ihe right column is the 300 uM CuCU trcatmenl group) (*/) < 0.05, **；) < 
0.01, ***/)< 0.001, derived from ihc Mann-Whitncy icsl of individual gene regulation.) 

2.3.4. Protein function analysis 
Funclional classification, according to ccllular processes and the subcellular 

location of the identified proteins, was performed using 11)A (Ingciuiiiy Syslcms, 
littp://vv\vw.ingciujily.coin). Tlic 93 dilTcrcnlially expressed proteins ( I able 2.2) were 
scarclicd with their corresponding acccss nimibers for their exact gene counlciparls in 
IPA. These gene counterparts and iheir respective levels of changc were then uploaded 
lo the IP A module. IPA mapped ihc 68 modulated proteins at the CuCh high-dose level 
for Ihcir concspoiicliiig gene objects (e.g., genes, mRNAs and proteins) in ihc IPKB. The 
focus genes for 64 of the 68 modulaled proteins were overlaid onio a global inolcciilar 
network developed from infonnation contained in the IIMCB. The nclworks of llicsc 
focus gciies were Ihcn algorilhmically gencralcti based on iheir connecliviiy. Biological 
palhvvays were assigned to each nclvvork and ranked according to the signillcance of the 
biological fund ion ioi ihal nclwork. Four of ihc icn networks ideniificd were found U) 

he highly significant, in that ihcy had more of the identified proteins prescni lhan would 
t 

be ex peeled by chance (Table 2.3, l-ig. 2.5). 
The toxic and biological functions of these focus genes were also analyzed by IPA. 

As the ccll line was derived from tilapia liver, wc focused only on hcpatoxicity. Five 
loxic functions were ideniificd as significant (p < 0.05): liver hepalomegaly, l>ver 
damage, liver Iwpcrtrophy, liver proliferalion and liver necrosis. Lipid metabolism (16% 
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of ihc identified proteins) was identified as the main biological function affccled. 
Furlhcnnorc, the proteins were also classified into 14 groups according to their functions, 
which were then analyzed using I PA software (Table 2.3). Twenty-two of the 93 were 
found to function as enzymes, which suggested that Cu ' ' cxcrls its toxicity primarily by 
affecting enzymes. 

2.4. Discussion 
I'he aim of tlie study reported herein was to identify novel prolcins that are rclaied to 

llic median isms of copper toxicity and dcloxificalion, as well as prole in biomarkcrs of 
cITccts roi I he biomonitoring of copper stress. As vviih other types of biological siress, 
ihc adaplalion to environmental pollution involves changes in protein expression that 
can be produced specifically in response to a particular contaminant or in a 
dose-depciident manner. This study is the first ol" its kind to explore the temporal 
changes in protein expression in tilapia lhat arc associated with copper intoxication in 
liver cells. The levels of more ihan- 100 cytosolic prolcins wlmc a (Tec led by 300 îM of 

CuCh, of which 93 were identified by MALDI- rOF MS combined willi MS/MS. The 
rclalionsliip bclwceii some of these prolcins, including mctalluthioncin. caialase and 
cytochrome C oxidase (Atli el aL 2006： Chan cl al., 2006; Craig cl al., 2007), and 
copper inloxicalion has been conlimicd, which also con 11 mis the rcliahiluy of our results. 
n,A has also been identified as a powerlul lool lor analyzing networks of proteins. Using 
IPA and IPKB, Ihc regulated proteins were found to be involved in ten networks, four of 
which had three or more locus genes and are considered to be "major" networks. 
The first network contains 21 locus genes that arc involved in connective tissue 
dcvelopnienl and runclioning, skeletal and muscular system development and 
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functioning, and tissue development. In this network, the growth hormone (GH) and 
insulin-like growth factor 1 (IGF-1) genes seem to play ccnlia! roles in ihe regulation of 
other genes for growth and dcvclopmcnl. Growth hormone is a polypeptide hormone 
that stimulates growth and cell reproduction in vertebrales, and IGF-1 is a major 
hormonal regulator of growth and development in somatic tissues. The induction of GH 
and IGF-1 in this study supports the theory that copper may slimulale the growth of 
Hcpa-Tl, which is also supported by the flow cytometry experiment in which it was 
round thai CuCl： induces the proliferation of Hcpa-Tl. In bony fish, the IGF-1 released 
from the liver under the control of pituitary GH is the main endocnnc icgiilalor of 
growth, niainlcnance and dcvclopmcnl, and the amount of IGI--1 circiilaling regulates 
the synthesis and release of GH (L-pplcr el al., 2()07b). In human beings, a dcclinc in 
GH-1 and ICH:-1 conlribulcs lo increased oxidative stress in ihc hippocampus, which 
means that these two hormones may be mediated by increasing the cellular redox 
potential, thus rcsultfing in a reduction in the oxidative stress caused by the CiT ions. 
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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 I is involved in vimenlin (VIM), aclin (ACTIN) and 
tropomyosin (TPM3), which are associated with thrc structure/functioning of the 
cytoskelcton. C u C l � is found to reduce the expression of aclin and to inducc that of 
TPM3 and VIM. Aclin is one of the most abundant proteins in cells, being a 
fundamental component of the cyloskeleton in inusclc and non-musclc ccils. It 
represents 12-15% of the total protein in most non-muscle cells and abouK30% of thai in 
muscle cells (Kckic and Dos Remedios, 1999). Il is also present in all eukaryolic cells, 
and most organisms have several genes encoding this protein. The aclin monomer 
(G-actin) is a soluble, globular protein with 43 kDa of molecular mass that polymerizes 
lo form insoluble filaments (F-actin). Oxidative stress can cause severe F-actin 
disruplioii in difTcrent ccll types. The Cii^' ircalmenl of cultured human intestinal 
jCaco-2 cells decreases F-actin staining (Fcnuzza et al.，1999), and liemocytcs of M. 
galloprovincialis exposed lo Cu^' also suffer a drastic decrease in aclin lilamcnls 
(Fagolii el al., 1996). The oxidalive-strcss mediated alteration of Cu^' homeostasis has 
been proposed as a probable mechanism of aclin cytoskcleion disruption (Dalle-Donne 
cl al.，2001; Gomcz-Mendikute ct 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-iranslational 
modifications opposite to those previously d iseased for the putative tropomyosin 
isofomi may yield myosin isofomis with little variation in llieir ph, some of�which may 
appear under oxidative stress. lintercslingly, tropomyosin 3, which is also an important 
cytoskclcton protein, was found to be up-rcgulated in this study. There arc different 
tropomyosin isofonns that interact with actin, both in musclc and non-muscle cells, and 
they may have different responses to Thus, in this study, ihe exposure of Mcpa-Tl 
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to C u " induced TPM3 and repressed actin, which suggests that metal ions can alter the 

cytoskclelon ultra structure and cell adhesion dynamics. 

The second network demonstrates several of the responses that arc involved in the 

functions of lipid metabolism, molccular transport, and small biochemical signalling 

molecules, these were the lop three functions in which the most differentially expressed 

genes were involved, including a number of major genes. The dowii-regulalion of 

apolipoprotcin may indicate the repression of lipid metabolism by CuCl?，as 

apolipoprotcin B is the primary apolipoprolein of low-density lipoproteins and is 

responsible for carrying cholesterol to the tissues (Richardson ct al., 2005).八 similar 

resull was also reported by Hustcr ct al. (2007)，who found that copper can 

down-regiilatc lipid metabolism, particularly cholesterol biosynthesis. In addition, iwo 

important genes, proteasomc subunit (prosomc, macropain, beta type, 7).and ubiquitin, 

act on aprolipoprotein both directly and indirectly. It is possible that apolipoprotcin is 

involved in the ubiquilin-proleasomc pathway, which is essential for many fundainciilal 

ccllular processes, including the cell cycle, apoptosis, angiogencsis and differenliation 

(Orlowski and Dees, 2003). The down-regulation of protcasoine subiinil, which has also 

been confirmed in a recent study (Milacic et al., 2008), likely reduces the expression of 

apolipoprotcin and leads to necrosis in IIcpa-T 1, as shown in Fig. 2.2A. 

The main functions of the third network arc related lo ccllular growth and 

proliferation，cancer, and reproductive system disease Interestingly, wc found a number 

of metal-binding proteins and transporters in this network, which indicates lhai these 

proteins may also be involved in these functions. Selenium-binding prolcin 1 

(SHLIINBPI) has been found lo be related to multiple types of cancer (Huang et al., 

2006). Selenium is an essential nutrient that exhibits potent anli-carcinogenic properties, 
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and deficiency in it may cause certain carcinogenic diseases. The other imporlanl 
metal-binding proteins found in this network were MTs. Many experimental data 
suggest that MTs may provide protection against metal toxicity, be involved in the 
regulation of physiological metals (e.g., Zn^' and C u " ) and provide protection against 
oxidative stress (Lam et al., 1998; Cheuk el al., 2008). Rccent studies have also found 
increased MT expression in certain types of cancer (Ostrakhovitch ct al.，2007). 

Therefore, the induction of SHUiNBPl and MTs by CuCl? indicates thai CuCb may 
pose a risk by inducing canccr or cell growth and those metal-binding proteins may play 
an anti-canccr role. 

The fourth network contains several nodes exhibiting changcs that may be related to 
DNA replication, recombination and repair. The RplpO protein is a type of ribosomc 
protein that is reported to be involved in DNA repair (Lindslrom, 2009). I'hc 
iip-regulation of the ribosomc protein by copper has been found in other organisms 
(Mcintosh and Bonham-Smith, 2005), which indicates that coppcr may influence DNA 
repair. In the left branch of this network, elongation factor I-alpha (HEF1A1) takes the 
cenlral role in regulating oilier genes and is responsible for the enzymatic delivery of 
aminoacyl tRNA lo llic ribosomc. Recently, it was also proposed that it regulates DNA 
replication and repair by binding with proliferating ccll nuclear antigen (FCNA) 
(Toucillc cl al.，2007). The up-rcgulalion of EEFl Al has also been reported lo be in 
response to the inhibition of mitochondrial DNA expression in chicken cclls (Wang and 
Morais, 1997), which indicates lliat its down-regulation should stimulate DNA 
replication. This conclusion further confirms the flow cytometry results in this study, 
which showed ccll division (Fig 2.2). Tryptophanyl-tRNA synthetase (WARS) was 
found to be down-regulated, which may catalyze the aminoacylation of rRNA by ils 
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cognate amino acid. Network 4 also shows thai WARS can bind with EEFl Al , which 
indicates (hat the down-regulation of these two genes may also inllucncc protein 
transcription after CuCb exposure. 

2-DE gel electrophoresis proved lo be a reliable and powerful tool for evaluating 
molecular changes in Hepa-Tl cells after the administration of C u " ions, although the 
technique does have certain limitations. For example, proteins with a high molecular 
weight or with pi values tiiat fall at the extremities of the pH gradients (i.e., very acidic 
or basic proteins) arc difficult to resolve in gel. Furthermore, it is well-known that 
ccrtain classes of protein or those of low abundance arc undcrreprcscmcd 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 purifying the various cell lypes be lore 
proteomic analysis (Ahmed and Ricc, 2005). The use ( )�tlie IPA tool also allowed us to 
overcome these limitations. More specifically, the idenlificalion of Ihe altered protein 
spots, the analysis of ^networks and the description of the functional relationships 

between gene products reported in the literature all provided dues as lo the other gene 
2 • 

products that are also altered by Cu treatment, but cannol be delected by 2-Dli. The 
combination of protein profiles and II'A investigation may help lo identify new genes 
that arc altered by Cu"' treatment and provide further insights into the toxic incchanisms 
of Cu. 

In conclusion, 93 proteins were found to be dilTerentially expressed, some of whicli 
may be suitable as biomarkcrs of cffecls to monitor copper contamination in the 
environment, especially the 18 that were fiirthcr confirmed by real-time quantilativc 
PGR. Some of these 18 proteins, including mclallothionein, glutathione transferase and 
cylochromc c oxidase, are well-known biomarkcrs for metal contamination. In addition, 
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other proteins were also found to be significantly induced or reduccd in the mRNA level 

of the Hcpa-TI cell line after copper exposure, including growth honnone (120 |iM, < 

0.01; 300 ^iM, p < 0.001), interlcukin-l alpha (300 ^M, p < 0.05), ATP synthase subuml 

bcla (120 ^M, I) < 0.01; 300 |aM, p < 0.05)，zinc finger protein 60 (120 nM, p < 0.05; 

300 nM,y; < 0.05), proteosome (300 ^M,;? < 0.05) and vitellogenin (120 uM, p < 0.05; 

300 ^M, p < 0.01). These six proteins may be new biomarkcrs for copper contamination, 

and vvc arc currently examining them in an in vivo tilapia fish exposure test to detcmiine 

the lowest observable cffcct levels and no observable cffcct levels of copper 

concentrations in water. A multiple biomarker moniloring system may also help lo detecl 

coppcr conlaminalion more accurately and specifically. 
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Chapter 3 
Identification of hcpatic coppcr-bindin*^ proteins from tilapia 

3.1 Introduction 
Biosynthesis ol" "cuproprotcins" is dependent on Ihc high-afrinily uptake of copper 

ions l.rom natural cnvironnicnts, regulatory proteins, and oilier auxiliary proteins. Even 
so, ihc mechanism underlying copper homeostasis is still noi fully understood ( I'urski 
and riiicle, 2009). Il is l here fore important to identily all coppcr-binding prolcins and 

uncover their functions-aiul rclaiionsliips using a proleoniic approach. Sonic ideiitillcd 

prolcins may be uselbl biomarkeis of circcts that allow for monitoring the inipacl of 

copper coniamination in the environment (Corrci cl al., 2002; Kchoc cl al., 2000). 

Mclalloprolconiics refers to ihe identification and dctailc cliaractcri/alion of 

iiictal-biiuling prolcins and ihcir mctai-bincling mot i Is. Bee a use most nielals pass 

through the liver lor dctoxilication, hcpalocylcs are ideal for ihc sUidy of prolcins 

involved in iiUracclliilar heavy nielal niclabolisni. Delcnnining ilic propeitics of this 

distinct protcomc in the liver will help uiicovcr novel cotnponenls of copper traiisporl 

and I lie toxic inoclranisins ofcoppcr ion. ‘ 

VVc have previously reported copper toxicity and accuinulalion in tilapia 

{Orcochroniis niloticus), and iiavc used the Mepa-TI hcpalocylc cell-line of tilapia lo 

iclGnlily novel coppcr-aiTectccf proteins using ditTercnlial prolcoini^ approaches (Chen 

ami Chan, 2009). l-'cral tilapia fish collccted in the field were Ibiind to liave high copper 
t 

content in Ihc liver (Lam cl al., 1998; Shcn cl al., 1998; Zhou ct al., 1998). \Vc have also 

reported ihc identification of 93 prolcins in Hcpa-TI exposed to copper ions which arc » » 
mainly iinolved in lipid mclabolisni, tissue conncctivc dcvclopinenl, cell cycle control, 
clc. (Chen and Chan, 2009). However, we did iiol positively identify copper-biiiditig 
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proteins in ihis in vitro study, nor did we carry out similar study in vivo using tilapia. 
This cliapler reports a comprehensive asscssnicnl of the hcpalic cuproprolcins ot tilapia 
in vivo. We first separated cylosolic prole ins into different fractions by t'asl performance 
liquid cliromalography (FPLC), greatly improving the resolution ol' our 2-tlimcnsional 
gel electrophoresis (2-DE) separation in comparison with initial atlcnipis using liver 
cyloplasin lysalc (data not shown). Ihc IVaclions after I'PLC with higher coppcr 
conccnlralion were llicii loaded on coppcr immobilized inclal alfinity chroiiialograpliy 
(Cu-IMAC) lo scpaialc ihc coppcr-binding proleins and were subsct|iiciUly analyzed 

r 

using 2-1)1；! and proteomic analysis. VVc hoped to oblain sonic novel copper-biiuiing 

proleins and uncovcr I he coppcr Iransportation pallnvay and biomarkcrs thai enable lo 

monitor the coppcr contamination in I he aquatic environment. 

3.2. MATKRIAl .S A M ) MKTHODS 

3.2.1. Tilapia 

All-male adult tilapia ((hvochruniis aureus ^ Oreochronns niloliais) were obliiineci 

from a halchcry in mainland China as IVy and reared in 60 L glass aquaria, were supplied 

with dcclilorinalcd, circulatcd, and acraicd local lap water al 2()-2S "C under a 

pliDloperiod of 14:10 h (day:night). and were fed with conimcrcial fish food pellets in 

the laboratory i'or 2-3 years. The 11 sh were treated with CuCl2 by the two mclliods of 

coppcr injection and exposure. To maximize the induction of copper-binding proteins, 

the fish were inlrapcritoncally injected with different dosages ol" CiiC'l： solution (100 

ppm CuCl^ in 0/) % NaCl) for 4 clays: 0.5 mg/kg on day one, 0.5 nig/kg on day two, 1 

nig/kg on day three, and 1 mg/kg on day four. They were then killed lo remove ihcir 

liver tissues on day five (Chan ct al., 1989; Chan, 1994). 'I lie control group was injcctcd 
69 
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wilh 0.9 % NaCl only using the same injection regime. Tlic volume of the solvent was 
calculated according to the weight of the fish. The liver samples were disscclcd before 
being stored al -80 °C for further use. To enable us lo detccl the regulation ol the related 
genes, the lilapia were also exposed to four different sub-lcthal 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 lap water only. After aqueous exposure, the liver tissues 
were (Jissectcd and store at -80 °C. 

3.2.3. Prepnralion of cytosoiic fradions and protein determination 
All steps were carried out at 4 °C. Pooled liver tissue from C'uCh injected tilapia 

were weighed and homogenized using a homogenizcr in ice-cold 10 iiiM Tris-HCl (pH 

7.4, 3 niL/g tissue) containing 2 % Iriton X-100, 14.4 inM mercaptoethanol, and 20 uM 

phcnylmcthanesulphonylfluoride (PMSF). Cellular debris were removed by 

ccntrifugation al 1,500 Xg for 10 min, and after centrifugalion at 30,000 Xg for 1 h, I he 

supernatant were stored at -80 °C. Protein conccntralion was determined by llic Brad ford 

melhdcl using bovine scrum albumin as standard (Compton and Jones, 1985). 

3.2.3. Gel filtration and atomic absorbancc spectrometry (AAS) 
The cytosoiic proteins (20 mg) were separaled according lo their iiiolccular weighl 

using Superdcx 75 (HiLoad 16/60 prep grad, Gl: Health) gel fillralion chromalography 
on AKT八 fast protein liquid chromatography (FPLC, GO Health) ,Elution of cytosoiic 
proteins was carried out using 10 mM Tris-lICl (piI 7.4) containing 100 mM NaCl, U.4 
mM mcrcaploclhanol, 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 
•3. 

collected. The column was calibrated with standard protein markers: 1 mg/niL BSA (67 

kDa), 10 mg/niL albumin IVoin chicken egg white (44 kDa), I mg/mL carbonic 

anhydrase (29 kDa), 10 mg/mL metallothioncin (7 kDa), and 10 mg/mL glutathione (0.3 

kDa). The copper concentration in alternate fractions separated by AKTA FPl.C was 

analyzed by using AAS (Hitachi Z8100 FAAS) to find the copper-binding proteins 
/ 

containing IVaclions. Be lb re AAS analysis, 1 mL of each 5 inL fraction was added to 

14.5 11L 69 % 1INO3. 丁he elulion buffer was used as a blank. Then fractions (peaks) with 

higher copper concentrations were pooled together and analyzed by I MAC and 2-DI{ to 

search Ibr the copper-binding or related proteins. 

3.2.4. Western blot analysis 

Fractions after FPLC a I the same peaks were pooled together and analyzed with 

12 %) SDS-PAGE gel and visualized by silver staining wiili PlusOnc silver staining kii 

(GE Health). Di-Goldcn pre-staincci protein markers (10-220 kDa, HOU-BIO Tech, 

Hong Kong) were used for SDS-PAGB with a 16 kDa lysozymc marker as control for 

Western blol liansfsr. After transfcning the proteins lo a PVDF membrane (Milliporc), 

the blot was blockcd with blocking solution (5 % skim milk and 0.1 % Twcen 20 in 

pliosplialc-bulTcred saline) ihcn incubalcd with anti-MT (1:1 ()()() dilution) antibody in 

blocking solution. The anli-MT antiserum was obtained from a ciislom-niade product 

from rabbits injcctcd with synthclic peptide of N-terminal amino acid sequence of (Ish 

MT, N-MDPCECSKTG-C (Chan, 1994) conjugated lo limpet hcmocyanin (GenWay 

Biotechnology, San Diego, USA). Horseradish pcroxidase-conjugatcd secondary 

antibody (Santa Cruz) was used at 1:5000 dilution and super signal chemilumincsccnt 
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substrate (Piercc) was used for detection and signal enhancement. The Huoroimage was 
obtained using X-ray film (Fuji) and was digitally scanned using ImagcMaster 2-D Elite 
software on a Molecular Imager (STORM 860，GR Health). 

* 

3.2.5. Immobilized metal affinity chromatography (IMAC) 

Cu-IMAC columns were prepared by using 1 mL HiTrap Chelating HP columns (GK 
Health) and protein separation was performed on AKTA fast protein liquid 
chromatography (TPLC, GE Health). Copper was coupled to the column by applying a 
50 mM CuSCXi, 0.5 M NaCI solution. Excess metal was removed with 4 niL binding 
bulTcr (20 mM Na2HP04, 500 mM NaCl, 5 niM imidazole, pH 7.4). The pooled 
fractions with high copper peaks were first dialyzcd with dialysis membrane (MWCO 
3kDa) to remove incrcaplocthanol before being loaded on the column for 1 h at 4 � C . 
The column was washed thoroughly with 10 column volumes of binding buffer lo 
remove unbound proteins. The bound proteins were eluled with elulion buffer (20 mM 
Na2HP04, 500 mM NaCI, 50 mM imidazole, pH 7.4). Protein concentrations were 
determined using the BioRad protein assay (Comptonel al.，1985) and iVaclions were 

monitored by SDS-PAGE using protein ladder purchased from Biolabs as markers. % 
Proteins after SDS-PAGE were visualized with silver slain by PlusOne silver staining kit 

(GE Health). 

3.2.6. Two-dimensional gel electrophoresis (2-1)K) 

Samples from I-PLC and IMAC were dialyzcd with dialysis membrane (MWCO 3 

kDa) and conccntrated with Microcon cenlrifugal filler devices (MWCO 10 kDa). The 

concentrated samples were diluted to 1 mg/mL with iso-elcclric focusing (lEF) 
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rehydration buffer (7 M urea, 2M thiourea, 4 % CHAPS, 0.5% ampholyte (pH 3-10, GE 
Health), 50 mM dithiothreitol). lEF was prccedcd by rehydrating the 13 cm immobilized 
pH gradient (IPG) drystrips, pi I ""3-10 (GE Health), with rehydration buffer containing 
prole in samples of up lo 150 ug. The rchydrated strips were focused overnight with an 
IPGphor instrument (GE Health). The following slcps were in accordance with previous 
study in chapter 2. 

3.2.7. In-gcl digestion and protein identification 
The protein spots of interest were manually excised i.rom the 2-Db! gel. The in-gcl 

digestion protocol was similar with that in chapter 2. 

