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Abstract

Hepatitis C virus (HCV) is a leading global pathogen affecting over 3% of the
world's population and at least 250 000 individuals in Canada alone. lnfection with
the (+¡ polarity RNA virus is often characterized by a chronic disease state that can
ultimately culminate in liver cirrhosis, steatosis and hepatocellular carcinoma. HCV
is the leading indicator for liver transplants in North America. ln addition to the high
incidence and persistent nature of HCV, current treatment regimens have limited
efficacy and there is no vaccine available for prophylactic measures.

Viruses are obligate intracellular pathogens, ergo, they have to rely heavily on host
cells ín order to propagate. HCV is known to remodulate the cellular environment to
create an intracellular milieu conducive to virus replication and propagation. Of the
many cellular control mechanisms that viruses can take advantage of, protein
phosphorylation is a key factor. Phosphorylation plays a key role in numerous
cellular processes includÍng antiviral signalling, protein expressíon, cell proliferation
and cytoskeleton remodelling. Therefore, in an effort to better understand the
pathogenic mechanisms of HCV infections; alterations to the host cell
phosphoproteome were analyzed in Huh7.5 human hepatocytes containing a
subgenomic replicon or in Huh7.5 cells infected with high titre HCVcc (cell cultured
virus). Phosphoproteins were enriched from liver cell lines using phospho-serine,
threonine and tyrosine antibody immunoaffinity. Phosphoprotein enriched fractions
were analysed by high resolution, quantitative,2D differential-in-gel electrophoresis
(2D-DIGE) and phosphoproteins that exhibited statistically significant alterations
between control and experimental cell lysates were deemed of interest and
ídentified by mass spectrometry.

Subtle changes to the phosphoproteome were observed in subgenomic replicon
Huh7.5 cell lines and included elevations in Hspg0 and amphiphysin ll and
decreases in tropomyosin 4 and calponin. More dramatíc changes to the
phosphoproteome were observed in Huh7.5 cells infected with live HCV. lncreases
in the poly-rC bindíng protein I and multiple tubulin and tropomyosin isoforms were
obeserved. Very few changes were decreased in relation to mock infected cells but
included two isoforms of calponin.

Despite the genotypic and genome coding differences between the subgenomic
replicon and infectious HCV, símilar protein families were altered when compared
to control cell lines. These included cellular proteins associated with; cytoskeletal
rearrangement, endoplasmic reticulum stress and proteín translation. A number of
proteins found to be altered using 2D-DIGE methodologies were confirmed by 2D
immunoblottíng. Of crítical importance, the findings observed by 2D-DIGE were
specífic to both the phosphorylation status of the proteins as well as the specific
isoform of each protein. ln certain cases, total proteomic analysis by standard one
dimensional separation methods would not have identified those changes
discerned here.

vll



CHAPTER l: INTRODUCTION

SECTION l- Hepatitis C Virus

Approximately 170 million people are infected with hepatitis C virus (HCV),

corresponding to roughly 3% of the world's population (Poynard et al., 2003;

Lauer and Walker,2001). The main factors that contribute to the high incidence

rate of HCV are; first the lack of effective treatmenUpreventative measures

(McHutchison and Fried, 2003) and second the propensity of the virus to

establish a persistent infection in upwards of 70o/o of cases. Chronic HCV

infection ultimately culminates in progressive liver failure that is a result of liver

inflammation (hepatitis), fibrosis, chirrosis and hepatocellular carcinoma

(Hoofnagle, 2002) and as a result is the leading cause of liver transplantation in

North America (Willems et al., 2002). Despite the many advances made

pertaining to HCV since its description as the cause of non-4, non-B hepatitis in

1989 (Choo et al., 1989), many facets associated with infectíon including (but not

limited to) the replication cycle of the virus, the mechanisms of virus

pathogenesis and consequently the appropriate antiviral targets to both treat and

prevent infection remain unclear.

HCV belongs to the family Flaviviridae, which contains three distinct genera; 1)

Flavivirus whose members include Yellow fever virus and West Nile virus, 2)

Pestivirus whose members include Bovine viral diarrhea virus (BVDV) and

classical swine fever virus and 3) Hepacivirus of which HCV is the only member

(Robertson et al., 1998). The classification of HCV into its own distinct genus is



based on differences between the prototypical human Flaviviruses. Unlike the

other infectious agents, HCV is not transmitted by an arthropod vector, and

secondarily genome structural differences account for variations in the

mechanism of genome translation and replication (specifically the division of the

NSS codíng region into two proteins, NSSA and NS5B in HCV) (Tanaka et al.,

1995). With regards to the replication cycle of HCV, it is thought to most closely

mimic that of BVDV (ohba et al., 1996; Meyers and Thiel, 1gg6; Muerhoff et al.,

1995) and therefore, BVDV continues to serve as a model for HCV studies.