3.2.8. Real-time quantitative polymerase chain reaction (PCR) 
Tlic changcs in identified prolcin expression following the administration of Cii^^ 

with dilTcrenl conccnlralions were verified using real-time quanlitativc PCR methods. A 

real-time quanlitativc PCR was performed in a thin-wall 8-Uibe strip with the Chromo 

4TM Four-Color Real Time System (MJ Research®); the 18S gene was used as the 

internal control for standardization. The scqucnccs of the forward and reverse primers 

for the iclenlified genes are shown in Table 2.1. The other procedures were same lo that 

in chapter 2. 
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Heat shock protein 70 FJ375325 

Calmodulin AY5I3748 

I'cnitin AY737022 

Glycogen phosphoiylasc DQ010415 

18S DQ397879 

Cylochroiiie P450 AF472621 
aroniatasc type 11 
Cu/Zn-supcrox ide AY491056 
dismutasc 
Bcia hemoglobin AY522595 

Vimcntin Q92155 

Glutathione peroxidase Q4RSM6 

TCCATCCTGACCATTGAAGAC -3 ‘ 
TTCTGGCTGATGTCCTTCTTG -3 ‘ 
CAAAGAGCTTGGGACTGTCA -3' 
TTGCCGTCAGCATCTACTTC 
CTACCTTGC^CCTGGGTATGT -3’ 
TCAGCCTGTTCCCTCrCTTT -：>' 
TCTCGCAATGCCTTATGAC -3' 
CAGAACCiGCTTGGATGTAA -3' 
GCCGAGAAGACGATCAAACT -3' 
GCAGGTTCACCTACGQAAAC -3' 
CAGATATATTCTTCAAGGTTGGAT 
CTTCAAGCAGGCTCTCCAT-3 ' 
CGTGACTCCATCA'nGC.AAG -3' 
TACCGGTCTTCAGGCVCTCV -3, 
ACCTGTCCACCAATGCCG -3' 
TGGCTCAGGTTGGCATAGG -3' 
TTCTGGGTACGACTCGTTGA -3’ 
ATCGAAACCACAACAACCAA -3' 
TATGI C TGCGT r rCC i GAGC -3' 
AACAACCCTC rCCAAGCAAC -3_ 
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Tabic 3.1. Nucleotide sequences for primers used in the real-time quantitative PCR 
assay. Primers were designed from the nucleotide sequence of genes reported in 
GcnBank with acccssion numbers shown. 

Gene Acccssion No. Nucleotide Scquencc (1% forward; R, reverse) 
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3.3. RESULTS 
3.3.1. Copper and mctallothioncin distribution after FPI.C 

Cytosolic proteins from tilapia hepatocytcs with or without heal ircalmcnl in the 
control and Cu^' injection groups were separated by Supcrdcx 15 with dclection in the 
254 nm and 280 nm, respectively (Fig. 3.1). A total of 5 peaks were resolved after Fl'LC 
separation in the control and Cu^^ injection group without heal treatment (Fig. 3.1 A & 
B), while I wo major peaks with higher copper conccniralion were detected in the 
copper-injected samples. In addition, the copper conccniralion in peak 3 of ihc coppci 
injcclion group was much higher than that of the control group. 

ll appeared thai the coppcr-binding proteins should exist in ihesc I wo peaks after 
FPLC and llicre should be some differcnlially expressed protein in ihe liver of" lilapui 
after Cu^^ injection. To further confirm this hypothesis, the cytosolic proteins with heat 
treatment were also coiuiiictcd with the same methods. It was found that ihcic were only 
4 peaks alter FPLC separation in heal-trcatcd cylosols with lower peak 2 and peak 3 in 
Fig 3.1A & B disappeared. As shown in Fig 3.1C & D, the copper in peaks 2 also gol 
lower, and lluil in peak 3 disappeared, but accumulalcd near llic peak 4 a I ter heal 
treatment. This'.should be due to heat ireatmcnl will cause denaturalization oC proteins in 
peak 2 and 3, then the copper binding with these proteins will be released, and 
redistributed. It seems thai ihc heat treatment is one of factors to inllucncc the coppcr 
distribution. At the same lime, this result proved our previous hypothesis about coppcr 
binding proteins and differentially expressed proteins in peak 2 and 3. 

To enable further analysis of the distribution and migration of coppcr, ihc 
dislribulion of MT in each peak after FPLC was studied by western blot. There was only 
a single band in peaks 2 and 3 in the western blot result (Fig. 3.213). IiUcrcsiiiigly, the 



signals of peaks 2 and 3 disappeared after heat Ircalmcnt and moved to peak 4. This 
should be due to the binding ability of MT with oilier proteins in peaks 2 and 3, or its 
polymerization. As MT is a hcal-slabic protcii>； when other proteins in peaks 2 and 3 
were denatured after heat treatment，MT moved lo peak 4 as monomer according it ils 
molccular size of 7 kDa. In summary, it appeared that the coppcr-binding proteins 
should exist in these Iwo peaks after FPLC and that tliere should be some differeiUially 
expressed protein in tlic liver of lilapia after C i r ' injcclion. I o idenlify the 
coppci-binding proteins and the (Jiffcrcntially expressed proiciiis, peak 2 and peak 3 
from the Supcrdcx 75 column chromalograpliy were liiilher analy/ccJ wiih 21)1', gel and 
Cu-IMAC combined with 2-DE gel. 
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Fij». 3.1. Separation of cytosolic proteins by FPLC with Cu cun(cn(s determined in 
different fractions. The cylosols collcctcd IVom liver of tilapia with or without coppcr 
injection were loaded on a Supcrdcx 75 column, eluled with tris buffer at a How rale ol I 
inl/min; 5 ml fractions were collected and analyzed for Cu concentration by AAS. The 
solid lines are the results dclecled with 280 nm; the dolled lines arc the results dclecled 
wilh 254 nm; and the solid lines with circlc represent ihc Cu distribution in difTerciit 
fractions. A: control group without heat treatment; B: Cu injected group without heal 
treatment; C: control group wilh heat ireatnicni; D: Cu injected group wilh heal 
Ircalmenl. Relative positions of molecular size markers for column calibration arc shown 
oil lop of the profiles and the peaks pooled for SDS-PAGR and furl her studies arc also 
marked. -
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VIW 'ITui VI 

Fig. 3.2. SDS-PAGE of protein fractions from FPLC us shown in Fig. 3.1 and the 
fractious were also detected for mctallothiuncin by western blol analysis. The left 
panels were result of SDS-PAGE stained with silver niirale (panel A and C), and the 
right two panels were ihc western blot result IVom unslaincd gels (panel H and I)). A: 
cytosolic proteins without heat Ircalinent. The control group is shown IVom lanes I to 4 
(lane 1: peak 1; lane 2: peak 2; lane 3: peak 3; lane 4: peak 4). The Cu injeclcd group is 
shown from lanes 5 to 8 (lane 5: peak I; lane 6: peak 2; lane 7: peak 3; lane 8; peak 4); 
B: cytosolic proteins with heal treatment. The control group is shown from lanes ) to 3 
(lane 1: peak 1; lane 2: fraction peak 2; lane 3: peak 3). The coppcr trcaimcnt group is 
shown from lanes 4 to 6 (lane 4: peak 1 ； lane 5: peak 2，lane 6: peak 3). Lanes marked 
with M were loaded with pre-siaincd markers with a 16 kl)a lysozymc detccicd as 
positive control of western blot analysis. 
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3.3.2. Differentially Expressed proteins 
> . • • 

The two major peaks with high copper conceniralion after l l'LC with Supcrdcx 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 (I'ig. 3.3). These dilTcrentially expressed proteins were ihen identified by 

MALDl- i'OF MS. A total of 44 proteins were ideiilified in peak 2 and 36 in peak 3. The 

details of each ideiilified protein, including the idenlificaiion number on the gel. the 

acccssion number, the proteins' name and ihc regulation folds, arc listed in Table 3.2 & 

3.3. In most eases, the cxpcnmcnlal M\v and pi values from 2D gels were in agreement 

with the theoretical Mw and pi values of the proteins. The results for the diffcrenlially 

expressed prole ins in peaks 2 and 3 were also compared with the proteins found in oiir 

previous study ol coppcr-alTcclcd proteins in vitro using ihc Hep a 11 cell-linc (Chen and 

Chan, 2009). Mosl of the prolcins in these ivvo peaks, which were also listed in Tabic 3.2 

& 3.3，were also regulated by Cu‘’ in vitro. AltJjOLigh the regulation of these prolcins by 
i 

Cu^^ was almost wcll-matchcd, some proteins such as irypomyosin (No. 39) and 

paralbumin beta (No. 64) in peak 2 were not Ibiind m lliis study. Besides, I here were 

some overlap between peak 2 and peak 3，such as heat shock protein 70 (fio. 16, peak 2; 

No. 3, peak 3)，and cytochrome P450 lA l (No. 19, peak 2; No. 9，peak 3). Most of these 

overlap proteins' regulation was wcll-matchcd，cxccpi vimcntin (No. 50, peak 2, down 

regulated; No. 15, peak 3, up fcgulaled), which might be due to the llic different 

i so to mis of this prolein. 
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Fig. 33 . 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 MALDl-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 

N ‘ P r o t e i n N a m e A c c e s s i n g N o . M W / P I S c o r c / Q Ra t io M 
C h a p c r o n e 

15 Heat s h o c k p i o i e i n 5 g i | 2 5 7 4 2 7 6 3 7 2 4 7 6 / 5 0 7 6K/7 1 y.S t O 2 6 I； 

16 Heat s h o c k c o g n a t e 71 k D a pro te in gill 34631K 7 1 5 2 8 / 5 . 1 9 6.?/7 3 37X0,60 U 
1 “ G l u c o s c - r c g u l i i t e d p r o t e i n 7 8 gi | l 1 0 2 2 6 5 2 0 7 2 3 6 V 4 9 7 7m 0 . 3 1 * 0 . 0 2 
6 Heat s h o c k 6 0 k D p r o l c i h 1 1 0 4 4 4 8 9 6 1 3 8 9 / 5 . 5 6 (>f>/> 0 2X±0 12 IJ 
7 ( i l u c o s c - r c g u l a t c d p r o t e i n 9 4 gi | l 1 0 2 2 6 5 2 6 

K n z y m c 
9 2 1 8 2 / 4 7 0 S9/24 () .49-i0.20 

19 C y t o c h r o m e P 4 5 0 l A I . g i | 2 0 9 1 5 5 ? 9 2 59714/5 .^ .> i4/t 15 5 2 ± 2 . 7 1 u 

21 C y t o c h r o m e P45(), s u b f a m i l y 21 A, p o l y 
p e p t i d e 1 y i | 1 6 9 2 3 ^ 4 8 5 6 2 5 7 / 9 IS ')7/5 4 45- i l 4 8 

22 C a i a l a s c ‘ gi 丨9622234 59794/X 12 'Ui/i 3 1 1上f)�)7 u 
2 8 A T P s y n t h a s e suhni i i t a l p h a gill 4 1 9 3 4 4 0 605 .V4 .42 ^S/2 2 0 4 1 0 . 4 9 u 
(>2 C ' y t o t h r o m c c uxichisc sub imi t 11 gi |1224X16X 2 5 9 7 6 / 4 7K 3.3(>J.() 74 L 
(>3 C y t o c h r o m e o x i d a s e s u b u n i t 1 g i | 14 5 9 0 4 2 0 13800/6.4.-? •tO/i 5.78>1. '»3 u 
6() N A D H dcl iy i l rogci i i i se s i ibuni l 5 {•ill 7 0 7 6 0 6 9 3 1 2 / 8 12 40/} 4 2 4 > 2 ()6 u 

8 I l o m o g c n l i s a l e 1 ,2 -d ioxygcn ; i s c g i | � ( H 4 l 5 8 5 4 5 2 0 8 / 6 . 3 7 50/1 U.39-^0.14 
31 G l y c o g e n p h o s p h o r y l a s e g i i 6 7 8 l 0 4 l ' ) 4 2 1 7 8 / 8 . 4 5 7 / 7 0 0 2S-tO.I 1 
32 Prnicasoiyi： s u b u n i l . a l p h a l y p e t ; i |24l 19230 2 6 3 . W 8 , 7 2 .i7/J 0 3 4 x 0 1X D 
35 C y s t e i n e p r o t e a s e p 3 2 - b « a g i | 13K1643 3010^1/5.68 5 乂'5 士 U.2<) 
44 S o l u b l e g u a n y l y l c y c l a s c bc ia subun i l gill 5 7 2 7 8 0 4 6 7 0 ^ 8 5 / 5 . 3 2 •/<V/.5 0 .41 1:0.12 
4X S c n u c / i h r c o n i n c k i n a s e 3 gill 3 9 2 9 0 3 2 5 M 3 . V 5 . 0 5 ‘17/5 u m a i 3 
4 9 X a n l l i i n c d e h y d r o g e n a s e • g i | 1 4 9 0 5 7 0 3 

T r a n s p o r t e r 
1 4 8 3 8 9 / 6 . 6 9 •IS/7 0 J (HO 10 

52 Beta g l o b i n g i | 2 2 1 3 5 5 4 2 1 M 3 4 / 7 . 1 4 63/J 2 . 3 8 x 0 . 5 U 
55 M i t o c h o n d r i a l u n c o u p l i n g p ro te in U C P g i | 1 3 2 5 9 1 6 2 

H o r m o n e 
3 3 3 3 4 / 9 27 7J/5 3.471 1.17 u 

30 InsuUn- i ikc g r o w t h f a c t o r 1 p r e c u r s o r gi|(>04(>2010 2 0 3 1 2 / 9 . 0 8 ‘ 胸 2.1)5:1-1.20 u . 
34 N o v e l p io lc i i i g i j 1 2 6 6 3 2 5 0 3 ()4 72/!> 3.7 丨:tl 2() 
14 A d i p o n c c l m g i ! 2 7 8 0 7 4 3 3 2 6 1 9 0 / 5 47 .59"/ 0.2«)H).()7 
38 

V 

Pro lac t i n nil 1 7 3 6 7 4 8 6 
T r a n s c r i p t i o n f a c t o r 

2 1 6 7 0 / 7 OX 4S/3 0 3 4 i ( ) 19 

5() T r a n s p o r t in 3 g i _ 5 5 1 ” 8 1 0 5 9 6 7 / 5 . 4 
-”/.子 

2力 2；=丨.24 

3 6 s i m i l a r lo c o i l e d - c o i l d o m a i n c o n t a i n i n g 5 
par t ia l 7, g i | 1 0 9 1 1 9 2 4 9 118262/5 89 58/10 0 . 4 0 i 0 . l 3 II 

4 7 T r a n s c r i p l i o n l ac lo r Id g i | 2 6 9 8 4 1 7 6 
\Metal-hindinfi proteins 

1 1 S 0 8 / 8 . 6 5 >16/2 0 . 2 3 ± ( ) , J 3 

57 r c r r i i i n 丨 1-2 g i | l 8 5 1 3 3 9 4 9 20504/5.69 66/5 3 47上1.17 

58 Fer r i t in H - 2 g i | 1 8 5 1 3 3 9 4 9 20504/5.69 6//5 2 .55 - t0 .76 
64 P a r v a l b u i n i n bcIa � g i l 2 1 8 9 3 1 1 0 8 

C y t o s k c l c t o n 
1 1433/4 41 46/.1 0 2Sd() .05 u 

17 A c l i n g i | 4 2 5 6 0 1 9 3 42073/5.3 105/6 0.29>0.07 I) 

20 M y o s i n h e a v y c h a i n g i | 3 2 1 1 9 7 2 5059/5.22 57/3 
25 Act in g i | 4 2 5 6 0 m 3 42073/5.3 BO/8 < U 4 i 0 . 0 5 D 
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39 "l ' rop()myosin4-l g i | 2 S 5 5 7 n 6 2 8 6 8 2 / 4 65 SO// 1 0 4 1 + 0 10 U 
5 0 Vi incn t in gil8W)9()K 4 4 M 3 / 4 75 'IS/‘I O.I5+U.Of. U 
6 5 P u t a t i v e c o l l a g c n a l p h a 1 gill HW577 ' ) I 1047 /5 .7 

O J h e i s 
IK U n n a m e d p r o t e i n p r o d u c t g i i 2 1 7 5 7 8 5 7 37 謂 / ‘> 1 1 75/5 3 . 3 2 + 1 3 4 
24 S y n d c s m o s {•1114150147 2 3 4 9 7 / 9 0 7 62/f 2 6 2 - 0 . 1 7 

1 I-'ragilc X niciUul r c tn rda t ion 1 g i |23 3 0 8 6 6 7 6 4 0 9 9 / 8 74 • f l / J 0 1310 05 
5 Unn.够cd p r o t e i n p r o d u c t g i ! 4 7 2 1 5 5 7 7 102-169/6.00 65/1 0.42-^0,10 

12 M H C cJass I a n t i g e n g i | 2 1 4 9 3 9 0 3 7 8 0 0 / 5 M ( ) . 3 4 t 0 . 0 6 
29 I G F U P S g i | 2 f .3306 1 2 9 W 6 I •Wi ( J . V H 0 . I 2 
51 l i n i m i n o g l o b u l i n h e a v y c h a i n v a r i a b l e r eg ion g i I 1 4 2 8 y 0 2 8 13O49/9 0 6 1). 10-^0,08 
* 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-rcgulation and “D,’ stands for 
clown-regulation as found in our previous in vitro study (Chen and Chan, 2009). 
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Table 3.3. Differentially expressed proteins in 
between control and Cu injected groups. 

peak 3 after FPLC separation 

N Protein N a m e Access ing No. M W / P l S c o i c / Q Ratio M 
C h a p c r o n c 

3 HS1'70 protein gill 5 7 6 7 9 I S 4 
R n z y i n c 

69955/5 1 3 •5j77 2 4|-L<) 55 I； 

7 Dil iydropyrini idina.sc-l ike 3 g i | 66472750 6191 1/6 00 .5^77 17 8 2 J 2 . I 6 
16 Cilycera ldchydc-3-phospha«c dehydrogenase gill 8 5 1 3 3 6 7 8 36030/ 7.81 65/6 3.«)2土0.45 
IK Glyccraldchycic 3-pl iospl iatc dehydrogenase 

ISO form 1 g i | l 942415(M .^>170/8.69 <�2f(� 4 lfij.1 47 
1 I PuliUivc z inc mcla l lopcp l idasc ; MKIM gi |5281311 7X652/8 21 54/4 5 36-1-1.32 

• 20 M c i h y l m a l o n y l - C o A miitasc gi!222y3511 54063/8 .48 67/5 3.91士{).()7 
24 Mel l iy lma lony l -CoA mutasc g i | 2229351 l 54063/8 4« •17/3 3 87卞2.01 
27 ( i lut i i t luonc S - t r ans fc rasc giH63()882 24500 /8 .16 3S/2 ; V 5 4 上丨.1)7 IJ 
30 Kxcisioii repair e n z y m e KRCC'-l gill 7 6 3 7 5 6 l4465 /5 .«9 43 3 12 3 9 : 1 14 
32 Suinniucalc in g i | 2 9 I 7 0 5 6 8 28487/8 .27 45/3 2 8 7 ^ 0 75 U 
34 Tr ioscp l iospha le isoincrase B g i |82245450 27100/6 .45 69/4 V 5 2 U 
18 1 -Cys pcrox i rcdoxin g i | 27497545 12161/8.72 34/2 
49 A T P synthase a lpha subuni l prcciirsoi g i |162719 3 S % 7 / 9 . 5 7 •hS/.i 3 07+1.31 L； 

4 Phosphog lucosc i somcra s f -2 158936941 61^74 /7 .07 5 l/S 0.27x0.21 
4S C y t o c h r o m e IMSO gi |6y iOy2S 7235,9 .52 0 

Transcr ipt ion factor 
14 Zinc l inger prolein gij 17368847 4 7 7 9 6 / 6 5 36/2 5 5 2 i l 10 n 
23 A ' r P - d c p c n d c n l ch romat in remode l ing 

protein SNF2-rcla»cd protein g j l21105435 16830/4 78 54/4 3 . 5 9 x 0 X 5 
2 Cell divis ion cont ro l prote ins h o m o l o g gill 7 0 5 6 7 5 

T r a n s p o r t e r 
345') 3/8.6 44/3 0 . 2 8 ^ 0 1 1 

() Na-^/K A I Past ' a lpha subuni l isoforin 5 gii 11096277 113858/5 17 4 m 4 .74x0 .64 U 
8 V - A T P a s c subuni t A g i | 14915706 68757 /5 .43 n i i 3.27^ 1 45 

12 Vacuolar protein sor l ing 26 gi|4 J 0 5 3 8 6 0 38255/6 ,3 37/2 5.30+0.42 
13 Apol ipopro tc in A - I V gi |56332() 2S 140/5.39 45/.] 3.82+0.53 
19 Similar to i r ansn icmbranc protein 74 gi | 189530054 30997/6 0 0 46/4 .V62.f 1.52 
25 Jicla h e m o g l o b i n A g i | 6230890 “ 16347/7 .96 51/" 2 98+1 .66 U 
36 coppcr - l rans loca l ing P- typc ATPasc gi | l 14764834 

Cytoskc lc ton 
15554/10.38 5 m 5.()2±0.53 

15 Vimcnt in beta gill 353210 52165/5 .26 33/3 2 S9±l .l：： I； 

35 Tili i i-l ike protein g i | 21238658 19460/4 4 5 r�W4 3 . 5 2 t l . 0 7 
Metal -b inding prote in 

22 Ca -dependen t ac t iva tor prDtcin for 
sccrcl ion g i | l 0 2 2 7 8 2 25856 /5 .06 43 /3 5.35±0.481 

41 Mcial loihioi ic in M T _ P S K A M 7IS5/S .05 'tS/3 3 74± l .O：̂  U 
43 Ca lmodu l in Bi!12427l()42 

H o r m o n e 
7535/4.32 .U/.i 2 .62^0 .82 U 

45 Growth h o r m o n e g i |404398 
Others 

19869/7.83 54/3 5 3丨土 1 40 U 

I Vi te l logenin M g i | 157278415 191691/9 .22 4.V3 2 86土0.77 u 
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21 Y w h a b I p r o t e i n g i | 5 6 2 6 9 2 8 8 3 2 5 2 9 / 4 . 6 3 62/6 3 22:H .38 
4 0 T ccl l r c ccp lo r a lpl ia c h a i n g i | 2 9 6 9 1 0 6 7 2 8 0 8 6 / 5 . 6 4 55/-1 2.69土0 72 
44 M H C c l a s s II b e t a c h a i n g i i 3 0 9 9 4 8 9 7 5 2 / 7 . 9 3 38/3 5 . 0 8 x 0 . 0 9 
17 G a m m a - a m i n o b u t y r i c ac id B r c c c p l o r g i | l 5 7 4 l 0 7 9 3 4 0 3 7 / 7 . 0 7 44/S 0 . 2 0 tO. 15 
* In this table. "N" stands for spot no.; "Q'' stands for number of peptides matched; "M" stands for a 
match wilh Ihe da la from our previous in vitro study; "U" stands for up-rcgulaiion and “D" stands for 
down-rcgulalion as found in our previous in vitro study on the Hepa-Tl cell-line (Chen and Chan, 
2009). 
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, T o further confirm the regulation of these genes, quantitative real-time PCR was 

adopted in the next experiment. Furthermore, the differentially expressed proteins can be 
- J 

divided into 8 groups according to their function, including chaperone, enzyme, 

transporter, hormone，transcription' factor, metal-binding, cyloskcleton, 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 conccntraiion were loaded on 

a Cu-IMAC column to separate the coppcr-binding proteins. The binding of proteins lo 

the Cu-IMAC column was monitored by conventional SDS-PAGE and ihc 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 

elulion, the Cu-IMAC columns yielded 100-300 ug of coppcr-binding proteins which 

were all loaded for 2-DE analysis. 
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peak 2 peak 3 / / / / / / Cu-IMAC 

Mw 
(kDa) • 

150-
8 0 -
6 0 - ？JS? 
5 0 -
4 0 -

3 0 -

Fig. 3.4. SDS-PAGE separation of proteins in peak 2 and peak 3 bound to IMAC 
column without (left) and with (right),chelating coppcr ion. No visible protein in 
peak 2 (left) and peak 3 (right) found to be bound to IMAC without copper ions. 
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3.3.4. 2-DE separation and MS identification of proteins after Cii-IMAC separation 

After Cu-IMAC separation of the coppcr-binding proteins in peaks 2 and 3, the 

coppcr-binding fractions in these two peaks were analyzed separately with 2-DIi. As 

shown in Fig. 3.5, around 100 and 300 spots were found in the 2-DE gel for peak 2 and 

peak 3，respectively. The protein spots with higher concentration were chosen for 

peptide mass fringerprint (PMF) identification, including 36 spots in peak 2 and 51 spots 

in peak 3. The proteins identified arc listed in Tabic 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 expressed. 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 coppcr-binding proteins (ATP7A, Cytochrom c oxidase, and coppcr/zinc 

superoxide dismulase, etc.) and six other metal-binding proteins (transferrin, ferritin, 

calmodulin, etc.) were found, which made the results of IMAC separation more 

convincing. Also found were 17 novel differentially expressed copper-binding proteins; 

3 cytoskcleton proteins (collagen, vimentin, myosin heavy chain), 6 enzymes (catalase, 

NADH dehydrogenase subunit 5, aldehyde dehydrogenase, clc.), 2 transporters 

(apolipoprotein and V-ATPase), I glycolipoprotcin (vitellogenin), 1 hormone 

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

beta) and 2 other proteins (methionine-rich storage protein 1, Igfbp5 protein). 
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Fig, 3.5. 2D analysis of copper-binding proteins clutcd 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 Coomassie Blue staining. 
The proteins identified by MALDl-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 
column and identified by MALDI TOP MS 

(Fig. 3.1) clutcd from Cu-IMAC 

N Prote in N a m e A c c e s s i n g No. M W / P I S c o r c / Q M l M 2 

1 Nove l prote in s imi la r to h u m a n S T A T l g i | 2 2 3 1 6 1 7 6 i ; n 7 % / 7 . 0 2 湖 

“ 
Proco l l agen lypc 1 a lpha 1 cha in gi | l 5 1 4 9 9 4 6 4 9 3 9 8 / 5 . 5 9 33/3 D 

3 l i i s t u n e dcacc ly l a sc 3 g i | 4 1 0 5 5 8 6 9 4 % 4 4 / 5 . 2 3 JJ/J 
H y p o x i a - i n d u c i b l e f ac to r 1, a lpha siibiinit g i | 41053885 60829 /6 .21 32/2 

-S Lysyl ox idasc - l ik f 3b g i !220678603 , 1 6 5 9 6 / 4 8S .W/2 
6 Ca thcps in D, P recu r so r g i | 2 5 4 5 2 8 2 7 ' 13693/5 ,79 
8 . 3 bc l a -hydroxys l c ro id d e h y d r o g e n a s e 1 g i | 4 7 0 8 6 4 4 7 4 2 4 3 6 / 7 . 5 6 5 7/a 
9 Rc t ino l d e h y d r o g e n a s e 1 g i | 3 7 6 2 0 l 9 6 3 6 8 5 2 / 9 . 1 5 32/2 . 
1 1 IgflipS prolcin gi | l 3 2 7 8 2 3 5 14233/5 6 51/5 【：） 
12 Sia t3 pro te in g i l28277427 4 8 5 1 2 / 7 . 1 5 * 

49/} U 
13 M y o s i n heavy cha in g i !3211972 5059 /5 .22 79/.? D 
14 Ca la l a sc g i | yy72785 59906 /8 .12 50/4 U U 
15 Sia t3 pro te in g i | 2 8 2 7 7 4 2 7 4 8 5 1 2 / 7 . 1 5 '19/3 I； 

16 JoscpluM d o m a i n c o n t a i n i n g 2 gi i410558K8 2 1 1 9 4 / 6 31 
IS M i l o c h o i i d n a ! r ibosomal pro lc in S 2 7 gi 丨57524611 4 6 1 2 6 / 5 . 8 6 .55/5 
20 Ca la l a sc g i !223648824 ()()228/8.()9 70/9 I： u 
21 Trans fe r r in gi | l 1877338 66959 /7 .1 I ; 
22 F c m i i n . m i d d l e s i ibumi Ri |209737542 2 0 7 4 5 / 5 . 6 4 IJ 
25 A T P 7 A . g i | l 2 6 9 9 5 0 1 2 4 5 6 8 / 7 . 7 40/} I; 
27 Sp l i c ing factor , a rg in inc / sc r ine- r ich 8 g i i 4 l 0 5 4 7 I 7 421 17/4.77 44/4 
28 Alp l i a -2 -HS-g lycop ro i c in g i | 2 2 6 3 5 8 6 0 3 2 6 3 7 4 / 5 . 4 6 
29 P r o t c a s o m c beta 3 subun i l g i | I 9 3 7 8 8 7 l l 2 3 3 8 6 / 5 . 3 6 40/S D 1) 
33 Se r ine / t h r eon ine k ina se 38 l ike gi |27370()78 5 3 9 6 9 / 6 . 5 39/2 
34 Beta h e m o g l o b i n A g i I6230890 16347/7 .96 53M u u 
35 Beta h e m o g l o b i n A g i | 6 2 3 0 8 9 0 16347/7 .96 55/4 u u 
* In this table, “N" stands for spot no.; "Q" stands for number of peptides matched; "Ml" stands for 
a match with the data IVoni previous work done in vitro (Chen and Chan, 2009); “M2” stands for a 
match with data from the present study conducted in vivo： “LT stands for up-rcgulation and "D" 
stands for down-regulation. 
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Table 3.5. Copper-binding proteins in peak 3 (Fig. 
column and identified by MALI)! TOF MS. 

.1) clutcd from Cu-IMAC 

N Protein N a m e 八cccssing No M W / P l Sc(»rc/0 M l VI2 
g i | 6 l 3 6 0 3 9 69551 /6 .12 .U/4 U 
g i | 6 1 3 6 0 3 9 6 9 5 5 l / ( v l 2 ‘ $ 6 / 4 U 
gi13123011 184635/9 .08 '19/3 L U 
gi |153R7705 18400/6 .09 61/5 U 
g i ! IS9526 88783 /8 .71 •12/6 
g i | 2 7 4 6 2 l 8 2 . I () 170/5.64 
g i !71984142 77506 /5 .49 70/S ‘ 
g i | 71984142 7 7 5 0 6 / 5 . 4 9 67/7 
gi l l4822400( ) 6 9 3 6 5 / 5 . 0 7 44/4 
g i | 41053415 4 7 6 8 4 / 6 . 9 9 i,H/3 
gi| 18034674 6517« /5 .38 50/4 
gi!56:^320 2 8 1 4 0 / 5 . 3 9 54/5 u 
gi|2446()0()2 31301 /6 .96 ‘制 u u 
gi| 14915706 6 8 7 5 7 / 5 43 IJ 
g i | 2 1 3 5 l 3 6 2 0 34757/8 .31 65/6 
}ii|2105596.S 36068/8. f )3 51/4 u 
yi 160462010 20312 /9 .08 5H/5 u u 
gi|2007()7l4 26096 /8 .66 44/} U I； 
g i | l 7 5 5 1 1 6 4 55933 /6 .73 68/6 D 
g i | 17551164 55933 /6 .23 62/6 D 
gii 18858485 101209/5 .88 47/6 
gill 4 8 2 3 3 1 6 3 38752 /8 .59 66/6 
gii487851 8 5 3 3 4 / 5 . 9 7 62/S 
g i |%2334 l 3S845/6 .3 62/5 
g i | 9457238 20274 .5 /5 52 54/4 U U 
gi|623089() 16347/7 .96 mi/'f U U 
g i | 6230890 16347/7 .96 7 "3 u u. 
gi i22135544 16461/8 .34 127/4 u u 
g i ! 2 9 5 6 l 7 7 5 2 1 2 8 1 7 6 / 6 . 4 6 34/31 D 
g i | 6230890 1 6 3 4 7 / 7 . % 71/3 u u 
gi(41055524 23907 /9 .6 45/4 
gi(13532IO 52165 /5 .26 42/5 IJ U . D 
gi|I 5 6 2 5 2 6 6 9H32/5.24 D U 
gill 8 5 1 3 2 5 6 6 7114 /8 .24 湖 U U 
g i | l 2 4 2 7 1 0 4 2 7 5 3 5 / 4 J 2 53/^ U U 
g j | 257378 3156 /8 .59 彻 

1 ScTot iansfenin 
2 Scrol ransferr in � 
3 Vite l logenin 
4 Transfer r in 
6 Mcth ion inc- r ich s lo ragc prolc in 1 
9 Coppcr/7.inc supe rox ide d i s m u l a s e 

Kjncs in -assoc ia lcd prolc in fami ly m e m b e r ( k a p - l ) 
Kincs in-assoc ia lcd protein fami ly m e m b e r ( k a p - l ) 
Prolactin rcccptbr 
Phosphor ibosy lamino in i ida7o lc ca rboxy lase 
65kDa F K 5 0 6 - b i n d i n g p io le in 
Apol ipopro tc in A- IV 
NADM d e h y d r o g e n a s e subuni l 5 
V-A'I 'Pasc subuni t A 
VpsZO-associaicd I like 1 . 

20 G l y c c i a l d c h y d c - 3 - p h o s p h a l c d e h y d r o g e n a s e 
21 Insulm-l ikc g rowth factor I precursor 
24 Similar to cata losc 
28 Aldehyde d e h y d r o g e n a s e fami ly m e m b e r 
29 八IcJchyde d e h y d r o g e n a s e fami ly m e m b e r 
30 Catcn in , alpha 
32 Anncx in II 
33 Dynani in 
34 S i r c l ch in -MLCK 
35 Calc i i im-regula l ing l iornione Slanniocalc in 
37 Beta hemog lob in A 
38 Bcla hemog lo b in A 
39 Beta globin 
42 Novel protein s imi lar to h u m a n titm 
43 Bcla hemog lo b in A 
45 Probable g lu ta th ione p e r o x i d a s e 8 
46 Vimcnl in beta 
47 M H C class II B an t igen 
4 8 mcla l lo th ioncin B 
4 9 Ca lmodu l in 
51 Amylo id p recurso r pro te in ; A P P 

* In this table, ‘.N” stands for spot no.; ‘‘Q" stands for number of peptides matched; ‘‘Ml,’ stands for 
a match with ihe data from previous work done in vitro (Chen and Chan, 2009); “M2” stands for a 
match with the data from the present study conducted in v/Vo; ‘‘IJ,’ stands for up-regulaiion in the 
previous study; “D” stands for down-regulation in the previous study. 
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3.3.5. Verification of gcne.cxpression using quantitative real-time PCR 
To verify the regulation of the gene for Cu^' related proteins after copper exposure, 

real-time quantitative PCR was used to analyze regulation at the level of mRNA 
accumulation. A tolal of 27 genes with scqucnccs available from the Gen Bank database 
(Table 3.1) were chosen for this experiment. Those chosen are also shown in Table 3.2 in 
italics. As shown in Fig. 3.6, other than protcasome, the regulation of most of the genes 
a I ihe RNA level was in accordance with Ihc regulation of the proteins in vivo. A so, most 
genes' regulation in vivo well matched with previous 18 genes' regulation in vitro, 
cxcept zinc finger protein 60. Interestingly, the fold regulation of the genes was some 
different from that of their protein regulation, indicating that in addition lo gene 
regulation, there are various other levels of regulation, during prolcin synthesis, e.g., 
translalional, post-lranslational, and post-transcriplional regulation. Among these 27 
genes, 12 genes were found significantly dosage dcpcndcnl induced by coppcr ion, 
including 5 well known biomarkcrs for monitoring ihc copper .contamination. The other 
7 genes differentially expressed after copper exposure should be potential bioiiiarkers 
that can be used to monitor coppcr contamination in the environment. 
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Fig. 3.6. Real-time quantitative PCR results for gene regulation in the liver of 
tilapia through the cffcct of exposures to increasing CuCI: concentrations. The 
concentrations of C u C b increase from left to right including the control, 25 ppb, 50 ppb, 
100 ppb, and 500 ppb. The y axis represents the fold regulation of these genes (*p < 0.05, 
•*p < 0.01, • • * p < 0.001，derived from the Mann-Whitney test of individual gene 
regulation). 
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3.4 DISCUSSION 

Wc employed a Cu-IMAC column lo isolate hepatic copper-binding proteins on a 
selcclivc basis. The coppcr-lMAC strategy for isolating coppcr-bindmg 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 detection of copper ion to confirm the 
distribution of these proteins. The fractions with higher copper concentration were then 
analyzed using differential protcomic approaches and ihc copper-binding proteins were 
separated or cniichcd by a Cu-IMAC column prior to using protcomic studies. 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: chapcronc, 
enzyme, transporter, etc. Furthermore， the Cu-IMAC column separated ilic 
copper-binding proteins in the coppcr ion-containing peaks. Twenty-five and 41 proteins 
were idcnlified in peaks 2 and 3, respectively. They were ditTerenlially expressed as 
found in a previous in vitro study (chapter 2) and they play important roles in coppcr 
transportation and detoxificalion. 
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Table 3.6. Categories and functions of the differentially expressed copper-binding 
Protein Category Biological Function Regulation 
Known coppcr-binding proteins 
ATP7A Transporter Copper-exporting ATPase activity Induced 
Cytochrome C En/yme Copper chaperonc activity Induced 
oxidase family 
Copper/zinc Enzyme Antioxidant defense Induced 
superoxide dismutase 
Titin Cytoskclcton Structure protein Depressed 
Metallothioncin Metal-binding Metal-binding and storage Induccd 

protein 
Amyloid precursor Unkown Copper cflliix 
protein, A1)P 
Novel coppcr-binding proteins with differential expressions 
Collagen Cyloskeleton Structure protein Depressed 
Igfbp5 protein Binding of insulin-likc growth factors Depressed 
Slal3 protein Transcript ion Transcription activators Induced 

regulator 
myosin heavy chain Cytoskclcton Struclurc protein Depressed 
Catalase linzynic Catalyze the decomposition of Induced 

hydrogen peroxide to water and oxygen 
Proteasonic Enzyme Degrade unneeded or damaged proteins Depressed 
Vitellogenin Yolk protein Lipid metabolism and gonad Induced 

development 
Apolipoprolein A-IV Transporter Transport lipid Induccd 
NADH Enzyme Qui none oxidorcductase Induced 
dehydrogenase 
siibunit 5 
V-ATPasc Transporter Proton transport Induccd 
Glyceialdchyde-3-pho Enzyme Metabolic mechanism Induced 
sphalc dehydrogenase 
Insulin-likc growth Hormone Cell cycic and growth control Induccd 
factor I 
Aldehyde linzyme Catalyze the oxidation ot aldehydes Depressed 
dehydrogenase 
Vimcnlin Cyloskeleton Structure protein Induccd 
Other metal-binding proteins 
Transferrin Transporter Iron ion delivery Induced 
Fcrrilin Metal-binding Iron storage protein Induccd 

protein 
Beta globin Transporter Makeup of hemoglobin Induccd 
Hemoglobin A Transporter Iron-containing oxygen-transport Induced 

1 metalloprotein 
Stanniocalcin Kinase Regulation of renal and intestinal Induced 

calcium and phosphate transport 
Calmodulin Metal-binding Calcium-binding protein; Induced 

protein inflammation’ metabolism, apoptosis 
• A s to the a m y l o i d p r e c u r s o r pro te in , it was not found to be regula ted in the t i i f fcrcnl ia l exp res sed prote ins , biH it is 
well k n o w n c o p p e r - b i n d i n g p r o l a n w h i c h is related to A l z h e i m e r ' s d i sease . 



3.4.1. Proteins related to cndocrinc system 
Chronic sub-lelhal Cu^^ exposure causes a scries of cellular and physiological 

changes in fish that enable Ihcm to survive. Cu^' is also an endocrinc-dismpting metal in 
the aquatic environment and has a number of normal ncuro-cndocrinc roles in 
vertebrates (Handy, 2003). In our previous in vitro study on Ilepa-Tl, C i , ’ afTccted ccll 
dcvelopmcnl by regulating growth hormone (Gil) and insulin-like growth factor 1 
(IGFl )(Chenet ct al.，2009). in this study, these two homiones were also found lo be 
regulated by confirming that copper can stimulate fish growth by inducing growth 
hormone and growth factors lo express. IGFl was also found lo have copper-binding 
ability. In bony fish, IGFl released from the liver under the control of pituitary GH is the 
main endocrine of growth, maintenance, and development, and the amount of IGFl in 
circulation regulates the synthesis and release of GH (Hpplcr el al., 2007). A previous 
study has also found that IGFl has antioxidant cfleets against copper in rats with 
advanced liver cirrhosis (Garcia-Fcrnandcz el al., 2005). This coppcr ion binding ability 
and up-regulaiion by C i r may help us lo establish how IGFl is involved in the 
anlioxidanl mechanism for copper and the copper transportation pathway. • 

In addition, 1G1'BP5, one of the IGF-binding proteins, was found to be 
down-regulated and have copper-binding ability. Approximately 98 % of IGFl is always 
bound lo one of 6 binding proteins (IGFBP). fGFBP binds to IGFl inside the liver, 
allowing growth hormone to act continuously on the liver lo produce more IGFl 
(Clemmons ct al., 1995). This is important, because proliferation of the IGFl + IGFBP 
complex allows for growth of the femur and muscle. Andress (1995) demonstrated that 
IGFBP5 bound to and was internalized by a 420 kDa membrane protein of mouse 
osteoblastic cells. Hence, copper might be related lo the IGFl i IGFBP5 complex, which 
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plays an important role in the transfer of coppcr from the membrane to other organelles 
in the cell. My study showed that the regulation of IGFl and IGFBP5 were different in 
that IGFl was up-rcgulatcd by coppcr, whereas 1GFBP5 was down-rcgulaled. This 
should be attributable to the different functions of these two proteins. A previous study 
has shown thai IGFBP5 can exert its biological activities in the abscnce of IGFl, 
indicating the existence of IGF-independenl actions (Schncider et al., 2002). Bccause 
IGFBP5 is also localized in the nucleus {Schneidcrct al., 2002), C i r ' may enter the 
nucleus by binding with IGFBP5. Chapman ci al. (1999) found thai IGFBPS was a dircct 
or indirect target for STAT3，which our study also found to have copper-binding ability, 
and STAT3 is a transcription factor in the nucleus which can regulate many aspects of 
cell growth, survival, and differentiation. Thus, it is hypothesized that Cu^^ may enter 
the nuclcus via the IGF-IGFBP5-STA'13 pathway. 

Other hormones found to be regulated by coppcr 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, 
osmotic balance, and angiogcnesis, and is being increasingly used as a measure of 
neuroendocrine/dopaminergic lunclion in environmental and occupational epidemiology 
studies. Meeker et al. (2009) found that the expression of PRL is inversely associated 
with arscnic, cadmium, copper, and lead manganese in the scrum of adult men. Kcllcher 
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 coppcr transporters: Ctrl , Atp7A, and ATP7B. This study showed that 
PRL is also down-regulated by Cu in male tilapia. Sadineni el al. (2006) revealed thai 
human PRL contains metal-binding sites which could bind with C u ] : While wc 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 (1998) found that STAT5 is specifically activated by 
PRL treatment in I I C l l cclls, demonstrating that STAT5 is 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 thai 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 median ism of Cu^' in 
NAFLD. 

3.4.2 Copper transports in mitochondiral 
Recent studies have demonstrated that steady-state levels in the mitochondiral malrix 

were nearly an order of magnitude above that predicted to be required for the activation 
of the abundant mitochondiral Cu-depcndcnt enzyme cylochrom C oxidase (Kim el al., 
2008). While there arc likely to be additional Cu-depcndcnl 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 c oxidase (COX) and Scol have been found to be targeted by Cu"' and to 
transport cylosolic 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 c oxidase subunit 
2 has copper-binding ability and that two more enzymes located in the mitochondria -
NADII dehydrogenase subunit 5 (ND5) and aldehyde dehydrogenase (ALDH) - have 
copper-binding ability. These two enzymes are both involved in the mitochondrial 
electron transport chain with ND5 located in the inner mitochondrial membrane, which 
may cooperate with cytochrom c oxidase to transfer the copper ion into the milochondria, 
whereas ALDIl is an enzyme that catalyses the oxidation of aldehydes locatcd inside the 
mitochondria. Moreover, a previous study has shown that mitochondrion is an important 
target for copper to exert its toxicity by inducing reactive oxygen species (Bclyacva ct 
al.，2008). In this study, C0X2 and ND5 were up-regulatcd and ALDH was 
down-regulated by Cu" . These results indicate that Cu may cause milochondria 
dysfunction and lead to ROS effects on the cell. 

3.4.3. Copper competes with iron and calcium 

This study identified sonic iron and calcium related proteins after Cu-IMAC 
purification. This result agrees with that of a previous study whereby Cir'^can compete 
with Fe^* and Ca"' in binding to the target proteins. Fc'^ and Cu^' have several 
similarities including a facile ability to alternate between two common oxidation slates. 
The metabolism of iron and copper are intimately linked and they can competc for a 
common intestinal transporter (e.g., divalent metal transporter 1，DMTl), function in 
concert in the same protein (e.g., cytochrome c oxidase), and serve as reactive centers of 
the same enzyme (e.g., copper in ceruloplasmin); they can also participate in each 
other's oxidation/reduction (McArdle el al., 2008). This study found thai transferrin (TF)， 

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 Pe^' very tightly, can 
deliver iron ion into a vesicle inside the cell by binding with the transferrin rcceplor 
(TFR) in the cell membrane. The pi I of the vcsiclc is then reduccd by hydrogen ion 
pumps (H'-ATPasc), which were also found in the Cu-IMAC experiment (V-ATPase), 
causing transferrin to release Fe^' and acquire other ferric ions for another cycle of iron 
transport. The metal is then reduced to ferrous iron (Fe ) and transported into the 
cytoplasm by DMT I (McArdlecl al., 2008). The cxccssivc ferrous iron in the cyloplasni 
is stored in the ferritin, which is a buffer against iron deficiency and overload. Previous 
studies have found that several iron transporters (Flrl, Fct3, Fct4) also have 
copper-binding ability and are involved in coppcr uptake and efflux (Allen el al., 2007; 
Puig and Thiele, 2002). In this study, the binding of iron binding proteins with 
Cu-IMAC further confirmed that Cu^" may be involved in the pathway of iron 
transportation. 