Clinical

Initial infection with HCV often goes undiagnosed due to the absence of major

observable symptoms during the acute phase of infection. ln patients exhibiting a

detectable phenotype, the presentation is often non-specifíc and includes general

malaise, nausea and jaundice (MaheshwarÍ et al., 2008). ln very rare instances,

acute HCV infection has been associated with fulminant hepatitis (Farci et al.,

1996; Katoet al'.,2001; Gordon etal., 1995). ln a large proportion of cases, the

virus persists at low levels in the liver and establishes a chronic infection which,

over the course of decades, often results in hepatitis (liver inflammation), and in

some cases fibrosis and hepatocellular carcinoma (Hoofnagle,2002).

Although HCV replication occurs predominantly in the líver, persistent infection is

associated with a number of extrahepatic diseases (Mayo, 2003) including acute

cryoglobulinemia (Munoz-Fernandez et al., 1994), renal complications (Johnson

et al., 1994), neuropathy (Authier et al., 2003; Morgello, 200þ seifert et al., 2008)



and diabetes (Masarone et al., 2007; Mason and Nair, 2003). The extrahepatic

manifestations can in part be explained due to liver associated changes,

however, there is compeling evidence that HCV can replicate in non-hepatocyte

cells including peripheral blood mononuclear cells (Bare et al., 2005) and

epithelial cells (Deforges et a\.,2004).

HCV is primarily transmitted through direct blood contamination, often through

needle sharing between intravenous drug users and improper sterilization of

tattoo needles (Yen et al., 2003; Ko et al., 1992). Prior to the discovery of HCV, a

primary source of infections was the result of contaminated blood transfusions.

With the advent of sensitive and specific screening tools, this form of

transmission has essentially been eradicated in developed countries (Yen et al.,

2003).

Current treatment regimens involve combination therapy of pegylated interferon

alpha and the non-specific ribonucleoside antíviral Ribavirin (McHutchison and

Fried, 2003). Treatment is often plagued with substantial side effects including

nausea, malaise, influenza-like symptoms, anaemia and anorexia. There are

contraindications to treatment that include hypertension, severe depression, old

age and autoimmune disorders. Unfortunately, treatment efficiency is límited

such that less than 50% of patients treated respond to therapy, some of whom

subsequently develop chronic HCV Ínfection. lnterestingly, successful treatment



is often dictated by the genotype of the virus (Lauer and Walker, 2001; Bacon

and McHutchison, 2007; Cross et al., 200g).

There are currently six commonly recognized HCV genotypes (1-6) which are

further divided into subtypes (a, b, c, etc.), and quasi-species (1-1oo) (Simmonds

et al., 1993; Robertson et al., lgg8; simmonds et a1.,2005). of the 6

predominant HCV genotypes, specific quantitative and geographical distribution

exists. Genotypes 1a and 1b are highly prevalent and, along with genotypes 2

and 3 infections can be found worldwide. However types 1a and 1b are

predominantly found in North America and Eastern Europe, while genotype 3 is

endemic in Asia. Genotype 4 is localized within the Middle East, Egypt and

middle Africa whíle genotype 5 is centralized to Southern Africa. The remaining

genotypes are much less prevalent and can be found in Southern Asia (Nguyen

and Keeffe, 2005). Genotype t has been the least responsive to current

treatment regimens, while genotypes 2 and 3 have been the most successfully

treated to date (McHutchison and Fried, 2003).