Turning to competition between coppcr and calcium, some studies have shown lhai 
competition between these two metals does indeed exist. Wu el al. (2003) found that a 
non-lethal concentration of Cu~' significantly reduces the calcium content of tilapia 
larvae after exposure to copper ion for 72 H. Conversely, calcium pre-exposurc can act 
as a protective agent against environmental copper toxicity for juvenile tilapia 
(Abdcl-Tawwab el al., 2007). Sivaraja ct al. (2006) found that a member of the SI00 
family of EF-hand calcium-modulated proteins, S100A13, can bind independently with 
both coppcr 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 is a calcium/phospliatc homeoslalic 
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, thereby 
reducing intestinal calcium uptake and stimulating phosphate re-absorption by renal 
proximal tubules. Our results show that these two proteins have coppcr-binding ability, 
which further confirms the existence of competition between copper and calcium and 
indicates that the induction of STC by copper ion might suppress calcium uptake in the 
liver of tilapia (Greenwood et al., 2009). Furthermore, STC is a hormone ihal targets 
mitochondria. High-afilnity receptors for STC are present on I he cytoplasmic 
membranes and on both the outer and inner mitochondrial membranes of nephronc cells 
and hepatocyles. In both cell types, STC is also present within the mitochondrial matrix 
and rcccplors presumably enable 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 
into COX. 

3.4.4 Copper and lipid metabolism 
Apolipoprotcin is an important protein family which can serve as enzyme co-factors, 

rcceptors, 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 coppcr detoxification and Alzheimer's disease. In 
contrast, the apolipoprotcin E (ApoE) protein has antioxidant properties because it can 
bind with Cu): or Fe^" (Zappasodi el al.，2008). A P 0 E - E 4 appears to modulate the effect 



of Cu2+ on altered AD brain activities, suggesting that the modulation of oxidative stress 

related to copper dysfunction may be one of the mechanisms that make A P 0 E - E 4 a risk 

factor for AD (Zappasodi ct al., 2008). Apolipoprotein B has also been found to bind 

with Cû "* (Burkitt, 2001) and our previous in vitro study found that apolipoprotcins B is 

down-regulated after Cu^^ exposure (Chen et al.，2009). In this study, apolipoprotcins 

A-IV (apoA-IV) was up-regulated by C u � . and showed coppcr-binding ability in the 

Cu-IMAC experiment. Apolipoprotein A-IV can inhibit lipid peroxidation, thus 

demonstrating its potential anti-athcrogcnic properties. Wong et al. (2007) found ihat 

recombinant wild-type apoA-IV (100 ug/ml) inhibits the oxidation of LDL (50 ug 

protein/ml) with 5 uM C u S 0 4 (P < 0.005), but not with 100 uM CuS04, suggesting thai 

it may act by binding copper ions. Our results further confirm that apoA-IV 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 elTeci 

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^' clTlux from cells also showed coppcr-binding ability in our experiment. 

Previous studies have found that apolipoprotcins can directly interact with APP by 

binding with each other (Koldamova ct al., 2001). Thus, it can be concluded that C u � . 

may cfllux out of APOA-IV in conjunction with APR 

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-induccd oxidation and binds with 

C u " . Vitellogenin also protects the copper-induccd 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 both protein and mRNA level, 
showing that copper may have an antioxidant function in fish by up-rcgulating the 
expression of VTG. 

The cytoskeleton is a highly dynamic structure that not only forms the scaObld, the 
basis of cell morphology and plasticity, but plays a major role in transport and signaling 
(Frixionc, 2000). The cytoskeleton comprises three major types of cytpplasmic structural 
proteins: microtubules, actin, and intermediate filaments (IFs). My previous in vitro 
study found thai copper may influence the cell cytoskeleton by regulating actin, 
vimenlin, 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-regiilation of myosin heavy 

chain, alpha tubulin, titin-like protein, and collagen. This result further confirms thai 

Cû "̂  exerts its toxicity by disrupting the ccll cytoskeletons reported previously (Pribyl el 

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

3.4.5 Copper and cytoskeleton proteins 

In the Cu-IMAC experiment, some of these cytoskeleton proteins were found to have 
copper-binding ability, such as collagcn, vimentin, and myosin heavy chain. Collagen is 
the main protein of connective tissue in animals and is the most abundant protein, 
making up about 25 % to 35 % of the whole-body prdtein contcnt. Prior studies have 
found thai 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 lysy丨 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 aclin-bascd motility (Norlcn ct al., 2007). The finding of copper-binding 
ability in these three proteins may indicate thai copper ion transfer from lysyl oxidase to 
collagen, and then to vimentin and myosin, eventually influences the ccll cyloskelelon 
and locomotion. 

3.4.6 Function of other potential copper binding proteins 

This study is the first to identify many proteins as coppcr-binding proteins which 
may play interesting roles in copper transportation and detoxification, including 
glyccraIdehyde-3-phosphate dehydrogenase (GAPDH), calalase (CAT), and proteasoinc. 
GAPDH has recently been implicated in several non-mctabolic processes including 

4 

transcription activation, the initiation of apoptosis, and ER to Golgi vesicle shutting. 

GAPDH can move between the cytosol and the nuclcus (Zheng ct al.，2003) so that Cu""" 

may also enter or exit from the nucleus by binding with GAPDH. CAT is an imporlant 

protein that is related to the ROS effect and has been found to be up-regulated by C i r ' in 

a previous study (Craig ct al., 2007). Merc, this protein was also up-regulatcd by Cu^' 

and shown to have copper-binding ability for copper detoxification. 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 Biomarkcrs 
While our previous in vitro study (Chapter 2) identified 18 proteins as potential 

biomarkcrs, there was a need to confirm these results via an in vivo study. This study 
also confirmed that most of these potential biomarkcrs arc differentially expressed at ihc 
protein level in vivo. This study found 9 additional interesting proteins for which ihe 
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 alter exposure to a 
wide range of concentrations of Cu^ in vivo (Fig. 3.5). All of genes' regulation was all in 
accordancc with protein regulation, and the regulation of 18 genes in vivo niatchcd well 
with that for the same genes in vitro, except zinc finger protein 60 and protcsomc. 
Among these genes, well-characterized biomarkcrs such as cylochrom P450 IAl , 
cytochrome c oxidase, metallothionein, glutathionc-S-transf'erase, and heat shock protein 
70 were tbund. Seven genes were found to be novel biomarkcrs of clTects for copper 
contamination in the aquatic environment including intcrleukin 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 coppcr-binding proteins and their 

regulation in tilapia after coppcr exposure using chromatography (FPLC & Cu-IMAC) 

in combination with protcomic approaches. Fig 3.7 illustrates the copper transportation 

pathways in the hepatocyte based on our results and proteins reported in other studies 

(Hernandez and Allcndc, 2008). Cu^^ entering the cell can act on the cytoskcleton before 

moving to the nucleus and mitochondria to control cell motion, growth and metabolism. 
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Exposure to excessive Cu "̂̂  can therefore cause dcfecls in cytoskeleton fornialion, 

cellular growth, mitochondria, iron metabolism, and lipid metabolism. According to the 

functions of the cuproprotcins identified in this s tudy�coppcr may exert its toxicity by 

inducing cndocrine disruption, mitochondria d y s f u n c t i o n� i o n competition, lipid 

metabolism, and cytoskcleton disruption. Our results also suggest that Cu�*" may be 

transferred from cytoplasm to cytochrome C oxidase in mitochondria by binding with 

staniiiocalcin, and that NADH dehydrogenase subunit 5 and aldehyde dehydrogenase 

may play a role in coppcr transportation and storage inside the mitochondria. These 

findings may help us to understand Cu^' transport and storage in the liver of lilapia and 

perhaps in other fish species or even other vertebrates in general. 
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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 (Hemandezet 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 Cû "̂  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. Abbreviations: ALDh, 
aldehyde dehydrogenases; APOA-IV, apolipoprotein A-IV; APP, amyloid precursor 
protein; ATP7A/B, ATPase, Cu transporting alpha/beta polypeptide; ATXl�copper 
transport protein ATOXl; CAT, catalase; CCO, copper chaperone for SODl; COX 
1/2/11/17, cytochrome c oxidase 1/2/11/17; CTR, high-affinity copper uptake protein; 
DMTl, divalent metal transporter 1; FET3, iron transport mulli-copper oxidase; FTRl， 
iron transporter 1; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IGFl’ 
insulin-like growth factor 1; IGFBP5, IGF-binding protein 5; LDL, low-density 
lipoprotein; MT, metallothionein; ND5, NADH dehydrogenase subunit 5; PRL, prolactin; 
PRLR, prolactin receptor; SCOl, SCO cytochrome oxidase deficient homolog 1; SOD, 
Cu/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�十 

4.1 Introduction 

In the Chapter 2 and 3，I 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 several proteins involved 
ill lipid metabolism, tissue connective development and cell cycle comrol. Besides, in 
Chapter 3，1 also indcntificd some interesting copper binding proteins, and hypothesized 
a transportation pathway according our results and several previous studies. These 
results would help us to understand the mechanism of coppcr lolcrance 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, I am interested to study the copper 
toxicity to the coppcr sensitive specics. 

In this chapter, the zebrafish {Danio rerio) is chosen as a model since it is more 
sensitive to coppcr toxicity than tilapia. The 96 h LC50 of Cu^^ to zebrafish adult is 
0.064 ppin, but that of tilapia is 1.52 ppm (Wu et al. 2003). A l s o� t h e zebrafish has been 
used as a model in several toxicological studies (Amanuma ct al., 2000; Craig el al., 
2007). These studies have demonstrated that many physiological mechanisms between 
zebrafish and mammals are highly conserved. Therefore, in this chaplcr, wc will also use 
proteomic approaches to analyze the molecular efTccts of coppcr exposure on zebrafish 
licpatocytes (ZFL cell-line), and identify some diiVerentially expressed proteins, which 
can help us to understand the mechanism of copper sensitivity of zebrafish, comparing 
with that of tilapia which is regarded as a copper tolerant specie. 
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4.2. Materials and methods 
4.2.1 Cell culture 

ZFL is an adherent tissue hcpatocytc cell line with epilhciial-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% Hains 1:12 and 
supplemented with 1.5 g/1 sodium bicarbonate, 15 niM HEPES, 0.01 mg/nil insulin, 50 
ng/ml RGF, 5% hcat-inactivatcd fetal bovine scrum and 1 % penicillin/strcplomycin, 
according lo the supplier's protocol. 

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

as previously (Section 2.2.2) 

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

4.2.4 Isolation of the cytosolic fraction. 
> 

Sec Scclion 2.2.4. 

4.2.5. Two-dimensional gel electrophoresis (2-DE) and protein identification 
See Scclion 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 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 CuCU was 362.4 îM (95 % 
confidence interval: 322 uM to 408 uM). Comparing with the 96 h LC50 of Cu ' ' lo 
Hepa T1 (lilapia hcpatocyle), which was 598 uM, it was furlher confirmed thai zebrafish 
was more sensitive than tilapia after exposed to Cu^'. Flow cytometry measurement was 
used to quantify the exKInt of apoplosis and necrosis in ihc total cell population, and 
significant differences were observed between the control and the CuCb-trcatcd cells. 
After incubation with different concentrations (100 jiM and 200 )iM) of CuCl� for 96 h, 
the percentage of Anncxin-V+/PI+ cclls (apoplosis) increased to 3.3 % and 3.0 %， 

respectively, compared to 0.9 % in the control group. The percentage of Annexin-V-/PH 
cclls (necrosis) increased to 6.0 % and 7.4 %, respectively, cuniparcd to 1.4 % in the 
control group. These results demonstrated thai CuCl? primarily induccd ccll nccrosis 
rather than apoplosis. ‘ 

c 
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9 6 h L C 5 0 o f C u C l 2 t o Z F L 

0 1 2 3 
Concentration of CuCI? (log (uM)) 

Fig. 4.1. Cytotoxicity (%) of ZFL cclls after CuCb exposure in different 
concentrations (in log scale) for 96 h. The 96 h LC50 of CuCl? on ZFL cells was 
determined as 362.4 fiM. The 96 h LC50 values were calculated using Sigmaplot with 
linear regression. 
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Fig 4.2. Flow cytomctcr detection of CuCh-induced apoptosis and nccrosis with 
Annexin-V-FITC and PI staining. The ZFL cells were exposed to difYcrcnl 
concentrations of CuCb for 96 h. After being stained with Annexin-V-FITC and PI, the 
cells were analyzed using How cytometry. LL: Annexin-V-/Pl-cclis (normal); LR: 
Anncxin-V+/Pl-cells (early apoptosis); UR: Anncxin-V+/PI- cells (late apoptosis); UL: 
Annexin-V-/PH- cells (necrosis). The data shown arc 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). 
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4.3.2. 2-DE gel analysis of cytosolic proteins " 
The cytosolic proteins extracted from the control cells and CuCb-treated (100 |iM 

and 200 |iM) ZFL cells were analyzed by 2-DE. Approximately 2,000 protein spots were 
dctcctcd on the 2-DE gels. A representative protein profile of the ZFL cells treated with 
120 |iM of CuCl2 is shown in Fig. 4.3. In total, 90 proteins were found to be regulated 
by CuCl2 exposure with a dear dose-response, of which 72 were identified using mass 
spectrometry protein identification (MALDI-TOF MS and/or MS/MS). The details of 
each indentificd protein, including the identification number on the gel, the accession 
number, the protein name and the ratio of treatment lo control for cach dose level, arc 
listed in Table 4.1. In most cases, the experimental Mw and pi values from the 2-D gels 
were in agrcemcnl with the theoretical Mw and pi values of the proteins. Thus, the 
protein spots were identified with a high degree of confidencc. 



Conirol Mw(kDa) 

97. 4 -

66. 3 -

55. 4 -

36. 5 -

3 1 -

25. 1 -
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100 uM 

(J 一 

Mw(kDn) 

97. 

66. 3-

5 5 . 4 -

30. 
31 
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200 uM 
M\v(kDa) 

97. A-

10 PT 

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 treatmen't 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 matchcd spots in these three gels, and the spot numbers refer to the proteins with a 
modified accumulation level after CuC^ treatment that were selected 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 protein. Spot No. 123) to 18.6 up-rcgulation (metallolhionein. Spot 
No. 2175). Of the proteins identified, few (e.g.. Spot Nos. 1060 and 1653) were located 
in an unexpected position on the gel, based on their Mw and pi theoretical values. Any 
changes in Mw and pi can most probably be attributed to posttranslalional protein 
modifications, such as proteolytic cleavage, glycosylation and phosphorylation. 
Furthennorc, a number of different protein spots were identified as being Ihc same 
protein. For example, Spot Nos. 834, 835 and 861 were identified as enolasc 1 alpha. 
They may be degradation products or different isofonns of the same protein. 
Interestingly, a fruclosc-bisphosphate aldolase C (Spot No. 1390) was up-regulated by 
Cu^", bill reversely, its isoform fnictosc-bisphosphate aldolase A was down-regulated by 
Cu^'. These results meant thai the different isoforms of fructose-bisphosphatc aldolase 
have different functions when exposed to Thus, out of the original 90 spots 

selected for identification, a total of 72 individual proteins were identified. 
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Table 4.1. Differentially expressed proteins in the 
CuCh treatments at 100 and 200 uM. 

cytosolic fraction of ZFL after 
No Protein Name Acccssing 

No. 
M W PI S 100 200 M 

Chapcronc 

474 strcss-induccd-phosphoprotein 1 

抽2 Heal shock protein 5 

487 HSC70 protein 

492 Heat shock protein 8 

Enzyme 
695 glucosc-6-phosphatc dehydrogenasc-like 

714 glucosc-6-pho.sphalc dchydrogenasc-likc 

736 cytochrome P450 1A 

924 fumarale hydratase, mitochondrial precursor 

1130 4-hydroxyphenylpyriivate dioxygcnasc 

1208 tVuclosc-bisphosphatc aldolase C 

1179 serine/threonine protein kinase 

1159 thiorcdoxin/glulaihionc rcduciasc 

1362 Ldhb protein 

1374 uroporphyrinogen decarboxylase 

1493 GST 

1494 Cu/Zn superoxide dismuiase 

1887 cytochrome c oxidase subiinit II 

1933 lactoylglutaUiionc lyase 

2022 pcroxircdoxin-l 

2070 N A D U dehydrogenase subunit 4L 

545 iranskctolase 

552 transkctolase 

716 tyrosine kinase 

751 aldehyde dehydrogenase 1A2 

834 Enolase 1. (alpha) 

855 Enolase I , (alpha) 

X61 Enolase 1. (alpha) 

1020 Ornithine aminotransferase 

1024 isociirate dehydrogenase 2 (NA1)P+) 

1275 caihcpsin D precursor 

1390 fructose-bisphosphatc aldolase A 

1402 malalc dehydrogenase 

1420 protcasomc subunit beta lype-9 

1706 putative tyrosinase enzyme 

Transcription factor 
793 Stat3 protein 

1653 ；iinc finger protein, subfamily lA , 1 

519 1GF2BP2 

1307 cukaryotic translation initiation factor 3, 

subunit 2 beta 

gi|56090148 

gi|3%45428 

gi|l 865782 

gil28279108 

gi!292626911 
ei|2926269ll 
gi! 1 3 3 6 5 6 1 4 
gil41055718 

gi!51230599 

gi135902900 

gi|40363564 

g i | 2 9 1 6 5 3 4 6 
gi|28277619 
gi|l88.S9531 

g i | n 2 5 6 7 1 
gi | 1 5 7 1 5 2 7 0 9 
gi|28882001 

gi|47085917 
gi|618065l2 

g i | 1 6 3 5 7 2 4 3 
g i | 3 1 8 7 2 0 4 0 
g i | 3 1 8 7 2 0 4 0 
gii472720 

gi|l 8858265 

gil37590349 

g i | 3 7 5 9 0 3 4 9 
g i | 3 7 5 9 0 3 4 9 
gi|1895263I2 
gil41054651 

gi|22651403 
g i | 4 1 2 8 2 1 5 4 
g i ! 4 7 0 8 5 8 8 3 
gi | l 8 8 5 9 2 7 5 
g i | 2 1 4 4 9 8 2 8 

gi|28277427 

gill 8859581 

gi| 169158244 

gi|55742565 

62151 

72120 

71479 

71386 

60077 

60077 

45713 

55000 

44X57 

39698 

28817 

21246 

3639X 

42024 

24369 

16088 

26207 

20404 

22207 

10494 

68681 

68681 

11472 

57117 

47392 

47392 

47392 

49142 

50944 

43607 

40237 

35804 

23650 

7364 

48512 

59988 

51855 

36727 

6.43 

5.04 

5.18 

5.32 

7.15 

6.1 

8.66 

5.22 

100 

218 

70 

91 

68 

112 

4^ 
77 

130 

36 

42 

52 

45 
40 

26 

36 

69 

120 

40 

109 

127 

34 

I 14 

149 

122 

80 

52 

40 

73 

54 

99 

30 

22 

36 

49 

46 

50 

.32 

49 

46 

1 50 

1.65 

0.34 

0.64 

1.82 
1.76 U 

2 . 1 3 , U 
2.78 L’ 

1.50 U 

2.95 U 

2.61 U 

2.04 

1.68 

2.52 D 

1.89 D 

1.91 

1.66 

1 S2 

1.7 丨 

2 36 L. 

1.51 U 

2.64 

3.47 IJ 

1.66 U 

0.48 

0.36 

0.56 

0.64 

0.48 

0.58 

0.3X 

0.51 

0.43 

0.39 

0.33 

0.59 

0.32 

063 

D 

D 

I) 

D 

1.55 U 

166 U 
0.27 D 

0 5 0 
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gin 8858317 34340 

2025 

5908 

Metal binding proteins 

1353 anncxin 八la 川K156 

1408 transferrin • gi|27464846 

2175 MT MTJ 'SEAM 

1217 calcium-binding protein 39 gii50344y46 

Cytuskvleton 

753 Bactinl protein 
« 

810 kincsin-likc protein 2 

904 keratin 18 -

1158 novel protein similar lo human litm (TTN) 

1782 cardiac myosin light chain-1 

Transporter 

334 transitional endoplasmic reticulum ATPasc 
1060 ATP-binding casseltc sub-family B member 8 

1243 v-iypc ATPasc subunit G-likc protein 
1269 novel protein similar to human transporter 2. 

八TP-bimiing cassette, subfamily B 

1776 ATPasc, Na' /K* transporting, beta 2b 
polypeptide 

Cytokine 
1553 insulin-like growth faclor 丨 gi|4261848 

1930 intcrlcukin-1 bcia gi|834l6463 ^ 

Lipoprotein 

878 low density lipoprotein rcceplor-rclatcd gi|4| J52012 

protein 

2107 Vitellogenin gi丨2 丨952780 

372 apolipoprotcin E gi|6688892 

Others ’ 

653 CDC23 gi|41055558 

1339 mitochondrial uncoupling prolcm 4 gi|41054379 

1548 potassium channel ictramerisatioii domain ^1177404244 

containing 12.2 

1550 voltagc-dcpendcnt anion-sclcctivc channel gi|47777306 

protein I 

2037 MHC class IIB antigen gi丨62825852 

2090 cold inducible RNA binding protein gil62955567 

304 Mvpprolcin gi|29 丨 79488 

742 Sb:cb825 protein gi|27881963 

763 G-prolcin couplcd receptor 173 g'l 丨 8859427 

1099 Sjogren syndrome antigen B 8'K 丨 054695 

1225 crk-likc protein gi|47087217 

1509 guanine nucleotidc-binding prolcm subunit 圳 8859301 

beia-2-like 1 

1545 Gag-Pol polyprotcin-likc gi|292611256 

1949 RABM, member RAS oncogene family gi|41393147 

38020 

38582 

7185 

40057 

26 

6.22 

71 I 46 1.61 

35 2.31 2.68 

40 10.5 18.6 

40 0 65 047 

gij282791ll 42073 5 3 66 0 73 0.62 

gi|650304 丨 44358 6.88 4.1 0 53 0.47 

gil30410758 48573 5.53 80 0.61 0.52 

gi|27884115 75693 5.56 30 0.51 0.49 

gi|55926ni 21925 4.87 43 271 2.79 

U 
U 

I) 

D 

D 

D 

gi|4l393l 19 00006 5.14 106 060 0.50 

ABCB8 DA 
77693 9.66 36 1.S3 2.67 

NRH _ 
77693 

gil786I924 7546 5.83 30 2 03 2.63 

gil26788068 79478 S.23 34 1 45 1.74 

6.69 

4.51 

34 

23 

32 

1.51 

0.27 

1.55 

.18 

69 

39391 6.67 43 1 60 1 87 

18686 9.37 33 1.52 1.71 

5078 4 03 45 ()56 0.46 

67885 

35188 

31229 

30665 

8451 

18443 

95061 

55119 

44250 

46225 

33916 

35565 

199035 

24091 

5.99 

10.2 

25 6 

23 

13 

,75 

.48 

6.32 

9.44 

6.6X 

6.01 

7.6 

5.84 

45 

37 

77 

112 

35 

63 

72 

66 

35 

7K 

59 

103 

62 

24 

151 

1 40 

1 49 

2 25 

111 

1 61 

0.81 

0.63 

0 39 

021 

0.68 

0.57 

0.49 

0.81 

I 79 

l.XO 

1.60 

2.46 

1.K3 

2.25 

0,56 

0.62 

IJ 

I) 

U 
U 

0.50 

0.38 

066 
kau i h , mcmocr iv / \ j p-i ‘— 

• In this table, “N，，stands for spot no.; "S” stands for score of ihe protein calculated by MASCOl 
soLarc when “S” > 54, the protein was significant identified; “M” stands for a match with the data 
r r T r e ^ i o u s work done in tiiapia; “IT stands for up-rcgulalion and "D” stands for down-regulat.on. 
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The differentially expressed proteins can be divided into 9 groups according to their 

function, including chaperonc, enzyme, transcription factor, metal-binding，cyloskelcton, 

transporter, cytokine, lipoprotein and other proteins, and 42 % of the difTercntially 

expressed proteins were enzymes. The results of the differentially expressed proteins in 

cylosolic fraction of ZFL were also compared with the proteins found in our previous 

study of copper-affected proteins using tilapia Hep a 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 differential expressed proteins in 

zebrafish were involved in lipid metabolism (Spot No. 2107, vitellogenin; Spot No. 

apolipoprotein E), cytoskcleton (Spot No. 753, beta-actin; Spot No. 904, keratin), cell 

proliferation (Spot No. 1553, insulin-like grow factor 1), etc. These funciions were also 

similar lo that of differential expressed proteins in the tilapia, which meant that the 

mechanism of copper toxicity lo zebrafish and tilapia was highly conserved. 