Genome

HCV contaíns a single stranded monopartite positive polarity RNA genome of

approximately 9.6kb, that, when translated, produces a single polyprotein of

-3011 amino acids (Bartenschlager et al., 2004; penin et al., 2004; Lindenbach

and Rice, 2005; Moradpour et al., 2002; Appel et al., 2006). shown in figure 1 is

the full length genome that provídes the coding sequence of the viral polyprotein

and serves as a template for genome replication through a negative polarity RNA



Figure 1. Hepatitis c virus (Hcv) genome and polyprotein processing. (A)
HCV contains a single stranded 9.6kb RNA genome with positive polarity. The 5'
and 3' ends of the genome contain highly structured non-translated regions
(NTRS) which are necessary for genome replication and translation. The 5' NTR
forms the internal ribosome entry site (IRES) that recruits the required cellular
translation machinery in the absence of the 5' methylated cap present on most
cellular mRNA transcripts (B) Translation of the RNA genome produces a single
polyprotein of -3011 amino acids in length which is cleaved (see arrows) both co-
and post-translationally by cellular and viral proteases to produce at least 10
proteins. (C) At the amino terminus of the polyprotein are the structural proteins
(core-E1-E2) followed by the small ion channel p7 and the non-structural proteins
(NS2-NS3-NS4A-NS4B-NS5A-NS5B). ln addition to the above mentioned proteins,
a ribosomal shift to an alternate reading frame in the core coding sequence results
ín the production of the F protein.
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intermediate. At the 5 prime (5') and 3 prime (3') ends of the genome are highry

structured non-translated regions (NTR) that provide the necessary scaffolding to

recruit both viral and cellular proteins that drive genome translation and

replication. The 5' terminus contains an ínternal ribosome entry site (IRES). This

structure recruits cellular translation proteins and ribosomes allowing translation

of the viral polyprotein in the absence of cap-dependent mechanisms (wang et

al., 1993; Tsukiyama-Kohara et al., 1gg2). other viruses, for example the

Picornaviridae, have evotved similar mechanisms in order to override or augment

the cellular translational machinery whereby the virus inhibits cap-dependent

translation (necessary for most cellular transcripts) while maintaining the ability to

translate viral proteins (Fig. 1) (He et a1.,2001; Kou et al., 2006; whiflow et al.,

2006; Lyles, 2000). The 3' terminus of the genome contains a

polypyrimidine/polyuridine tract which likely plays a role in translatÍon termination

(Yi and Lemon, 2003b) and may also provide the necessary interactions between

the 5' and 3'ends to enable a more robust replication cycle whereby the genome

forms a circle, thereby allowing the replication complexes to remain associated

with the template and continue with subsequent rounds of replication (Friebe et

al., 2005). Both the s' and 3' NTRs are highry conserved between genotypes,

likely due to their critical roles in genome replication and translation (Fríebe et al.,

2001; Kolykhalov et at., 19g6; Kím et aI.,2002; Tanaka et al., 1g9s; Tanaka et

al., 1996; Yi and Lemon, 2003a; yi and Lemon, 2003b).



The viral polyprotein is both co- and post-translationally cleaved by the cellular

proteinases; signal peptidase (Hijikata et al., 19g3a; Hijikata et al., 1g93b) and

signal peptide peptidase (Mclauchlan et a'.,2002; okamoto et al., 2oo4) as well

as the NS2/N53 viral autoprotease and N53/44 viral serine protease

(Bartenschlager, lggg) to produce at least 10 unique viral proteins (Fig. 1)

(Shimotohno et at., 1995).

At the amino terminus, the first coded protein is known as core. ln its structural

capacity, core can self associate and form icosahedral particles that encapsidate

the viral genome to form the nucleocapsid structure (Lorenzo et al., 2001; Majeau

eta1.,2004; Blanchardetar.,2o0z; shimizuetar., 1996). rtisimportanttonote

that core is also implicated in attering many cellular processes (see section

"Virus-Host Cell lnteractions" below).

The two víral glycoproteins, E1 and E2 form heterodimers in ER membranes

(Cocquerel et al', 2002) and upon virus maturation are incorporated into the virus

particle, in conjunction with an envelope around the nucleocapsid. The virat

envelope is then composed of E1E2 heterodimers and a cellular lipid bilayer. E1

and E2 are in large part responsible for virus-cell receptor interaction and

subsequent entry of the virus into host cells, although details of this mechanism

are only now becoming known. lt is speculated that E2 serves as the primary

recognition molecule on the virions thereby interacting with a number of cellular

receptors and places E1 in close proximity to target cellular membranes, allowing



for E1 driven membrane-membrane fusion. Both glycoproteins demonstrate

membrane fusion properties (Garry and Dash, 2003; Takikawa et al., 2000;

Lavillette et al., 2007).

At the junction of the structural and non-structural proteins, lies a small protein

termed p7. lt is believed that p7 may also be a structural protein that acts as an

ion channel in much the same fashion as the M2 protein of influenza (Griffin et

al', 2003)' The presence of p7 is thought to maintain an inactive glycoprotein

complex during virus egress to ensure that assembled virus is released from cells

in an intact state. This limits virus un-coating within infected cells due to potential

membrane-membrane fusion of the virus envelope with membranous

compartments of the cell (steinmann et al., 2007; Moradpour et al., 2003). The

remaining six proteins encompass the non-structural (NS) proteins, termed NS2-

NS3-NS4A-NS4B-NS5A-NS5B. NS3-NS5B, are necessary and suffícient for

translation and replication of the virus genome in ceil culture models (Lohmann et

al., 1999).

Apart from the autocatalysis of NS2 from the polyprotein in concert with NS3;

little is known about the other potential roles of thís protein. lt has been implicated

in the inhibition of both cellular and viral promoters (Dumoulin et al., 2ooz),

inhibition of apoptosis via the liver specífic clDE-B pathway (Erdtmann et at.,

2003) and inducing cell cycle arrest (Yang et al., 2006). Furthermore, along with

p7, NS2 is necessary for proper virion formation (Jones et al., 200Ta). The

9



following protein, NS3 is a multifunctional protein. Not only does the N-termínal

portion of NS3 serve as a proteinase ín complex with NS2, but it also associates

with NS4A to cleave the remaining non-structural proteins from the polyprotein

(Bartenschlager et al., 1gg5; Hijikata et al., 1g93a; Hijikata et al., 1gg3b). The c_

terminal region of NS3 contains an ATP-dependent helicase which is capable of

unwinding highly ordered secondary structures (such as those found in the 5,and

3' NTRs) and is therefore thought to be involved ín unwinding the virat genome

for efficient replication (Bartenschlager, 199g). Due to the integral role NS3 plays

in the propagation of HCV, it has been a prime target of antiviral research. NS3

has also been shown to alter many cellular processes resulting in immune

modulation by inhibiting key immune signalling of the interferon inducible factor-3

(lRF3) and the retinoic-acid inducíble gene I (RrG-l) (Foy et al.,20os; Foy et al.,

2003)' NS3 has also been associated with cellular transformation, a process that

requires NS3 to be present in an active enzyme state (Zemel et al., 2oo1).Aside

from functioning as a cofactor and membrane tethering agent for NS3, the NS4A

protein has been shown to inhibit protein synthesis, at the level of transcription

and translation, acting in concert with NS4B (Kato et al., 2oo2).The inhibition of

translation may in part be due to the associatíon of NS4A with the elongation

initiation factor 1A (elF1A) (Kou et al., 2006).

The remaining downstream proteins are highly involved ín the formation of the

replication complex associated within a membranous web (Egger et ar., 2002;

Gosert et al', 2003)' The formation of membranous compartments containing the
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non-structural prote¡ns and viral genome appears to be predominately driven by

NS4B (Elazar et al', 2oo4). lt is speculated that the concentration and specific

localization of the necessary factors for genome reptication and protein

production ensures an effícient means to replicate virus. Furthermore, NS4B

contains a nucleotide binding motif (NBM) which has GTpase activity that is
required for efficient genome reprication (Einav et al., 2oo4). rt has arso been

implicated in celtular transformation due to an interactíon with Ha-Ras, both rn
vitro (Park et al., 2000) and in vivo (Einav et al., 2OOg).

NS5A, the penultimate non-structural protein has also been the focus of intense

study, yet despite many efforts, the exact role of this proteín in virus replication

and pathogenesis remains elusive. lt is likely that NSSA is a critical component of
the replication complex as there have been many documented cell culture

adaptive mutations which map to the NS5A coding sequence in tissue culture

(Blight et al., 2000). NSSA becomes hyper-phosphorylated (Kaneko et ar., 1gg4),

in what appears to be a replication versus translation dependent manner

(Neddermann et al., 1gg9; Kalliampakou et al., 200s; Evans et al., 2oo4)and the

modification is also critical for efficient virion formation due to its interaction with

core (Masaki et ar., 200g). NSSA arso contains what has been termed the

interferon sensitivity determining region (lsDR) (Enomoto et al., 1996) a site that
has been documented to be hypervariable. lt is thought the the hypervariability of
the lsDR may in part explain the differences in the success of antiviral therapies

between different genotypes. Unfortunately, the predictive value of the ISDR
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sequence for treatment response has

Pawlotsky et al., 1gg8; Enomoto et al.,

been controversial (Murphy et al., 2002;

1995; Enomoto et al., 1996).