Even though, there were some differences in the differentially expressed proteins 

bclvycen zebrafish and tilapia. Firstly, Cu^" can regulate more proteins in tilapia (125 

proteins) than zebrafish (90 proteins). Secondly, the fold induction and depression of 

differentially expressed proteins by Cû "* in tilapia were mostly higher than that in 

zebrafish. Thirdly, the regulation trend of several proteins in zebrafish was different 

from that in tilapia. For example, serine/threonine protein kinase (Spot No. 1179) was 

found up-rcgulated in zebrafish but down-rcgulated in tilapia. And insulin-like growth 

factor 1 (Spot No. 1553) was found down-regulated in zebrafish but up-regulated in 
/ 

tilapia. 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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reactions of zebrafish and tilapia to Cu" may help us to uncover the mechanism of 
copper sensitivity in zebrafish and tolerance in tilapia. 

4.3. Discussion 

In the present study, copper cffects on zebrafish ZFL cells were investigated. Several 

studies have reported ihe efleets of metal exposure in zebrafish (Craig et a l .� 2 0 0 7 ; 

Gonzalez et a l .� 2 0 0 6 ; Paris-Palacios and Biagianti-Risbourg, 2006). Regarding copper, 

there was no report describing the changes in proteins expression in zebrafish exposed to 

Cu2+. The present work was intended as a preliminary qualitative study of the changcs in 

protein expression induced by copper in the zebrafish liver cell line (Z1:L) to study the 

mechanism of copper toxicity to zebrafish, and identified several proteins related to the 

copper sensitivity of zebrafish. 

Protcomic is an efficient method to identify new proteins as well as to investigate the 

ecological risk assessments (Dail et al., 2008; Rodriguez-Ortega et al., 2003b). It may be 

useful in providing insights into the molecular mechanisms underlying copper-induced 

responses in zebrafish liver cell. As is known, toxic cflects of Cu^" arc generally 

attributed to its high affinity for thiol groups and to its capacity in participating in redox 

reactions to form rcactive oxygen species. In fact, several authors reported an increased 

ROS formation after copper exposure in different aquatic spccies (Pourahmad et al., 

2003; Sandrini et al., 2009). In the present study, exposure for 96 h to 200 uM Cu^" 

(50�/o 96 h LC50) significantly induced several ROS generation related proteins in ZFL 

cells, such as thiorcdoxiii/glutathione reductase (Spot No. 1159)，Glutathione 

S-lransfcrase (GST) (Spot No. 1493)，Cu/Zn superoxide dismutase (Cu/Zn SOD) (Spot 

No. 1494), pcroxiredoxin-1 (Spot No. 2022), et al (Sandrini el al., 2009; Craig ct al.� 
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2007). Also, these several important ROS related proteins can be found in the Hcpa T1 
cell line after exposed to 300 uM Cu�—(50 % 96 h LC50 of Cu^' to Hepa Tl) . 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 1.71 folds in ZFL, but 120 

i • 
uM and 300 uM Cû "̂  could induced GST at 19.13 and 42.42 folds in Hepa T l , 
respectively. It was known that these four ROS related proteins were important proteins 
which had antioxidant effect 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 
Besides, one of the most important ROS related proteins, catalasc, was absent in ZFL 
exposed to C u ' \ but up-regulated in Hepa T l , which also confirmed ihal the sensitivity 
of zebrafish should be due to lower antioxidant ability. Anyway, Ihc induction of the 
ROS related proteins in 7A L can further confirmed that the toxicity of copper was 
probably related to ROS effect. 

One of the main targets of metal toxicity is I he mitochondrion, and there is a close 
relationship between metal-induced oxidative stress and proper mitochondrial function, 
as seen in mammals and fish (Craig et al., 2007; Belyaeva et al. 2008). Many studies 
have examined the in vitro impact of metals on mitochondrial respiration and encrgeiics 
in fish (Manzl et al., 2003; Manzl et al., 2004). In this study, several mitochondrion inner 
proteins were found diiTerentially expressed in ZFL after 96 h exposure to Cu^", 
including cytochrome c oxidase subunit II (C0X2) (Spot No. 1887)，NADH 
dehydrogenase subunit 4L (ND4L) (Spot No. 2070), aldehyde dehydrogenase (Spot No. 
751). Comparing with Hepa T l , these three proteins were also found differentially 
expressed after C i P exposure, and the regulation trends were also well matched. This 
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, . a result further confirmed thai coppes toxicity lo the mitochondrion. However, the 
\ -

induction of COX2 in the Hepa T1 (300 uM induccd 29.05 folds) is much higher than 
• • “ ‘ . 

that in zebiafish (200 uM induced 1.51 folds) after exposed to This should be due 

to the copper binding ability of C 0 X 2 , which was found in chapter 3. Rcccnt studies 

demonstrate thai steady state Cu levels in the mitochondrial matrix are nearly an order of 

magnitude above that predicted to be required for ihc activation of" the abundant 
i • 

milocliondrial Cu-dependent enzyme cytochrome oxidase (eg. COX 17, COX 11) (Craig 
ct al., 2007). COX2 should play an important role in copper transportation inside the 

mitochondrion. Therefore, ihc higher induction of COX2 in Hcpa T1 may accelcrate 

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

It is important to note that Cu^^ can inducc different members ol" heat shock protein 

70 (Hsp70), including heat shock protein 5 (Spot No. 482), heat shock protein 70 (Spot 

No. 487), and heal shock protein 8 (Spot No. 492). Heat shock proteins inductions arc 

markers of multiple stress exposures, and Ihc lisp7() family comprises the most 

important proteins responsive lo toxic compounds including Ci广(Piano ct a l .� 2 0 0 4 ; 

Rodrigucz-Ortcga ct al., 2003). Induction of heat shock/strcss proteins is a key feature of 

‘a universal mcchanism of ccllular defense to injury known as the "stress response", 

which means that the ZFL cell may protect itself from Cu�十 by induction of Hsp70. 

.Interestingly, Hsp70 was not found regulated in the Ilepa TI cell after C i r ' exposure, 

but induced in vivo as the results showed in the chapter 3. According to previous studies 

and our previous data, Hepa Tl cell is much more resistant to Cu',* than ihc zebrafish 

and tilapia adult (Sandrini et al., 2009; Cheuk et al., 2008; Chen and Chan, 2009). 
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Therefore, the Cu2+ could cause stress response in vivo but not in vitro to tilapia. In view 
of these data, it is concluded that Cu ' ' can induce more stress response to ZFL than the 
Ilcpa T1 cell. 

In this study, two interesting proteins were firstly identified to be related to Cu^' 
toxicity ill the ZFL ccll, which were potassium channel telramerisation domain 
containing 12.2 (Spot No. 1548) and voltagc-dcpendenl anion-sclcctive channel protein 
1 (VDACl) (Spot No. 1550). Potassium channel tctramerisation domain is the 
N-terminal, cytoplasmic telramerisation domain (Tl) of voltagc-galcd K* channels, 
which belongs lo most diverse group of the ion channel family. Il defines molecular 
delerminanls for subfamily-specific assembly ol" alpha-subiinils into functional 
tctramcric channels (Gan ct al., 1996; Perncy el al., 1992). Vollagc-dcpendcnl anion 
channels arc a class of porin ion channel locatcd on the outer mitochondrial membrane 
(Li el al., 2001). In addition lo its function as a channel protein for solutes or ions, 
V D A C l�w h i c h acts as a major mitochondrial outer-mcinbranc anion transporter, also 
functions as a gatekeeper in mitochondria-mcdiated apoplosis (Daoudal and Ocbanne, 
2003). It was reported that opening of vollagc-galed ion channels located in the cell 
membrane is mandatory when an cxcitaiory synapse bccomcs activated (Liu ct a l .� 2 0 0 8 ) . 

Merc, wc showed the up-rcgulation of poiassium channcl tctramcrisalion domain 
containing 12.2 and VDACl in the ZFL cell after copper exposure, which should be due 
to Ihc stimulation of Cu^' to the cell. However, how the Cu^' stimulated the ion channcl 
needs to be ftirthcr studied. 

Taken together, the study in the chapter showed the clifTerentially expressed proieins 

123 



profile in the ZFL cell after exposed to Cu^" .̂ According the these results and previous 
data, the mechanism of Cu^^ toxicity to the ZFL is highly conserved with thai of I lepa 
Tl，/vhich were both involved in lipid metabolism, cytoskelcton, and ccll proliferation. 
However, as zcbrafish is a copper sensitive species, there were also some didcrenccs in 
differentially expressed proteins between ZFL and Hepa T1 cell. The most differences of 
the differentially expressed proteins between these two cell lines after coppcr exposure 
were involved in the ROS effect, mitochondrion functio,n and stress response. As 
discussed previously, the coppcr ion would inducc more proteins related antioxidant and 
mitochondrial coppcr transportation in Hcpa T1 than ZFL, which would aci lo protect 
Hepa T1 from Cû "̂  toxicity. Also, Cu^* would induce more stress effect to ZFL than 
Hepa T1 cell. These differences should help us lo reveal the reason of copper sensitivity 
of zebra fish and tolerancc of tilapia. At last, two interesting proteins were firstly found 
to be induced by C i f ' , but the real mcchanism of these two proteins related to is still 
unclcar and need lo 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 zebrafish was 
studied by prolcomic approaches. From our previous studies, cytosolic fractions were 
used for copper binding protein analysis and thus copper transporters on plasma 
membranes were not studied. This chapter focuses on the regulation of coppcr 
transporters by Cu^'. Previous chapters found thai the Cu^' sensitivity of zebrafish and 
tolerancc of tilapia might be due to the regulation of several important proteins related to 
ROS cffccl, copper transport in mitochondrion, and stress response. However, these 
proteins' regulation by Cu^' should happen alter copper ion enter into the ccll and 
coppcr transporters arc responsible for copper uptake in cclls. Copper transporters also 
play important roles in copper intoxication and detoxification. 

Cli metabolism and export from the ccll rely on important Cu-transporting ATPascs. 

In mammals, there arc two types of ATPascs: ATP7A (Menkes disease gene) and 

ATP7B (Wilson's disease gene) that are associated with human genetic disorders of the 

same name (Kim et a l .� 2 0 0 8 ; Madsen and Gi t l i n�2007) . The copper ATPascs, ATP7A 

(ATPase, CiT transporting, alpha polypeptide) and ATP7B (ATPase, Cu~ transporting, t 
beta polypeptide) are two copper transporters important for regulating copper levels in 
the body. ATP7A Ibiicticm is thought to be regulated mainly al the post-iranslational 
level by alleralions in membrane transport of copper ions. Under acute conditions of 
elevated levels of copper ions, it has been shown thai there is a change in the subcellular 
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localization of the protein from the trans golgi network lo the ccll 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 tissues, the ATP7A 
protein has a dual role and shuttles 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 enzymes lhat are 
critical for ihe structure and function of" bone, skin, hair, blood vessels, and the nervous 
system. When intracellular copper level is elevated, however, the ATP7A protein will 
move lo the ccll membrane and eliminates excessive coppcr ions from the cell. ATP7B 
is an ATPase that transports coppcr ions. This protein functions as a monomer, exporting 
coppcr ions out of the cells, such as the efflux of hcpalic copper ions into ihe bile (Kim 
el a l .� 2 0 0 8 ; Madsen and Gitlin, 2007; Balamurugan and Schaffner, 2006). 

To study the regulation of coppcr transporters of Cu-ATPAscs in lilapia and zebrafish, 
the nucleotide sequences of ATP7A & B cDNAs were investigated by using Reverse 
Transcription-PCR. Further more, real-time PCR was used to determine the mRNA 
levels of mctallothein (MT), ATP7A and 7B in lilapia and zebrafish exposed to coppcr 
ions in vivo and in vitro. 

5.2. Materials and Methods 

5.2.1 Fish and cell culture 

To compare the regulation of" ATP7A & B in tilapia and zebrafish, the in vitro and in 
vivo experiments were both conducted. In the in vitro experiment, the llepa T1 (tilapia 
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hcpatocyte) and ZFL (zebrafish hepalocyte) was chosen. Hepa Tl and ZFL cells were 
treated with two dosage of sterile CuClz solution as shown in chapter 2 & 4. As to the in 
vivo experiment, the liver and gill in the tilapia and zebrafish larvae 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 
dosed flow-through culture system at 28 土 0.5 ° C with a photoperiod of 14 h light and 
10 h dark. The zebrafish were fed twice a day with dry flakes supplemented with liver 
brine shrimps once a day. Spawning is triggered once the light is turned on in the 
morning and is complete within 30 min. At 4 -5 h post-fertilization (hpf), embryos were 
collected and rinsed several times with culture medium to remove residues on the egg 
surface. Healthy embryos at blastula stage were then selccled for subsequent 
experiments. Zebrafish larvae (5 day post-fertilization) were treated with three dosages 
of watcrbonc exposure CuCb according to its 96 h LC50 value, which was calculated by 
observation Ihc death percentage of larvae exposed to different concentration of CuClj. 

5.2.2. First strand cDNA synthesis 
Exposed samples with control fishes were collccted and homogenized in 'I'RIZOL® 

reagent (Invitrogen, Carlsbad, CA, USA). Total RNAs were isolated according to the 
manufacturer's protocol. RNA qualities were confirmed spcctrophotomctrically. 
Single-stranded cDNA was synthesized from 2 fig total RNA using an oligo (dT) 20 
primer and the SupcrScript™ III 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 ATP7A & B 

Several degenerative primers were designed using conserved domains after multiple 
alignments of full-length or partial cDNA sequence of ATP7A & B reported from other 
species (Fig. 5.1). For amplifying partial sequences of these two genes in tilapia, 
RT-PCR was carried out using 2 fiM of cach primer and hepatic cDNA as a template 

I 

with the following conditions: 2 min at 94 "C, 10 cyclcs of 94 "C for 30 s, 48 for 30 s, 
and 72 "C for 60 s � 1 0 cycles of 94 "C for 30 s, 50 X for 30 s, and IVC for 60 s, 10 
cycles of 94 ‘’C for 30 s, 52 ()C for 30 s, and I T Q for 60 s, 10 cyclcs of 94 "C for 30 s, 54 

for 30 s, and ITC for 60 s, and 7 min at 72°C. Information of primers used in this 
study is shown in Table 1. The RT-PCR products were purified from 1 % agarose gc! 
using the Gel Extraction kit (Qiagen, Hilden, Germany), ligaled into pCR2.1. TA 
plasmid vector, and Iransfonncd into competent E. coli (Invitrogen). The plasmid I)NA 
was isolated from bacterial cultures using the Plasmid Purification kil (Promega, 
Madison, WI, USA). 

128 



AACAC 
kOCCl 
OCCCl 
CGCC* 
CCTCC 

A 
T-7a FI 

ccact jucctgtc tcotcBcw： 
AOOTC 氳 AGCTCiLCCTCJl, 
A ACTC AACCTCAGTTCCcRTfc' 

CTCCTTCClTAe-

CTCTCGATO C JU ATTC. 

AACCCAOTCTC 

Iatctc具 I 
TAATTCCO 
iCACTCJiCO 
|GOCTCi<K3 
crcrkHkc 
.CAAC-̂ lt 
ACiACCÂ Ai 
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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: ATPVa; B: ATP7B. 

5.2.4. 5，- and 3'-RACEs for ATP7A & B in tilapia 
For rapid amplification of cDNA end (RACE), the forward and reverse primers were 

designed from the partial cDNA sequence (Table 5.1). The 5' and 3' end sequences of 
each gene were obtained using the GeneRacer kit (Invitrogen). The temperature 
conditions for RACE were set as specified by the manufactures o f lhc kil. 

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 P -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 
level of these two genes in the liver was taken as control. 

5.2.6. Copper accumulation,in ZFL and zcbraflsh larvae 

ZFL cells were exposed (96 h) to different concentrations CuC12 (0, 100 and 200 
uM)，as described above. After trypsinization, cells (6 groups of 2x10^' cells per group) 
were centrifuged (3min) al 1500 rpm. Pellet was resuspcndcd in PBS and centrifuged for 
three limes. The new pellet was dried ( 6 0 � C ) and completely digested in 50 uL of 
H N 0 3 (Suprapur; Merck) for 24 h. Copper concentration in digested samples was 
measured by AAS, as described above. Results were expressed as fg Cu/cell. 

Zebra fish larvae were also exposed to 4 concentration of CuC12 (0, 0.17, 0.34 and 
0.67 uM), with 30 larvae in each triplicate. After exposed for 96 h，the larvae were 
collccied and weighted the wet weight. Then the samples were also digested and 
measured the copper concentration by AAS with the same method to ZFL. 

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

Control and Cu-induccd expression levels of ATP7A & B and MT were checked 

using quantitative real-time RT-PCR with the cDNA of each sample as a template. 

Information of primers used for the real-time RT-PCR is given in Table 5.1. The other 

procedures were same to that in chaptcr 2. 
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Table 5.1. PCR Primers 
expression 

used in the studies of ATP7A and 7B cDNAs and gene 
Gene Oligo name Sequences — 3 ' ) Remarks 
T-ATP7A T-7a F1 ATGACNTGTGNHTCCTG'IGT 

T-7a F2 GCHATBGADGAYATGGGVTITGA 
T - 7 a R 1 C C A A T C T T B C C Y T C R A T G G T 

T-7A 3' F1 CTCTTGGAGTGGAGGGTATGAC 
T-7A 3，F2 TGACACCCACAGCCCAACAGGAA 
T-7A 3' F3 AACCGTTTCGTCGCCATCTGA 
T-7A 3' F4 CAAAGGCTCCCATCCAGCAGTAT 
T - 7 A 5 ' R 1 C G A T G G T G G T A A T A C A G G A G T G A C 

T-7A5. R2 CGTTAGGGAGGGAACAAAGGT 
T-7A F 丨 ATTAGGTCCACATAGCAGAGTTC 
T-7A F2 TGTGGCTAACAGTTTGCTTCA 
T - 7 A R 1 G C T A T C T T T G G A A T G G G T T G G A C T 

T-7A RT-F CCAACAGGAAGCATTGAAGA 
T-7ART-R TGTCTGTGGCAGGTTCTCTC 

T-ATP7B 丁-7b PI GCCAACATGGAYGTGCTHATCGT 
T-7b F2 CCNCCVATGCTBTTTGTVTTCAT 
T-7b R1 GCNCCVACCCCHGTGCCCACCAT 
T-7bR2 TTTGABRTYTGGGCCTCTTCCAC 
T-7B 3' V 丨 GCTGGAACAGATAGCCAAGAGCAA 

GA 
T-7B 3'.F2 GCAGGTGGATGTGGAGCTGGTTCA 
T-7B 3' F3 ACACCCGCTGGGAGCCGCTATTA 
T-7B5' R1 TGACCCTCCCATCGACTGGAAACT 
T-7B5' R2 CTCCACATCCACCTGCTCCTCACT 
T-7B5' R3 CTCCCTTCACGCACTCGGCTA 
T-7B RT-F GCCACTTCCATAGCCTTCA 
T-7B RT-R GGGATTGACITTTGCCTTCT 

ZP-ATP7 ZF 7A F GGCTCGACTTCTCGCAGCT 
A ZF 7A R ATI CCGCATITTCACTGCCT 
ZF-ATP7 ZF 7B F CACCACTCCTCGTCACCCT 
A ZF 7 B R TTTCCCITACCTGACCCTGA 
ZF-MT ZF MT F GCCAAGACTGGAACTTGCAAC 

ZF MT R CGCAGCCAGAGGCACACT 

Conserved 
region 
amplification 
3' end region 
amplification 

5' end region 
amplification 
Full length 
amplification 

Real-time 
PCR 
Conserved 
region 
amplification 

3' end region 
amplification 

5' end region 
amplification 

Real-time 
1)CR 
Real-time 
PCR 
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5.3 Results 
5.3.1 Cloning ATP7A & B in tilapia 

ATP7A & B have not been previously reported in tilapia, it was therefore important 
to identify their mRNA (cDNA) sequence enabling the measurement of tlicir tissue 
expression profile in normal and under excess Cu conditions. Until now, the full length 
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 3' untranslated regions of 
269 and 999 bp respectively (as showed in appendix 5). The dcducccl TiATP7A protein 
sequence displayed 63 % identity with human ATP7A and 75 % with zcbrafish ATP7A 
sequences. Also, a partial length cDNA of ATP7B from Tilapia (TiATPVB) of 4294 bp. 
The deduced protein sequence of TiATP7B displayed 59 % idcnlily with the human 
ATP7B sequence. 
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ATP7B 

Fig. 5.2. A phylogenctic tree of Cu-ATPascs. Human {Homo sapiens) ATP7A 
(NP 一 0 0 0 0 4 3 . 3 ) and ATP7B (NP—000044), mouse {Mus musculus) ATP7A 
(NP^OO 1103227.1) and ATP7B (NP—031537)，chicken {Gallus gallus) ATI)7A (XM 
420307.2) and ATP7B (XM 417073.2)，zebrafish {Danio rerio) ATP7A (NP_001036185) 
and A f P 7 B (linsemblc, ENSDARP00000029666), pufferfish (Tetraodon nigrovividis) 
ATP7A (Ensemble, GSTENGOOO17010001.1) and ATP7B (Ensemble, 
GSTENG00020077001.1), sea bream i^Spams aurata) ATP7A (ACX37119) and ATP7B 
(ACX37120), fruit tly {Drosophila melanogaster) ATP7 (FlyBase database, 
FBpp0271765), nematode {Caenorhahditis elegans) Cua-1 (NP一499778.1)，and yeast 
Ccc2 {Saccharojnyces cerevisiae) (AAC37425.1), were ‘ used to generate the 
neighbor-joining tree constructed using the program MEGA. 