The final cleavage product from the carboxy{erminus of the polyprotein produces

NS5B, the RNA-dependent RNA-porymerase (RdRp) which is the essentiar

enzyme that cataryzes the production of both (+) and (-) porarity copies of the

viral RNA genome (Lohmann et al., 2000). As with most other RdRps, these

enzymes are highly processive but lack 3' - 5' exonuclease activity and therefore

are prone to errors in copying (Lohmann et al., 2000). The increased error rate of

RdRps can result in the production of defective genomes. However, certain

mutatíons are not detrimental to the virus and may generate isolates with greater

fitness' The high mutation rates associated with RNA viruses drives the

generation of new quasispecies and genotypes of the virus, making the

development of cross-protecting vaccines and antivírals difficult.

A frameshift product within the core coding sequence was recenly discovered to

be expressed during viral infection (Boulant et at., 2l[3;Varaklioti et al., 2oo2).

Translation of the frameshift product initiates at the core start codon, however,

the ribosome-protein complex shifts to an alternate reading frame (core oRF +t¡

somewhere near the 11th codon to produce the F protein (F for frameshift, or

ARF, for alternate reading frame). The F protein has not been ascribed a role in

viral infection; however, it may serve as a decoy antigen to drive inappropriate

neutralizing antibody responses in infected individuals and may also be involved
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in the replication complex as it co-localizes wíth both core and NSSA (in co-

transfections) (Xu et al., 2003). Furthermore, there is strong evidence that the F

protein is produced during naturat infection as infected patient serum contains F-

specific antibodies (warewski et al., 2001; Xu et a1.,2001).

HCV Cell Culture

Until recently, the ability to robustly propagate HCV in tissue culture was not

possible and alternative strategies were devetoped in order to study both the

genome expression and replication in cells. The most predominanly used cell

culture models are the subgenomic and full length replicon systems primarity

developed in Dr. Ralf Bartenschlager's lab (Bartenschlager and Lohm ann,2001;

Bartenschlager et ar., 200J; pietschmann and Bartenschrager, 2003). rn this

system, the sequence encoding the NS3-NSSB (subgenomic) or core-NS5B (full

genomic) portion of the víral genome is cloned into an expression plasmid

downstream of a T7 promoter. A drug resistance gene (neomycin t141g) is atso

incorporated into the replicon coding sequence, upstream of the viral genome

providíng the ability to select for celts containing the replicon. The resulting

transcript encodes a bicistronic RNA that encompasses both the HCV 5, and 3,

NTRs, a drug resistance gene, the enchepalomyocarditis virus (EMcv) IRES and

a portion of the viral coding sequence (Fig. 2A). A representation of the

subgenomíc replicon used in this and other studies was developed by Lohmann

et al. in 1999 (Lohmann et al., 1999).
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Figure 2. Generation of stable HCV replicon cell lines. (A) The replicon
construct used in.this study was generated by Dr. V. Lohmann 

"n'd'LinOly 
provided

by Dr. charlie Rj99_(New york) (Lohmann, Korner, Koch, Herian, Theilmann, &
Bartenschlager, 1999). A portion of the HCVgenotype 1b sequence is present in
an expression vector containing aT7 promoter and drug resistånce marker. Vector
DNA was linearized and in vitro transcribed with T7 poiyrerase (B) Schematic ofthe bicistronic subgenomic HCV replicon used in in¡i study. fne HCV internal
ribosomeentry site (IRES) at the 5' end of the RNA construct is followed by a smaltportion of the core 99d!ng region and a neomycin phosphotransferase ll gene
(NPTll/NeoR¡. The HcV lREs recruits essentiai translation machinery to driveprotein expression of the NPTII gene. The encephalomyocarditis virus IRES
recruits the translation.machinery for the remaining iNn ."qr"n.à *n¡rn includes
the HCV non-structural proteins NS3-NS4A-NS4B--NS5A-Nd5B. The HCV 3' non-
translated region (NTR) is encoded by the remaining replicon ."qr"n.". (c) upon
replicon RNA transfection into permissive cells, three distinät outcomes arepossible' l) lf a cell does not receive a copy of the replicon RNA after transfection,
1!-91 lpon drug selection the cell will oie, il) if a cell receives a copy or ine replícon
RNA following transfection but the replicon does not repticate, then the cell will die
once drug selection is applied, or lll) the replicon RNA is translated and replicated
to sufficient levels allowing survival of the cell in the presence of drug. Upän drug
selection the cells will continue to grow and subsequ'ent clonal propaiation of the
cells will produce stable cell lines.
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once the RNA transcript is transfected into a permissive cell line, translation of

the first coding region is driven by the HcV IRES producing a drug resistance

marker used for selection of cells harbouring the replicon. The second open

reading frame is translated via the ECMV IRES and produces a polyprotein

encoding the NS3-NS5B region (or full genome) of the HCV víral polyprotein. The

subgenomic replicon construct contains all the necessary factors needed to

translate and autonomously replicate the RNA genome, thereby recapítulating

the molecular synthesis stages of the HCV life cycle (Fig. 2B).