5.3.2 Tissue distribution patterns of ATP7A & B in tilapia and zebra fish 
To check whether ATP 7 A & B of tilapia and zebra fish are ubiquitously expressed in 

the tissues, we measured mRNAs from 6 diffcrenl tissues. In lialapia, as shown in l:ig. 
5.3, by comparing the gene's expression level in the liver, ATP7A's expression 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 were round. As to ATP7B. this gene's expression level in llic gill (0.35 folds), 
inlcslinc (0.62 folds) and brain (0.18 folds) was lower than ihai in the liver, but also 

higher in the kidney (2.06 folds) and heart (2.03 folds). 
� 

As to the distribution of" ATP7A & B in zebra fish (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 

hearl (7.45 fold)，kidney (11.33 folds) and inlcslinc (28.68 folds), and almost not 

detected in the brain. The distribution pattern of ATP7B is almost similar to ATP7A in 

zebrafish, except 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 zebrafish, their niRNA levels were higher in kidney and inlcslinc. However, the 

expression levels of ATP7A & B were low in brain of tilapia, and not expressed in 

zebrafish. This difference should be one of reasons for the different response to the metal 

exposure in tilapia and zebrafish. 
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Tissue distribution of ATP7A 
in tilpia 

c 

a 

a 

攀 

b 
ab 

Tissue distribution of ATP7B 
in tilpia 

Fig. 5.3. Tissue distribution of ATP 7A & B niRNA in tilapia dctcctcd by real time 

PCR. Values arc means土S.I). N= 3. Bars with asterisk indicates significanl diflbrcncc 

from the liver ( •p < 0.05, " p < 0.01, < 0.001; ANOVA, Tukey's lesl). Bars 

bearing dilTcrent lettering arc significantly different {p<0.05, ANOVA, Tukey's lest). 
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Tissue distribution of ATP7B 

in Zebrafish 

Tissue distribution of ATP7A 

in Zebrafish 

b 

a a 
S9RS__m^l 

ab 
a 

Fig. 5.4. Tissue distribution of ATF 7A & B mRNA in zebrafish detected by real 

time PCR. Values are meaiis-S.l). N - 3. Bars with asterisk indicates significant 
difference from the liver (*p < 0.05, < 0 . 0 1 ， < 0.001; ANOVA, Tukcy's lest). 
Bars bearing different lettering arc significantly dilTcrenl (p<0.05, ANOVA, Tukcy's test). 
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LC50 of CuCIo to larvae 

1 2 

Concentration of CuCI? (log(ppb)) 

Fig. 5.5. Cytotoxicity (%) of zcbrafish after CuCh exposure in different 
concentrations (in log scale) for 96 h. The 96 h LC50 of CuCl： on zebrafish larvae was 
determined as 85.73 ppb (1.34 uM). The 96 h LC50 values were calculated using 
Graphpad prism 5 with linear regression. 
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5.3.3 Copper accumulation in ZFL and zcbrafish larvae 

Firstly, the 96 h LC50 of CL1CI2 to zcbrafish larvae was determined to be 85.73 ppb 
(1.34 uM) (Fig 5.5). The copper accumulation in ZFL and zcbrafish larvae after Cu 
exposure was shown in Fig. 5.6. It was found that higher Cu conccniration can inducc 
higher accumulation in ZFL and zebrafihs larvae. These results were similar with our 
lab's previous data about ihe Cu accumulation in tilapia's tissues. However� the copper 
accumulation in zebrafish larvae was much lower than that of lilapia after exposed to 
similar concentration of C i r ' . This should be due to the regulation of ATPTA & B and 
MT, which would be discusscd in Ihc following section. 
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Cu accumulation in ZFL after 
exposed to CuCU 

control 100 uM 200 uM 

Concentration of CuCI? 

Cu concentration in larvae after 
exposing to CuCI: 

.17 uM 0.34 uM 0.67 uM 

Concentration 

Fig 5.6. Copper levels in ZFL (left panel) and zebraflsh larvae (right panel) after 

exposed to different concentration of C u � . . Values arc means 土 S.D. N = 3. Bars with 

asterisk indicates significant difference from control (*p < 0.05, **p < 0.01, ***p < 

0.001 ； ANOVA, Tukey's test). 
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5.3.4. Cu-modulated expression of ATP7A & B and MT in tilapia and zebraflsh 

After getting the full sequence of ATP7A & B � w e were interested in studying these 
two genes' regulation in tilapia and zcbrafish after Cu"^ exposure. To make our result 
more significant, mctallothionein (MT) was also choscn in this study, because MT is 
also an important copper binding protein, which plays a role in metal storage and 
detoxificalion. "ere , 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 Hcpa T l . In ZFL groups, 
200 liM Cu '̂ can induce more ATP7A (1.90 folds) and MT (3.38 folds) than ihc 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 Tl cell than ZFL 
treated with 200 uM Similar to the in vitro result, the expressions o(" A'I"P7A, 

ATP7B and MT were up-regulated in lilapia's liver and gill after exposed lo different 
concentration of Cu^^, so did in zcbrafish larvae. Also, the regulation folds of these three 
genes in tilapia's liver and gill by Cu^^ were higher than that in zebra fish larvae. These 
results would help us to further understand the differences between tilapia and zebra fish 
treated with Cu^ . 
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Ta pggpi 

control 0.39 uM 0.78 uM 1.56 uM 

Concentration of CuCI, 

國
 驪 

control 0.39 uM 0.78 uM 1.56 uM 

Concentration of CuCI, 

contra丨 0.17 uM 0.34 uM 0.67 uM 

Concentration of CuCI, 

Regu la t i on of A T P 7 A after 

e x po s i n g to CuC I a in z eb r a f i s h l a rvae 

Fig. 5.7 Fold induction of ATP7A mRNA levels in tilapia and zebrafish exposed to 

CuCh. The y axis represents the fold regulation of these genes (*p < 0.05, **p < 0.01， 

• • • p < 0.001; ANOVA； Tukey's test). 
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Concentration of CuCU 

i i i ^ 
control 0.39 uM 0.78 uM 1.56 uM 

Concentration of CuCI； 

i l � . . 
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Fig. 5.9. Fold induction of MT mRNA levels in tilapia and zebrafish exposed to 
CuClz. The y axis represents the fold regulation of these genes (*p < 0.05, < 0.01, 

• • • p < 0.001; ANOVA, Tukey's lest). 
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5.4. Discussion 
5.4.1. Tissue expression profile 

In mammals, the functional diversity of ATP7A and ATT7B is apparent from their 
differential tissue expression patterns and disease outcomes 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 expression is more delimited with high levels of expression in liver, 
kidney and intestine, but to a lesser extent in brain (Kiio et al., 1997). 

In lilapia and zcbrafish, the expression profiles of ATP7A and ATP7B arc to a 
certain extend similar to those found in mammals (Fig. 5.3), cxcept that the expression 
of 八TI)7A in liver was higher than anticipation. The distribution of ATP7A is reOeclivc 
of its role in delivery of Cu to cuproenzymes eg. peptidyl-a-monooxygenase (HI Meskini 
et al., 2003)，tyrosinase (Petris ct al., 2000) and lysyl oxidase (Tchapaiian cl a l .� 2 0 0 0 ) . 

Recently, several studies showed that ATP7A could be also found in liver of mammals 
(Lenartowicz el 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, even though lower expression of ATP7B in the intestine and gill, which should 
be due to the function of this gene (Minghelli el al., 2010). Gill and Intestine arc two 

important organs with important pathways for uptake ofwatcrbomc and diel-bome Cu^^. 
� 

Previous studies demonstrated that dietary uptake is the major sourcc of copper for fish 

under optimal growth conditions (Clearwater et al., 2002; Minghetti ct al., 2010), and 

waterbomc coppcr for fish health would be significant at limes when the dietary source 

of copper become inadequate (Minghetti ct al., 2010). Shck 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 CuC^. 
Here, my result of ATP7A & B，s expression in gill and intestine l\irther conrirmed the 
role of gill and intestine played in the copper uptake. Sincc ATP7A but lower ATP7B 
was expressed in both tilapia intestine and gill, ATP7A is implicated as the probable 
candidate for basolaleral Cu transport in fish. 

Also, the expression levels of ATP7A & B in kidney were both at a higher level. The 
kidneys have one of the highest copper concentrations among organs (Shck and Chan, 
unpublished data) and show tight homeostatic control of their copper content. Compared 
with other tissues, the renal copper content is less aflected by systemic coppcr dcficicncy 
or overload (Lutscnko ct a l .� 2 0 0 7 ) . Currently, little is known about renal coppcr 
transport and regulation. Our results about expression of ATP7A B in kidney might 
indicate that renal cells require Cu-ATPase function to maintenance of inlracellular 
coppcr and also the whole body's copper levels. 

5.4.2. Inductions of ATP7A and 7B in tilapia and zcbraflsh 
In this study, Cu-ATPase mRNA expression was measured in tilapia and zcbrafish 

after exposure. It was found that Cû "̂  exposure could inducc ATP7A & B and MT 

in tilapia and zebra fish 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 cxcrctcd in the bile (Madscn and Gitlin, 2007; 

Balamurugan and Schaffner, 2006). Likewise, in zebrafish, elevated Cu load was 

observed in the larvae and ZFL after exposed to increased walerbome Cu (Fig. 5.4). 
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Also, MT was up-regulated in zebrafish larvae and ZFL, which also indicated that the 
metal accumulation in larvae and ccll after Cu^' exposure. 

In a recent study in zebrafish, Craig et al. (2009) reported that intestinal and liver 
ATP7A mRNA was increased after exposure to 8 ug/L Cu in the water. 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 ihc cxccss coppcr out of liver to bile. In 
the present study, we also observed induction of hepatic ATP7B expression in tilapia and 
zebrafish after Cu exposure. Therefore, it can be concluded that increased ATP7A & B 
would help lo remove Cu from the cell, and the excessive would also be stored in 
the several metal binding proteins, such as MT. 

By comparing the regulation of ATP7A & 7B and MT in tilapia and zebrafish, 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 thai the coppcr tolerance of tilapia might be due lo 
higher regulation of ATP7A & 7B and MT, which can help tilapia to excrete or regulate 
the cxccssivc Cu^ ‘ entering into the organism. 

In summary, in this study we obtained the full length scqucncc of ATP7A and partial 

sequence of ATP7B in tilapia, and found that ATP7A in tilapia was highly consci*vcd 

with human and other teleosl fish's ATP7As, which meant that the toxicity of Cu^' to 

tilapia was conserved with zebrafish and human. The expression of tilapia and zebrafish 

Cu-ATPasc (TiATP7A and TiATP7B) mRNAs were consistent with the available 

physiological evidence from various fish species for the involvement of ATP-dependcnt 
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(ATP7A-B-like) Cu-transporters under conditions of both normal and excess Cu 
exposure. To study the mechanism of copper tolerance (tilapia) and coppcr sensitive 
(zebrafish) by comparing the regulation of ATP7A & B and MT, we demonstrated that 
tilapia has a higher fold induction of these genes for better metal homeoslatsis. Further 
investigations with RNAi or morpholino knock down approaches are needed to confirm 
the functions or roles of those transporters that may play in coppcr homeostasis. 
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Chapter 6 

Comparative toxicity of CU2O nanoparticle and CuCli to 

� zcbraflsh larvae and ZFL 

6.1. Introduction 

Nanolechnology is one of the fastest growing sectors of the high-lech cconomy. 
There arc more than 200 separate consumer products alone using nanoniaterials with 
personal, commercial, medical, and military uses (Bruinfiel, 2006). lingineered 
nanomaterials with dimension of 100 nm or less, provide us a wide range of novel 

� 

applications in the electronics, healthcaic, cosmetics, technologies and engineering 
industries. The exploitation of properties inherent to materials at the nanoscalc (< 100 
iiM) has initialed innovative approaches to technologies which shape our world. Lack of 
toxicological data on nanomaterials makes it difficult to determine if there is a risk 
associated with nanomatcrial exposure. Thus, there is an urgent need to develop rapid, 
accurate and efficient testing strategies to assess health effect of these emerging 
nanomaterials. 

In previous chapters, we have studied the toxic effects ol' soluble copper, and in this 

chapter herein we report the use of zebratlsh larvae and zebrafish ccll-linc, ZFL, for the 

study of coppcr nanoparicles. The primary target of this study was to determine if copper 

nanoparticles were toxic to zebrafish larvae comparing with copper ions. And if so, we 

would like to determine if the observed toxicity is solely due to dissolution of particles. 

Therefore, the behavior of coppcr nanoparticles in natural water was examined and the 

acutc toxicity of nanoparticulate copper was compared to that of soluble coppcr using 

zebrafish larvae and zebrafish liVer cell (ZFL). Mctallothionein (MT), coppcr 
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transporters (Ctrl , ATP7A and 7B), superoxide disniulasc (SOD) and glutathione sulfur 
transferase (GST) were used as biomarkcrs of exposure and ell eels to examine the 
concentrations of nano-coppcr particles and copper ions required to induce biochcmical 
stress response. 

6.2. Materials and Methods 
6.2.1 Preparation of CuzO P^s stock suspension 

In a typical synthesis of C'U2()， a mixture ol' 0.20 g cupric acclale 
( C l i ( C H i C 0 0 ) 2 - H 2 0 ) ) ( A C R O S � 9 9 %) and 8.20 g hcxadecylaminc ( H D A ) ( IL , 9 9 % ) 

was heated to 85 "C lo make a homogeneous solution. Then, the mixture in uii open glass 
boUlc was directly placet! in the miiffle Rimace of 210 "C I'or 50 niin. After the reaction, 
Ihc resulting powder was easily collected by ccnlnluge and was rinsed with 7 0 � � C 
toluene for 5 limes lo remove the hcxaclccylaminc, and then dried in a vacuum at SO "(� 
for 4 h. 

6.2.2 ZFI. and zebra fish larvae culture 

The culture o fZ I 'L and zebra fish larvae can be rcfened to Chapters 4 & 5. 

6.2.3 Toxicity study ol C u 2 0 NP to ZFL and /cbrafish larvae 
The 96 h LC 50 value of CU2O NP lo Zl-L and /cbral'isli larvae can be referred【(） 

Chapters 4 & 5. 

6.2.4 Aniicxin-\7PI assay of ZFL exposed to Ci i20 NP 

Referred 10 Chapter 4. 
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6 . 2 . 5 . Copper accumulation in /.ebrafish larvae and ZF'I. exposed to C i h O N P 

Referred to Chapter 5. 

6.2.6. Real-time quantitative polymerase chain reaction (PCR) 
To compare the toxicity of CuCb and CU2O NI\ 7 important genes related to copper 

Iraiisporlarfon and ROS'clTccl were clioscii in this chaptcr, including ATP7A & B, C t r l � 

M l I '-l, MT’ GST, and Cii/Zn SOD. The sequences of these 7 genes for rcal-iiinc 
quantitative I'CR were sliown in Tabic 6.1. And ihc coiicrclcd procedures can be referred 
to chapter 2. 

Table 6.1. PCR Primers used in lliis chaptcr. 

Gene 
ATP7A 

ATP7B 

Ctrl 

MI" 

Cu/Zn SOD 

MTFI 

cisr 

Primers 
Forwards 
Reverse 
Forwards 
Reverse 
Forwards 
Reverse 
J-'orwards 
Reverse 
Forwards 
Reverse 
Forwards 
Reverse 
Forwards 
Reverse 

Sequences (5’ to 3，） 
G G C T C G A C n C T C G C A G C T 
A T T C C G C A m T C A C T G C C T 
CACCACTCCTCGTCACCCT 
T T T C C C T T A C C R O A C X X T G A 
A ATGTGG AGCTGCTTT n (K’ 
AACACAGCCAACA AG AAC�A( 
C ( T ( i ( � ( i A 八 rGTGCCAAGA 
TT(JCrGC'AACCAGA'IX;C.G 
ATCAAGAGGGTGAAAAGAAGC 
AAACiCATGGACGTGGAAAC 
CCTCCTACAATCAGCATCGC 
CCIGTTGTTCGGGCiTTT m 
C T A T A C A T C I C G G C C ] A A C . C T 
GGCATTGCTCTGGACGAT 
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6.3 Results 
6.3.1 Toxicity of CuzONP 

The CU2O NP was firstly constructed with the size smaller than 50 nM, showed as 
Fig 6.1, and used in Ihc following expcrimcnls. The median lethal concentration (LC'50) 
of Cu20 NP on the ZFL ccll line and zebra fish larvae at 96 h was determined using 
alamarBluc assay and calculation of percentage of death, respectively. The dose 
response curves with 96 h LC50 were plotted using Graphpad Prism 5 (Fig. 6.2): I 10 
pnm (1545 uM Cu) in ZFL ccll and 242 ppb (3.39 uM Cu) in zebra fish larvae. 

Fig. 6.1 SEM micrograph of naiiocoppcr particles dispersed in water sho\vinj» (he 
wide disparity in particle aggregation states. 
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Comparing with previous data in Chapter 4 about CuCU to ZFL (360 uM) and 
zebrafish larvae in Chapter 5 (1.34 uM), it was found that CuCI: is more toxic than 
CU2O NP, also it can be concluded that the ZFL ccll was more resistant to Cu toxicity 
than zebrafish larvae. To further study ihc toxicity of C112O NP, flow cylometry 
measurement was used to quantify the exlenl of apoptosis and necrosis in the ZFL 
exposed to two concentrations C112O NP (50 ppm and 25 ppm), and signillcanl 
differences were observed between the control and the C u 2 0 Nl) treated cells. Afler 
incubation with different concenlralions of CLI2O NP for 96 h, the percentage of 
Anncxin-V 1-/PH cclls (apoptosis) increased lo 1.6 % and 2.4 rcspcctivcly, compared 
to 0.9 % in llie control group. The percenlage of Annexin-V-/PI • cclls (necrosis) 
increased to 5.9 and 10.0 %, respectively, compared to 1.4 % in the control group (Fig. 
6.3). Similar lo CuCb, These results demonstrate that CU2O NP primarily induces cell 
necrosis rather lhan apoptosis, and the toxicity of 50 ppm CinO NP was equal to that of 
12.8 ppni (200 uM) CuCl： to ZFL. 
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Concentration of CU2O NP (log(ppm)) 

LC50 of CuoO NP to larvae 

1 2 3 4 

Concentration of CU2O NP (log(ppb)) 

Fig. 6.2 Cytotoxicity (%) of ZFL and zcbraflsh after CuzO NP exposure in different 
concentrations (in log scale) for 96 h. The 96 h LC50 of CU2O NP on ZFL cells (upper 
panel) and zebrafish larvae (lower panel) was determined as 110 ppm and 242 ppb. The 
96 h LC50 values were calculatcd using Graphpad prism 5 with linear regression. 
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control 25 50 

Concentration of Cu^O NP (ppm) 

：禱 i 
to' Mr 

AIUK'SID-V-I 111. 
uy' III' " u f 

攀 
irr' hi* Ml* 一 “ ‘ 

Ai!ik-\jii V I I IC Aiiik'MH-V-l (IX" 

Annexin-V-/PI+ 
Annexin-V+/PI+ 

15-

S? V? 

control 25... 50 
Concentration of CU2O NP (ppm) 

Fig. 6.3. Flow cytomcter detection of C u 2 0 NP-induccd apoptosis and necrosis with 
Annexin-V-FITC and PI staining. The ZFL cells were exposed to different 
concentrations ofCuClz for 96 h. After being stained with Amiexin-V-FH C and PI, ihc 
cells were analyzed using flow cytometry. LL: Anncxin-V-/PI-cclls (normal); LR: 
Anncxin-V+/Pl-cells (early apoptosis); UR: Annexiii-Vi7Pl+ cells (late apoptosis); UL: 
Anncxin-V-/PH cells (necrosis). Statistic analysis of ihc apoptosis cells and necrosis 
cells among the total population was shown in bar graph (% of cclls in each phase 
relative to the total population). 
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6.3.2 Copper accumulation in ZFL and zcbrafish larvae 

,The copper concentrations in ZFL and zebra fish larvae after exposure to copper ions 
and CU2O NP are shown in Fig. 6.4. It was found that higher CU2O NP concentrations 
can induce higher copper contents in ZFL and zebra 11 hs larvae, and such a trend was 
similar to the copper accumulation after CuCl! treatment. However, the coppcr 
accumulation in zebrafish larvae after exposed lo CU2O NP was both higher than that 
after exposed to CuCb, but almost at the same level in ZFL. it is interesting to note that 
the concentration of CU2O NP (50 ppm in vitro and 125 ppb in vivo) used in ZFL and 
zcbrafish larvae was much higher than CuCb (12.8 ppm in vitro and 43 ppb in vivo), bul 
the coppcr accumulation in ZFL and zebrafish larvae in CU2O NP treatment groups (19.1 
fg Cu/ccll and 7.14 ug/g wet weight) was nol much higher than lhal in the CuCl： 

Ireaimcnl groups (16.7 fg Cu/cell and 4.99 ug/g wet weight). The possible reasons Ibr 
these results could be involved in the insolubility of Cu^O NP and a tighi coppcr 
transportation system of Cu homeostasis in the organism. To further study the 
differences between CU2O NP and CuC^, the regulation of seven genes involved in 
copper transportation and ROS effcct was studied. 
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V 

control 25 ppm 50 ppm 

Concentration of Cu,0 

concentration in larvae after 

exposing to Cu20 

1 
Control 50 ppb 75 ppb 125 ppb 

Concentration 

Cu accumulation in ZFL after 

exposed to CU2O 

Fig 6.4. Copper levels in ZFL (left panel) and zcbraflsh larvae (right panel) after 

exposed to different concentration of CU2O iNP. Values arc means土S.D. N= 3. Bars 
with asterisk indicates significant dilTcrcncc from control (*p < 0.05, **p < 0.01, ***p < 
0.001; ANOVA, Tukcy，s test). 
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6.3.3 Regulation of genes after CuiO NP and CuCh exposure 
After comparing Ihe copper accumulation in ZFL and zebra fish larvae exposed to 

two chemicals, we conducted the real time quantitative PGR to test seven genes' 
regulation after exposure (Fig 6.5 and Fig 6.6). As the result showed, CU2O and CuCh 
can induce the copper Iransoporlers (Ctrl, ATP7A & B) and MT at the same level in 
ZFL. And these results can help to explain the result of copper accumulation in vitro. 
Furlhemiorc, we also dctcct other three genes' regulations as showed in this slide. It was 

found that CU2O NP and CuCl： can also inducc GST and SOD at the same level, which « 
means that they cause equal ROS effcct to ZFL. And M TFI seems not changc after 

exposure. 

As to the effccts on zebra fish larvae, the results were different (Vom the ZFL. I'irstly, 

125 ppb CU2O NP could induce much more copper transporters and MT than 43 ppb 

CuCl2. As to the regulation of other three genes' regulation, CU2O NP could also 

regulate GST and SOD more strongly than CuCb, even through the down-regulation of 

GST. However, the CU2O NP and CuCb can induced the MTF1 at the same level. These 

results would help us to further understand the toxic mcchanism of CU2O NP and CuCb. 

158 



b 

1 ab 
•nr" 

control 25 ppm 50 ppm 

Concentrat ion of C u j O NP 

6.4 ppm 

Concentrat ion of CuCI， 

control 6.4 ppm 12.8 ppm 

Concentrat ion of C u C I : 

ntrol 25 ppm 50 pp 

Concentration of Cû O NP 
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Fig. 6.5 Fold induction of seven genes in mRNA levels in ZFL exposed to CUCI2 (left 
panel) and CU2O NP (right panel). The y axis represents the Ibid regulation of these 
genes (*p < 0.05, **p < 0.01, ***p < 0.001;八NOVA, Tukey's lest). Bars bearing 
different lettering arc significantly different (p<{).()5, A NOVA, Tukcy's test). 
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Fig. 6.6. Fold induction of seven genes in niRNA levels in zebra fish larvae exposed to 
CuCb (left panel) and CU2O NP (right panel). The y axis represents ihe Ibid regulation of 
these genes {•p < 0.05, • • p < 0.01’ • • • p < 0.001; ANOVA, Tiikcy's lest). Bars bearing 
dilTerenl lettering are significantly dilTerent {p<0.05, ANOVA, T u k e / s test). 
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6.4 Discussion • 
The manufacture and use of metal oxide nanoparticlcs is continuously expanding due 

to their wide applications and unique physicochcmical properties. Since ihcy have a very 
small size (<0.1 iim in diameter), ihey readily conlaminale ihe environment and may 
pose a risk to humans (Griffitt et al., 2007). Thus, il becomes increasingly important to 
investigate and idenlify their possible toxicological effects and to identify which 
panicles pose the greatest harm to human health. Since inhalation is a significant route 
of exposure to metal oxide nanoparticlcs, we have studied the impact of CLI2O 
nanoparticlc on Zl'L and zcbrafish larvae, also compare the toxicity with CuCl! lo 
understand the toxic mechanism of un-solubic copper form with the help of biomarker 
genes' expressions. 

Comparing the 96 h LC50 values of CU2O NP and CuCl：, it was found thai the 

toxicity of Cu^O NP was lower than that of CuC^. This result was well matchcd with 

previous studies on the toxicities of copper NPs and soluble Cu ions (Griffitt el al., 2007; 

Lanone et al., 2009). Besides, the results of copper accumulation showed ihal CU2O NP 

exposures causcd similar level of coppcr accumulation ZFL exposed lo CuCb, and even 

much higher than zcbrafish larvae exposed to CuCl2. Wc hypothesized thai the 

difference between toxicity of C112O NP and CuCb to ZFL and zcbrafish larvae should 

be due to the properly of CU2O NP and the copper transportation pathway, which was 

also studied using real time quantitative I)CR. 

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

C iT�which is the substrate for the Ctrl . Most Cu" would be transported into the cell by 
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binding with Ctrl (Balamurugan and Schaffncr, 2006). After thai tlie cylosolic Cu ions 
will be Iransfcrred to different organelles, such as trans tor golgi. milochondria. Part ol. 
the intracellular copper ions will also be stored in MT which functions as metal 
detoxification (Balanuiriigan ami SchalTncr, 2()()6; I.utscnko ct al., 2007). And (he 
excessive cupiic ion will be efflux oul of ccll by iranslocation using ATf)7A & B 
excrctcd from transfer golgi. Our results also showed that (,ii.’（）NP and CiiCI： could 
inducc M T, Ctrl , ATP7A & B. Tlic induclioii of these lour genes iii Zl-L exposed lu 
CibO NP and CuCli was almost at the same level. The similar acciiniulation ol coppcr in 
ZVl. exposed to C u : 0 NP and CiiCI： well nialchcd with the induction of MT. And the 
induction of Ctrl and ATP7A & B by Cu2() NP and CuCI： revealed thai Cu' uptake and 
el'llux by ZFL iVoni C112O NP and CuCh similarly, even through the higlicr cDnccnlratioii 
(“.copper was round in cells exposed 10 CibO NP. Also, the copper ion accinmilatccl in 
the Zl'L caused equal ROS c flee I, as imlicatccl by siinilai told inductions ol" (iST aiul 
s o n gtMics by Cu2() NP and C'liCh. 

in zebrallsli larvae, most of tlic biomarkcr genes were mdiiccd hy C'li^O NP ami 

C11CI2, except down-regulalion of GST mRNA levels was observed. Rul inlcrcstingly, 

CU2O Nl) could induce much more MT’ Ctrl , ATI)7A & B inRNAs than C\i('12. Firstly, 

the higher induction of MT would be related to higher accumulation of coppcr in 

zebraIIsli larvae (l..ig. 6.4). Secondly, higher induclioii of C'lii would result 111 nuicli 

more coppcr ion cnler into ihc zebra fisli larvae. The higlicr incJuclion of Ctrl and Ml" by 

CibO NP ill zebra fish larvae was much ditVcrcnl troni that in Zl'L This should be due lo 

the dilTcrcnccs between ZFL ccll and /cbrafish larvae. The ZFL is a hcpaiocytc, which 

can only utilize ihc soluble copper, but the Cu2() NP wiili lower solubility and made il 
I 
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hard lo enter into ZFL cclls. Turn lo zebra fish larvae, knval uptake of copper would 

either be tVom watcrbomc by gill and dietary uptake by inleslinc (Minghclti cl al., 2010). 

It was reported thai copper NP can be ulilizctl by gill of zcbral'ish not only by dissolution 

(Griffht ct al„ 2007). Il was also found lhal CihO NP can be increased to dissolve inlo 

Cu"'' and Cu by changing ihe pi 1 and sail components m I he sea water (l\Ujncr and 

Hcnczclh, 2()()S). The ciicunistancc in ll\c intestine, which is clitTcrciil from ihc 

circumsliuicc in viliu, would also help I lie dissolutioi) o � N P for bcUci copper 

uptake. l:vcn tliough the higher induction ol" Ctrl in zchrallsh larvae, C'uiO NP coukl 

also indiicc more ATI)7A & B, which would help I he organism to cfllux out of tlic 

excessive coppcr ion and keep the ion homeostasis. Tlicrelbrc. coppcr accunuilation m 

Ihc /cbnillsli larvae cxposetl lo CujO Nl, is no iiuich liighcr lliaii lhal exposed io CiiCh, 

compared wilh the dill'crcncc between Ihe induclions ol'coppci trunsporicrs atul M i" 

As lo ihc regulation ofCiS T, C'u/Zn SOD, M T! I, (�U2() NP ctnild also rcgiilalc GST 

aiui (�ii/Zii SOI) stronger than ( � u ( � l � i n /cbral'isli lar\ac. intlicalini： llial (�u，0 NP 

iiuluccd more KOS circct lo larvae. I lowcvcr. the dilTcrciicc between r u : ( ) NP and 

C'uC'b in regulating GS T and C ii/Zn SOI) wiis well nialclicd willi the dilTcrciicc between 

C'u accunuilation in larvae exposed to CibO NP and CaiCI：. This result inclic;itcd lhal 

higher coppcr accumulation in /cbrafish larvae wdu I c I cause higher ROS clfccl, winch 

was also reported by other studies (Craig cl al., 2007; Sandrini ct al., 2()()M), 

The vviiicsprc.id uses of nanoniatcrials have resulted m unccrtaimics regarding their 

cnvironnicnial impacts. As partial dissolution of metal iiaiioparticlcs may occur, il is 

important lo distinguish ihc loxic cITccls of nanoparticles from dissolved iiiciiils aiul 
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determine I he no observable c fleet levels (NO�L.s) and lowest observable cITccl levels 
(LOELs) of Ihesc materials in waicr by using bioniarkers gene expressions in zcbrafish. 
In this study, C'U2() NP and Cud： induccd the niRNA levels of Ctrl and ATP7A & 7B 
dosc-dcpcndenlly, meaning that these three genes can be potential bioniarkcrs to monitor 
the copper contaniinalion in ihc environment. FLirtherniorc, as dclcrniiiied by using Ctr I, 
ATP7A and Al P7R gene expression, the N()l-:Ls of CuCl.̂ . mid nano-CuiC) were 11 ppb 
and 50 ppb whereas the LOliLs orCiiC'l： and iiano-Cu:0 were 43 ppb and 1 25 ppb. 

I l l c o n c l u s i o n , w e h a v e c h a r a c t c n / c d ihc l o x i c i l y o f C u : ( ) N P , atul c o i i i p a r c i l w i t h 

tha i dC C u C h . VVc h a v e s h o w n l l ia l ( 1 ) the L C 5 ( ) v a l u e s ol . ( � i i ( ’ 1 2 w e r e s p j n i l i c a n t l y 

l o w e r ( m o r e t o x i c ) t h a n that ( ) r C i i : ( ) N P in vivo an i l in vino. (2) the in vilio t o x i c i t y iuid 

b i o i n a r k c r g e n e e x p r e s s i o n p a t t e r n o l ' C U 2 O N l ) o n Z I L ce l l s w c i c s i m i l a r lo ( \ iC' l；; ( M 

C'lbO NP iiuluced copper transporlcrs of zcbrafish larvae i/i vivo, more stronger lhan 

C ' l i C h ; ( 4 ) C l i ^ O N P c a n r e g u l a t e ( I S T , S O D m o r e s t r o n g e r l h a i i C \ i C ' l 2 . but s h o w e d 

similar elTccls on MTI.,-1 gene expressions in vivo： (5) Copper tiaiispDiicrs (CTR 1, 

A T P 7 A & 7 R ) a rc p o t e n t i a l b i o n i a r k c r s oi" c o p p c r e x p o s u r e s a n d c lTccis VVc h a v e a lso 

coiicludcii lhal coppcr iianoparliclcs c x m a loxic ciTccl on /cbialish larvae separate I V di i i 

the well undcrslood clTccts of soluble coppcr. This rcscarcli highlights the need for 

inlcgralcd loxicological asscssnicni and suggests lhal cxisiing icgiilalions for soluble 

copper may not adequately address ihc safety concerns associated with mclallic 

nanoparlicles. Zcbrafish cnibryo-larvac system and ZI L cell models arc usclul to 

clclcnninc the toxic ctTccls ol" nanoparticlcs with the help of bioinarkcr gene expressions. 



Chapter 7 
General Conclu^iuiis 

Copper is an essential nutrient for almost all eiikaryotic organisms lo carry oul 
biological processes such as tree radical dcloxificalion, milochondria respiration, iron 
n^eiabolism, neuropeptides maturation, conncctivc tissue Ibrmalion, pigmentation, and 
oxygen carrier in lieniocyaiiiii (Flcniniing and Trevors. 1989). The regulation of coppcr 
is very iniporlanl lo keep llie normal cell functions, and coppcr conlcnl needs precisc 
control. It" IVcc coppcr ions present in I he cells, it is lelhnl lo cell by blocking iransporlcrs 
and enzymes. afU'cting iranscriptioii, or generating free radicals (Tiii.ski and Thidc, 2()()(): 
Balamurugan and SclialTncr, 2006). There arc iwo well known liumati being diseases, 
Menkes disease and Wilson's disease, which are related lo geiiclic disorders of copper 
removal and uptake using specific melal transporlers, AT1)7A ami 7B genes dif'rcrcntially 

3 

expressed in liver and intestine, respectively for body removal arici uptake of coppcr ions. 

Consequently, ihc Menkes disease is caiiscd by coppcr deficiency, bui reversely, tlic 

Wilson disease is caused by copper overload (Gitliii. 21)03; Kim ct al.. 2009). 

I'or coppcr homeostasis, it wiis llioiight lo be related lo many olhci inipoilanl ccllular 

proteins. And coppcr dcficicncy will cause enzyme dcfccts. but reversely, coppcr 

overloading will causc ROS clTect lo ccll, which would lead to damage to DNA. RNA, 

lipid, proteins, and res nil in ccll apo ptosis (Craig cl al., 2007; Saiidnni cl al.. 2009) 

Until now, it has been fouiui several important coppcr transporters or coppcr related 

proteins as showed in Table 1.3，which can play an important role in the coppcr 

transportation and detoxification. However, cxpcept these proteins, arc there any other 

proteins also involved in the coppcr transportation or deloxificalioii? 1 low can coppcr 
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exert its toxicity effcct, such as ROS efleet? What is the mcchanism oCcoppcr tolerance 
and scnsilivily? And is Ihcrc any ciiiTerenccs between soluble copper and un-solubic 
coppcr? To answer these queries, wc conductcd a serial of experiment in this study. 

To study the mechanism of coppcr toxicity, a differenlially expressed proteomics 
aiiaylsis on lilapia liver cell ccll (I Icpa Tl) was conducted. In this pari, 93 proteins were 
found to be dilTerenlially expressed, some of which may be suitable as biomarkcrs of 
clTccts to monitor copper contamination in the environment, especially the 18 that were 
tunliei confirnicd by real-time quantitative PC'R. By using the I PA software analysis, i( 
was found that ihesc diirerenlially expressed proteins were mainly involved in lipid 
niclabolism, connective tissue development and cell cyclc dcvclopmenl. Therefore, il 
can be concludcd ilial coppcr may also exert ils toxicity elTccl by regulating ihcsc 
proteins, and cause blocking of llicsc fund ions, cxccpl ROS c fleet. In addition, oihcr 
proteins were also found to be significanlly indiiccd or reduccd in the mRNA level of the 
Hcpa-Tl ccll line after copper exposure, including growth hormone (120 fiM, /; < 0.01; 
300 f.iM, p < 0.001), iiiteiicukin-1 alpha (300 pM, p < 0.05), ATI) synthase subiimt beta 
(120 ).iM,/; < 0.01; 300 < 0.05), zinc linger protein 60 (120 mM, /? < 0.05; 3{)() 

^iM, p < 0.05), protcosomc (300 pM, ” < 0.05) and vitellogenin (120 ^iM, / ; � 0 . 0 5 ; 300 
j.iM, I) < 0.01). These six proteins may be new biomarkcrs for coppcr coniaminalioii 
using tilapia as bioiiidicator. 

The coppcr transportation should be involved in many proteins which can bind with 

copper ion. Therefore, to study some novel coppcr binding proteins, lilapia was lurthcr 

used as a model. Bccaiise of its copper tolerance, lilapia 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 result 

showed, some proteins with coppcr binding ability were differentially regulated by 

copper ion, which should be important proteins involved in copper transportation. 

According to the funclions of the cuproproteins identified in this study, coppcr may exert 

its toxicity by inducing endocrinc disruption, mitochondria dysfunction, ion competition� 

lipid melabolisni, and cytoskcleton disruption. Our results also suggest that Cii ' ' may be 

transI'crrcd from cytoplasm to cytochrome c oxidase in mitochondria by binding with 

slanniocalcin, and thai NADH dehydrogenase siibunit 5 and aldehyde dehydrogenase 

may play a role in copper transportation and storage inside ihc mitochondria. Based on 

our results and proteins reported in other studies (Hernandez and Allendc, 2008), a 

copper iransporialion pathway was hypothesized as shown in r ig 2.6. These findings 

may help us to understand C i r ' transport and sloragc in ihc liver of lilapia and perhaps 

in other fish species or even other vcrlebrales in general. 

Besides, vvc also examined the 27 genes' regulation in vivo by real-time quantitalive 

l )CR� including 18 genes loiind in tiic in vitro cxpcrinienl. According to my icsulls, the 

inductions of most genes were well matched in vivo and in vifro. Especially, several 

genes were found to be regulated by copper ion dosage dependent Iy, which should act as 

novel biomarkers of cITecls for copper contaminalion in the aquatic cnviionmcnl. These 

genes include inlerlcukin 1-bela, growth hormone, insulin-like growth factor 1, NADH 

dehydrogenase, zic family member 1，zinc finger protein 60, ferritin, vitellogenin，and 

calmodulin. From this study, zic family member 1 (zic 1) is found lo be significanily 

induced by Zicl is a member of ZIC family of C2H2-typc zinc finger proteins, 
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which have been implicated as regulators of a number of critical developmental 
processes, including ncuruialion, regulation of cell proliferation and liver regeneration 
(Jochhcim-Richter ct al., 2006; Keller and Chitnis, 2007). The up-rcgulation of zic 1 in 
liver implies that Cu^' may disrupt the proccss of liver regeneration. Information 
regarding zinc finger 60, which is also significantly induced by C u " , is less known and 
worthy of further investigation. 

Bccausc the tolerance of tilapia and zebrafisli to copper was different, these two 

fishes were used as models to study the mechanism of copper loleiancc and copper 

sensitivity. ZFL, a zebrafish ccll line, was used as an model firstly. According to 

clifTerentially expressed proteins profile in the ZFL ccll after exposed to Cu^^, most 

differentially expressed proteins in ZFL were well matchcd with thai in Ilcpa T l , 

indicating that the mechanism of toxicity to the ZiL is highly conserved with thai 

of Hcpa T l . However, there were also some differences in difierenlially expressed 

proteins between ZFL and Hcpa Tl cell. The major diflerencc of the differentially 

expressed proteins between these two cell lines after copper exposure were involved in 

Ihe ROS ell eel, mitochondrion function and stress response. As discussed previously, 

copper ion would induce more proteins related antioxidant and mitochondrial copper 
\ 

tiansporlation in Hep a Tl than ZFL, which would act to prolcct Hcpa Tl from Cu^' 

toxicity. Also, Cu^' would induce more stress effects to ZFL than Hepa Tl cell. These 

differences should help us to explain the copper sensitivity of zebrafish and tolerance of 

tilapia. 

Besides, I also compared the regulation of three important copper binding proteins, 
� 
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ATP7A & B and M T � i n tilapia and zebrafish in vivo and in vitro. In this study I obtained 
the full length sequence of ATP7A and partial sequence of ATP7B in tilapia, and found 
that ATP7A in tilapia was highly conserved with human and other tclcost fish's A'l PVAs, 
indicating that the toxicity of Cu^^ to tilapia was conserved with zebrafish and human. 
Real time quantitative PCR was conducted lo study these three genes' regulation. As ihc 
results showed, copper can induce more ATP7A & B and MT in tilapia than zebrafish in 
vivo and in vitro. It is concluded that tilapia has a higher Ibid induction of these genes 
for better metal homcoslatsis. However, further investigations with RNAi or morpholino 
knock down approaches arc needed to further confirm the functions or roles of ihcsc 
transporters and MT play in copper homeoslasis. 

As the contamination of copper can be in soluble and unsoluble fbrms ami (he 

development of nanotechnology make the contamination of copper nanoparticlcs get 

more and more serious, we also compared the toxicity of CiiC'l： and C112O NP in this 

study, it was found that tlie loxicity of CU7O NP was lower than that of CuCb- By 

detecting several genes' regulation in zebrafish, it was Ibund that llie regulation of 

coppcr transporters was dilTerenl in vivo and in vitro. These results help us lo undcrsland 

that the coppcr ion inside ihe cell was tightly controlled. Also, wc have concluded that 

copper nanoparticlcs exert a toxic effect on zebrafish larvae separate from ihc well 

understood cffecls of soluble coppcr. Tliis research highliglils llic need for inlegratcd 

toxicological assessment and suggests that existing regulations for soluble copper may 

not adequately address the safety concerns associated with metallic nanoparticles. All in 

all, zebrafish embryo-larvae system and ZFL cell models arc useful lo determine the 

toxic elTccts of nanoparticlcs with the help of biomarkcr gene expressions. 
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In summary, this study profiles the proteins regulated by copper ion in the tilapia and 

zebra 11 sh, and also found several copper binding proteins which may involved into the 

coppcr transportation pathway. Besides, we also sludied the mechanism of coppcr 

tolcrance and coppcr sensitivity by comparing two spccics of fish, zebra fish and iilapia, 

and concluded that the coppcr tolerance of tilapia should be due lo higher induction of 

ATP 7 A & B, MT and several proteins related to ROS effect�niitoclicmdnon fu net ion. 

Also, wc study the toxiliy of soluble and un-soluble coppcr, and found that the copper 

ion was lightly regulated by the coppcr transportation system. At bsl , this study Ibund 

several proteins were dosage dcpendcnlly regulated by copper exposure, and may be 

potential biomarker for monitormg of copper conlaminalion in the environincni by using 

fish model. 
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APPENDIX 
Appendix 1. Standard curves of primers used for real-time PCR to amplify 31 
genes in tilapia. Four folds serially dijuted cDNAs were used as templates to perform 

> 

real lime PCR detected by SYBR green. GAPDH gene and 18 S gene were used as 
control genes respcctly. 
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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 gene and 18 S gene were 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 Zebraflsh. 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 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 5. Whole cDNA scqucnce of tilapia's ATP7A including deduced protein 
sequence. The primers used in this experiment were showed with arrows. 

3 0 

9 0 

1 5 0 

210 
2 7 0 

3 3 0 

21 

3 9 0 

4 1 

4 5 0 

61 

5 1 0 
81 
5 7 0 

101 
6 3 0 

121 
6 9 0 

1 4 1 

7 5 0 

161 

810 
181 

8 7 0 

201 

9 3 0 

221 

9 9 0 

2 4 1 

1 0 5 0 

261 
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G G T C C A C A T A G C A G A G T T C T G T G A T G A C A G A G G 八 A G A A A A C C C T C A A T C C A G C A C T A G C G 

A T T A T T T C T A G C A G T C C T T G C G A T G C A G C G A C G T G T C C G C T T T G T T G A C T G T A A C G T A G G 
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G G G T A C T A G C C T G T G G C T A A C A G T T T G C T T C A C G C ^ ' ( ; ^ X G ^乍〒 rCAGACGGAAACGCAGTC 

A T G A C A C A G A A A C G C A G C C T G T G T T C A G T T T C T C T T U C A l j T G G ^ G G G T A T G A C C T G C G G C 

M E T T h r G l n L y s A r g S e r I . e u C y s S e r V a l S e r L e u G l y V a l G l u G l y M E T T h r C y s G l y 

T C T T G T G T C C A G T C T A T A G A G C A G C G C A T T G G G T C T C T T C C T G G A G T G A T G T A T A T A A A G 

S e r C y s V a l G l n S e r i l e G l u G l n A r g l l e G l y S e r L e u P r o G l y V a l K E T T y r l l e L y s 

G T G T C T T ' r A G A G G G C A A G A A T G C A A C T G T C C T A T T T G A C C C C A G C C A T C A G A G C C C A G A G 
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A l a T h r P r o V a l P r o T h r A s p T h i r G l n V a i V a l S e r T h i r S e r G l y M F . T ' r h i r P r o T h r A l a 

C A A C A G G A A G C A T T G A A G A A A C T A T C A C A A A T T C A G G G A G T G C T G G A T G T C A G A C A G A A C 

G l n G l n G l u A l a L e u I . y s L y s L e u S e r G l n T l e G l n G l y V a 1 L e u A s p V a l A r g G l u A s n 
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1 1 1 0 T T C A T A G A C A C C A C A C T C A T C G C G C T T A G G G T C A A A G G C A C G C A C T G C C G T T C C T G T G T G 

2 8 1 P h e l i e A s p T h r T h r L e u I l e A l a L e u A r q V a l L y s G l y T h r H i s C y s A r g S e r C y s V a l 

1 ] 7 0 G T C A A C A T T C A G G A C A A T A T C T C A G T G C T G C C T G G T G T G T C T T C T G T R G A G G T G T C T T T G 

3 0 1 V a l A s n l 1 c G l n A s p A s n T l e S e r V a l L e u P r o G 1 y V a l S e r S e r V a i G 1 u V a l S e r L e u 

12 30 G A G 八 A C G A G A A G G C C T C C A T C T G T T A T G A C C C C C A A A A G G T C A C A G T G A C T C A G C T G C A G 

321 G丄 u A s n G丄 u I j y s A l a S e r l l e C y s T y r A s p P j r o G l n L y s V a l T h r V a r r h i r G ] n L e u G i n 

12 90 C A G G C A A T T G A A G C A C T G C C T C C A G G A A A C T T T A A G A C T C A A C C G T G G G A C G A C T C G G G T 

3 1 1 G l n A J a l l e G l u A l d L e u P r o P r o G i y A s n P h e l . y s T h r G l n P r o T r p A s p A s p S e r G i y 

1 3 5 0 G C C C T C A G T C C T G T G T C C A C A T C A T C A T C A T C A T G G C C T A G A G G A G C A A A C C A G G C C A A A 

361 A l a L o u S e r P r o V a l S e r T h r S e r S e r S e r S e r T r p P r o A r g G i y A ] a A s n G I n A l a L y s 

1 4 1 0 C C T G C T G T C T T G C A G C C T T G T T T T A A T C A G C C A C T G G G A T C T G T A G T G A A T A T C C A C A T T 

3 8 1 P r o A i a V / a l L e u G丄 n P r o C y s P h e A s n G l n P i r o I . e u G丄 y S e r V a l X / a l A s n l丄 e H j sllfi 

1 1 7 0 G A G G G A A T G A C A T G C A A C T C C T G T G T T C A G T C C A T T G A A G G C A T G A T C T C C C A A A A G A A A 

4 0 1 G i u G l y M E T T h r C y s A s n S e i r C y s V a l G丄 n S e r l l e G l u G丄 y M E T I J L e S e r G l n l . y s L y s 

1 5 3 0 G G A G T C G T G T C A G C C C A G G T G T C T C T G A C T G A T C A C C A G G G G A T C T T T G A G T A T C A C T C T 

4 2】 G l y V a l V a l S e r A l a G l n V a l S e r L e u T h r A s p H i s G l n G l y l l e P h e G J u T y r A s p S e r 

1 5 9 0 C T G C T G A C C A C A C C A G A G G A G T T G A G G G A G G C C A T A G A G G A C A T G G G C T T C G A T G C C T T T 

'141 L e u L e u T h r T h r P r o G l u G l u L e u A i r g G l u A l a l l e G l v j A s p M E T G i y P h e A s p A l ^ i P h e 

】6:b0 C T G C C T C . A G A C C A A C T C T C T G C T G C C T T C A C C A C A T C C T C T T T C A T C A A A G T C T T C A G G T 

4 6 1 L e u P r o G l u T h r A s n S e r L e u L e u P r o S e r P r o K i s P r o L e u S e r S e r L y s S o r S e r G L y 

1 7 1 0 A T A G C G C C T G T C A A A G G T A A G G A G G T G G A C A G T G A C C A C C A T A A A G A A A C C C C C C A G G G A 

1 8 ] I J e A l a P r o V a 】 L y s G l y L y s G丄 u V a l A s p S e r A s p H i s H i s L y s G l u T h r P r o G l nG丄y 

1 7 7 0 C G G A G T G G A G A C A C A A A C T C T A A A T G C T A C A T C C A G A T C G G C G G G A T G A C C T G T G C T T C C 

5 0 1 A r g S e r G l y A s p T h r A s n S e r L y s C y o T y r T l e G l n l l e G l y G l y M E T T h r C y s A l a S e r 

1 8 3 0 T G T G ' I ' G T C A A A C A T C G A G C G A A A T C T C A A G A A T G A A C C T G G T A T C T A C T C T G T T C T G G T G 

5 2 1 C y s V a l S e r A s n I l e G丄 u A r g A s n L e u L y s A s n G l u P r o G l y l l e T y r S e r V a l l ^ e u V a l 

1 8 9 0 G C G C T A A T G G C G A G T A A A G C A G A G G T C C G T T A T A A C C C T G A A G T C A C C G A T C C T A T G A A G 

SAX A l a L e u M E T A l a S c r L y s A 丄 a G l u V a l A r g T y r A s n P r o G l u V a l T h r A s p P i r o M F . T L y s 

o 

1 9 5 0 A T A G C C G A G T G C G T G A A G G A G C T G G G C T T T A C C G C C T C T G T T A T G G A G A A C T A T G A A G G T 

5 6 ] l l e T U a G l u C y s V a l L y s G l u L e u G 丄 y P h e T h r A l a S e r V a l M E T G l u A s n T y r G l u G l y 

2 0 1 0 T C A G A T G G A A C T G T T G A A T T A G T G G T C A G G G G A A T G A C G T G T G C T T C T T G T G T T C A C A A A 

5 8 1 S e r A s p G l y T h r V a J G l u L e u V a l V a l A r g G l y M E T T h r C y s A l a S e r C y s V a l H i s L y s 

2 0 7 0 A T T G A A T C C A A C C T C A T C A A A G A A A A G G G G A T T A T C T A T G C C T C T G T T G C C T T G G C A A C C 

6 0 1 I L e G丄 u S e r A s n L e u M E T L y s G l u L y s G l y l l e l l e T y r A l a S e i r V a J A l a L e i j A i a T h r 

2 1 3 0 A A C A ^ A G C A C A C A T T A A A T T T G A C T C T G A A G T T A T T G G A C C A C G A G A C A T C A T C A A G C T G 

6 2 1 A s n L y s A l a H i s I l e L y s P h e A s p S e r G l u V a l I l e G l y P r o A r g A s p l l e l l e L y s L e u 

2 1 9 0 A T T G A G A A T C T A G G A T T T G A A G C A T C T T T G G T A A A G A G G G G C C G C A C T G C C A G C C A C C T G 

6 4 1 I J e G l j A s n L e u G l y P h e G l u A l a S c r L e u V a l L y s A r g G l y A r g T h r A l a S e r H i s L c v i 
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2 2 5 0 G A C C A C A G C A A A G A G A T A C G A C A G T G G A G G A A G T C T T T C C T T G T G A G C T T G G T T T T C T G T 

6 6 1 A s p H i s S e r L y s G l u I l e A r g G l n T r p A r g L y s S e r P h e L c u V a l S c r L e u V a l P h e C y s 

2 3 1 0 G C G C C T G T G A T G G G C A T G A T G A C C T A C A T G A T T A T T A T G G A C C A C C A G A T G A C A G T T T C A 

6 8 1 A J a P r o V a l M E T G l y M E T M E T T h r T y r M E T I l e T l e M E T A s p H i s G l n M E T T h r V a I S e r 

2 3 7 0 C A T C A T C A C A A C A A T A C G G C A G A G G A C C G C A A C C A C T A C C A C T C C 八 C C A T G T T T C T G G A G 

7 0 1 H i s H i s H i s A s n A s n T h r A l a G l u A s p A r g A s n H i s T y r f U s S e r 了 h r M E T P h e l 观 G l u 

2 4 3 0 A G A C A G C T G C T C C C A G G C C T C T C C A T C A T G A A C C T C C T C T C C T T C C T G T T T T G T G T G C C A 

7 2 1 A r q G l n L e u L e u P r o G l y L e u S e r l l e M E T A s n L e u L e u S e r P h e L e u P h e C y s V a 1 P r o 

2 4 9 0 G T A C A G T T C A T T G G A G G T C G C T A C T T C T A C A T T C A A G C C T G G A A A G C C T T G A A A C A C A A G 

7 4 1 V a l G l n P h e l l G G l y G l y A r g T y i P h e T y r l l e G l n A l a T r p L y s A i a L o u L y s H i s L y s 

2 5 5 0 T C T G C T A A C A T G G A T G T G C T A A T T G T T C T G G C C A C T T C C A T A G C C T T C A C C T A C T C A T G C 

7 6 1 S e r A l a A s n M E T A s p V a 丄 L e u I i e V a i L e u A l a T h r S e r T l e A l a P h e ' I h r T y r S e r C y s 

2 6 1 0 G T C G T C C T A A T T G T G G G C A T G G C G G A G A A G G C A A A A G T C A A T C C C A T C A C G T T C T T C G A C 

7 8 1 V a l V a l l . e u I l e V a l A l a M E T A : < a G l u T . y s A l a L y s V a l A s n P r o I l e T h r P h e P h e A s p 

2 6 7 0 A C A C C G C C T A T G C T C T T T G T C T T C A T C T C T C T G G G A C G C T G G C T G G A A C A G A T A G C C A A G 

8 0 1 T h r P r o P r o M E T L e u P h e V a . 1 P h e l l e S e r T . e u G】 y A r g T r p L e u G l u G l n 1 l e A l a l y s 

2 7 3 0 A G C A A G A C T T C T G A G G C T T T G T C C A A A C T G A T G T C T T T A C A A G C C A C T G A G G C C A C A G T ' I 

8 2 1 S e r L y s T h r S e r G l u A l a L e u S e r L y s L e u M E T S o r L e u G l n A l a T h r G l u A l a T h r V a l 

2 7 9 0 G T C A C T C T C G G C A G T G A T A A T T C A G T T C T C A G T G A G G A G C A G G T G G A T G T G G A G C T G G T T 

8 4 1 V a 1 T h r L e u G 1 y S e r A s p A s n S o r V a 1 L e u S e r G l u G l u G l n V a 1 A s p V a l G丄 u l . e u V a : 

2 8 5 0 C A G A G G G G T G A T A T A G T C A A A G T C G T T C C T G G G G G A A A G T T T C C A G T C G A T G G G A G G G T C 

8 6 1 G l n A r g G i y A s p T l e V a l L y s V a i V a l P r o G l y G l y L y s F h e P r o V a l A s p G l y A r g V a l 

2 9 1 0 A T T G A A G G A C A T T C C A T G G C T G A T G A G T C C C T C A T C A C A G G T G A G G C C A T G C C A G T C A C A 

8 8 1 丄 l e G l u G l y H i s S e r M E T A l a A s p G l u S e i r L e u I l e T h r G l y G l u A l a M E T P r o V a 1 T h r 

^ € 

2 9 7 0 A A G A A G C C C G G G A G C T C G G T G A T T G C A G G C T C C A T T A A C C A G A A C G G C T C T C T G C T C G T C 

9 0 1 L y s L y s P r o G i y S e r S e r V a l l l e A l a G l y S e r l l e j A s n G l n A s n G l y S e r L e u L e u V a l 

3 0 3 0 A G T G C T A C A C A T G T T G G C A T G G A C A C C A C G C T G T C T C A G A T T G T C A A A C T A G T G G A G G A G 

9 2 1 S e r A l a T h r H i s V a l G i y M K T A s p T h i r T h r L e u S e i r G l n l l e V a l L y s L e u V i i l G l u G i u 

T-7A 3, F4 ‘ 

3 0 9 0 G C T C A G A C ' I T L ' A A J V G G L T C C C A T C C A G C A G T A T G C A G A T A A A A T T A G T G G C T A C T T T G T A 

9 4 1 A l a G l r V T h i r S e r L y s A l a P r o I丄 e G丄 n G l n T y i : A ] a A s p l , y s I l c i S e r G l y T y r P h e V a i 

3 1 5 0 C C C T T C A T T G T T G G C A T A T C T G T G C T T A C C C T G A T C G C C T G G A T C A T C A T T G G C T T T T T G 

9 6 1 P r o P h e l l e V a l G l y l l e S e r V a l L e u T h r L e u U e A l a T r p I l e l i e l l e G l y P h e L o u 

3 2 1 0 A A C T T C T C T C T A G T G G A G A T G T A C T T T C C T G G T T A C C A C A A A T C C A T T T C C A G A A C T G A G 

9 8 1 A s n P h e S e r L e u V a 丄 G l u M E T T y r P h e P r o G l y T y r A s p L y s S e r l l e S e r A r g T h r G l u 

3 2 7 0 G C A G T G G T T C G C T T C G C C T T C C A G G C C T C C A T A A C C G T G T T A T G C A T C G C C T G T C C C T G T 

l O Q l A l a V a 丄 V a l A r g P h e A l a P h e G l n A l a S e r l l e T h r V a J L e u C y s l l e A l a C y s P r o C y s 

3 3 3 0 T C C C T T G G C T T G G C A A C C C C G A C A G C T G T C A T G G T G G G C A C A G G G G T C G G A G C C C A A A A T 

1 0 2 1 S e r L e u G l y L e u A l a T h r P r o T h r A l a V a l M E T V a l G l y T h r G l y V a l G l y A l a G 】 n A s n 
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3 3 9 0 G G C A T C C T G A T A A A G G G G G G A G A G C C A C T T G A G A T G G C G C A T A A G G T T C A G T C T G T G G T G 

1 0 4 1 G l y l l e L e u I l e L y s G l y G l y G l u P r o L c u G i u M E T A l a H i s L y s V a l G l n S e r V a l V a l 

3 4 5 0 T T T G A C A A G A C C G G C A C C A T T A C A T A C G G G G C C C C A A A G G T T G T T C A A G T A A A G A T C G C G 

1 0 6 1 P h e A s p L y s T h r G l y T h r T l e T h r T y r G l y A l a P r o L y s V a l V a l G l n V a l L y s I l e A i a 

3 5 1 0 G T G G A G G G G A A T A A G A T G C C T C G C T C C C G C C T G C T G G C C A T T G T A G G C A C A G C T G A G A A C 

1 0 8 1 V a l C l u G l y A s n L y s M E T P r o A r g S e r A r g L e t i l i e u A J a l l e V a i G l y T h r A l a G l u A s n 

3 b V 0 A A C A G T G A A C A C C C G C T G G G A G C C G C T A T T A C C A A A T A C T G C A A A C A G G A G C T T G C C A C A 

1 1 0 ] A s n S e r G l u H i s P r o L e u G l y A l a A l a T l e T h r L y s T y r C y s L y s G l n G l u r . e u G l y T h r 

3 6 3 0 G A G T C T C T T G G C A C G T G C G T G G A C T T T C A G G C A G T G C C A G G C T G T G G C A T C C G A T G T C A G 

1 1 2 1 G l u S e r L e u G l y T h r C y s V a l A s p P h e G l n A l a V ^ l P r o G i y C y s G l y i l e A r q C y s G l r -

3 6 9 0 G T G A G C A A C A C G G A G A A T C T G C T G A A G C A G T 7 G G A C A G T G A C A G C G A G G A C A A C A A C C A G 

1 1 4 1 V a丄 S e r A s n T h r G l u A s n L e u L e u L < y s G i n l , e L i A s p S , e i : A s p S e i : G l u A s p A s r i A s r . G】n 

3 7 5 0 CGCAACAGTGTGCTAGTCCAGATCAGCGACACCCGGACATGCACCAGCTCCCATCCACTC 

1 1 6 1 A r g A s n S e i : V a l I . e u V a l G i n I ] e S e r A s p S e r A r g T h r C y s T h r S e T S e r H i s P r o L e u 

3 8 1 0 A T C A T G G A C C C A C A G C C G C A A A G C C T G G T T C A G A C A G C C A C C T A T G T A G T C C T G A T T G G G 

1 1 8 1 T l - e M E T A s p P r o G l n P r o G l n S e r L e u V a l G l n T h r A l a T h r T y r V a l V a l L e u I l e G l y 

3 8 7 0 A A C A G G G A G T G G A T G A G G A G G A A C T G C C T G C A A G T C A A A C C T G A A A T C G A T G A A G C C A T G 

1 2 0 1 A s n A r g G l u T r p M E T A r g A r g A s n C y s L e u G l n V a i L y s P r o G l u I J . e A s p G l u A l a M E T 

3 9 3 0 A T C G A G C A C G A G C G C A G A G G A C G C A C T G C T G T T C T G G T G G C C G T A G A C G A C C T A C T G T G T 

1 2 2 1 I J L e G l u H i s G l u A i r g A r g G 丄 y A r g T h r A l a V a l L e u V a l A 丄 a V a l A s p A s p L e u L e u C y s 

3 9 9 0 G C A A T G A T A G C C A T A G C A G A C A C A G T G A A A C C A G A G G C T G A G T T G G C G G T C C A C A C G C T G 

1 2 4 1 A i a M E T I l e A l a l l e A l ^ i A s p T h r V a l L y s P i r o G l u A l ^ i G l u L e u A l a V a J L H i s T h r L e u 

4 0 5 0 A C C A A C A T G G G T C T G G A A G T T G T G C T G A T G A C T G G A G A C A A C A G C A A G A C A G C T C G G G C T 

1 2 6 1 T h r A s n K E T G l y L e u G l u V a l V a l L e u M E T T h r G l y A s p A s n S e r l . y s T h r A i a A r g A l a 

4 1 1 0 A C T G C T G C T C A G G T C G G C A T C A G G A A A G T G T T C G C T G A G G T G C T G C C C T C C C A C A A G G T G 

1 2 8 1 T h r A l a A l a G l n V a i G l y l l e A r g L y s V a i P h e A l a G l u V a i L e u P r o S e r H i s L y s V a l 

4 1 7 0 G C C A A A G T G G A A C A G C T G C A G C A G G C A G G A A A G A G G G T C G C C A T G G T G G G T G A C G G C G T C 

1 3 0 ] A ] a L y s V a 丄 G l u G l n L e u G l n G l n A l a G l y L y s A r g V a l A i a M E T V a l G l y A s p G l y V a l 

/}230 A A C G A C T C G C C C G C T C T G G C C A T G G C T G A C G T G G G C A T C G C C A T A G G A A C C G G G A C A G A T 

1 3 2 1 A s n A s p S e r P r o A l a L e u A l a M E T A l a A s p V a l G l y l l e A i a l l e G l y T h r G l y T h r A s p 

4 2 9 0 G T G G C C A T A G A G G C C G C A G A T G T T G T G C T G A T C A G G A A T G A C C T G C T G G A T G T G G T C G G C 

1 3 4 1 V a l A J L a l l e G l u A l a A l a A s p V a l V a l L e u i l e A r g A s n A s p L e u乙 e u A s p V a l V a l G l y 

4 3 5 0 A G T A T T G A C C T C T C G A A A A A G A C C G T C A A G A G G A T C A G G A T C A A C T T T G T C T T C G C T C T T 

1 3 6 1 S e r l l e A s p L c u S e r L y s L y s T h r V a l L y s A r g l i e A r g l l e A s n P n e V a ^ l P h e A l a L e u 

4 4 1 0 A T C T A C A A C C T G G T T G G A A T T C C T A T T G C T G C T G G G G T G T T C C T T C C C A T C G G C C T G G T G 

1 3 8 1 

44 7 0 T T A C A G C C G T G G A T G G G C T C G G C T G C C A T G G C G C T G T C A T C C G T C T C T G T G G T T T T G T C C 

1 4 0 1 L e u G l n P r o T r p M E T G l y S e r A l a A l a M E T A l a I . e u S e r S e r V a l S e r V a l V a i L e u S e r 
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4 5 3 0 T C A C T T C T A C T C A A A T G T T A C A C T A A A C C C A C T G C A G A G A A G C T G G A G G C C A G A C T G G G T 

1 4 2 1 S e r L e u L e u L e u L y s C y s T y r T h r L y s P r o T h r A l a G l u L y s L e u G l u A l a A r g L e u G 1 y 

4 5 9 0 A C C A G C A G G C G G C A G G G C A G C C T G T C T G A C G T C A G C G T C C A C A T C G G C A T G G G C G A G A T G 

1-141 T h r S e r A r g A r g G l n G l y S e i r l ^ e u S e r A s p V a l S e r V a l H i s lieG丄yMF,TGl y G l u M E T 

4 6 5 0 C G T C G C C C G T C C C C C A A A C T C A G T C T G C T A G A C C G C A T C G T C A A C T A C A G C C G A G C G T C G 

14 61 A r g A r g P r o S e r P r o L y s L e u S e r l . e u L e u A s p A r g l i e V a l A s n T y r S e r A r g A丄 a S e r 

4 7 1 0 A T C A A C T C G C T G C G C T C A G A C A A G C A T T C G C T C A A C A G C T T C G T G C T C A G C G A G C C C G A C 

14 81 r l e A s n S e r L e u A r g S e r A s p I . y s H i s S e r L e u A s n S e r P h e V a I L e u S e r G】 u P r o A s p 

4 7 7 0 A A A C A C T C A C T A C T G G T C G G G G A G G C T G C G A G C C A T G A G G A T G A C T T G T G T T G A A T T A T T 

I b O l L y s H i s S e r L e u L e u V a l G l y G l u A i a A l a S e r H i s G l u A s p A s p L e u C y s * 

^ 8 3 0 A T C T G A G A A G C T T A C A A T A G A A A G T G C A T T T A T T C A A G G C T G G G C C A T G C T A A G C C A A A A 

4 8 9 0 G G G T T A C A T T G A A T A A T G G C C C T T C C A T C T G C T G T A G G T A C C C T C A G G G C A G C A C T G T T T 

4 950 ACGTGAAGAAAGCTTGCATGTCCCTTGTTTCCTrrTAGCTCAACCAGCTGATCACATTC了 

5 0 1 0 T C A G A C T A T G A T G A G A T G T G T T T T G T T G A G G T T A C C G C C C T T G G A G A C A C T C T T A G A G A A 

5 0 7 0 A C C A A T T G A C A C T A C G A T C C A C A A C T C T C C C G T G T C A G C T T C T T C A G A G C C A T G A A G C A G 

5 1 3 0 G T G C C A C A T C C A G G A A G C A G A G C T G T G A T C A T T G T T G C A A C T T T A C A A T C T T G A A C A T C T 

5 1 9 0 A T C C A A A G A C A T T T A A A C A G T G G T G C C C T T C C T A A G A G T G G A C A C A G T A G A G T T T T A T T T 

5 2 5 0 T A G T T A A T C T T C C T T A A A T G G A A A A G T G T T T G T A T A A T T A T A T T C C A A A C T A T T T A T A C T 

5 3 1 0 T A T C T A T T T T T T C A C T A C A T C G A T G T A A A A C A T G A A G T T C T T G A A T C C A A A T G T A A A T T A 

5 3 7 0 T G A T T T T G A C G T T C C C A A A A A A A T G T G T G A T T G T T C A G A A A G T A A T G C A T A A A A A C T T T A 

5 4 3 0 T A A C A A G C T G C A A A A G G G A T T A A G C A A A A T T A A G G A G T G A G A T G T G A A T G T C A G T G T T A C 

5 4 9 0 C T A A A G T G C C A G T T G A A G T G C C C C C T G G C A A A G T C C A A C C C A T T C C A A A G A T A G C A G C A T 

5 5 5 0 T C A G A G G T T A T T T T G G A C T T G A T T T T C A C A A A G T G T G A G C A G A G G T T T G C T G A A G G T C G A 

5 6 1 0 T T T A A G C T T T A G T T T C A G C A T G T G T C A A C T C G C T C C A G C T G T A G T C A G T C A T C T G T C A A T 

5 6 7 0 G T A T G T G A A G A T T A T T C G C T G T T G C A G T G A A G C A G A A G T T A C A T G G A T T A T G A T G T T T T T 

5 7 3 0 G G A T G T C T T T A T G A G T T G T T G C A A T T A G A C T T G T G T T T T G A A A T G G C T G A A C T T T A A A A A 

57 90 A A A A A A A A A A A 7 V A A A A A A A A A A A A A A A A A A A A A A 

0 
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