Under drug selection, cell lines which continuously express high amounts of the

viral proteins and replicating genome can be established. ln the event that a ceil

is not successfully transfected with repticon RNA, or the replicon does not

replicate once in the cytoplasm of the cell, G418 selection will eliminate those

cells (Fig. 2C I and ll respectívely). However, when the replicon is both

translated and replicated in the transfected cells, drug selection does not interfere

with cell proliferation, thereby generatíng stable replicon cell línes (Fig. 2C lll).

For transient studies, the drug resistance marker has been replaced with more

rapid screening markers such as luciferase or green fluorescent protein (Guo et

al.,2001; Blight et al., 2000; Jones et al., 2oo7b). Furthermore, the NS5A coding

region contains a flexíble motif into which one of these markers can be inserted,

without having obvious detrímental effect on virus reptication in cell culture (Liu et

a1.,2006).
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Aside from containing the full complement of virus coding region, full length

replicons are in príncipal the same as the subgenomic replicons. However, it is of

interest to note that despite the robust production of virus proteins and genome

copies, no infectious virus is produced by cells containíng these replicons (Blight

et al., 2003; lkeda et ar., 2002; pietschmann et ar., 2002). rt wourd therefore

suggest that although the replication processes of the virus are recapitulated by

the replicon system there still remains a defect in some aspect of virus assembly

andlor release.

Not surprisingly, given the intimate relationship between the virus and host cell,

numerous adaptive mutations have been mapped in the repticon system. one
particular mutation that is highly conserved between replicons occurs at 522041,

within the NSSA coding region, a site known to undergo phosphorylation (Appel

et al', 2005; Evans et al., 2oo4). Other regions of adaptive mutations lie within the

NS3, NS4A and NS4B coding regions (Krieger et ar., 2001; Lohmann et ar.,

2001)' lnterestingly, the enhanced replication observed in tissue culture due to

these adaptive mutations is not typically paralleled in chimpanzees (Bukh et al.,

2002' Kaul et ar., 2007). This may in part be due to an enhanced ímmune

response in vivo when higher levels of víral genome and proteín are produced. tt

may also be due to the fact that in cell culture, adaptations are likely selected for

based on effÏcíent transcription and translation and not necessarily for other

aspects of the virus replication cycle including genome packaging and virus

release.
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Although mutations within the virat genome enhance replication, the cellular

environment also has an important role. A variety of cell lines and cell types have

been tested for their ability to support HCV genome replication and/or infection,

including HeLa and murine Hepa ceils (Zhu et ar., 2oo3b), 2g3T embryonic

kidney (Ali et ar., 2oo4), HepG2 (Date et ar., 2oo4), peripherar brood

mononucleocytes (pBMcs) and Raji B ceil rines (sung et ar., 2003). when
evaluating the efficiency of viral genome replication in these cell lines, typically

only 10 viral RNA copies/cell were detected, while 1000-5000 virat RNA

copies/cell are preferred. To date, only the human hepatoma líver cell line, Huh7,

has proven to be highly permissive to HCV replicon propagation and infection.

However it has been shown that only a subset of HuhT cells support the replicon
(-0'0005o/o), thereby implying that the state of the cell may be of importance to
HCV replication (Lohmann et ar., 2003; Nerson and rang, 2006). Furthermore, if
replicon permissive cetls are "cured" of the replicon by lFNo treatment, the cells

in turn support higher levets of HCV replicatíon when the replicon is reintroduced

although ít is still only 0.005% of transfected cells (this number increases to 30%

of transfected cells if the s22o4l mutation is included ín the viral RNA) (Blight et
al'' 2002)' The phenomenon tead to the production of various HuhT cell lines that

exhibit increased support for HCV replication incruding Lunet (Friebe et at.,

2001)' HuhT'S (Blíght et al., 2oo2) and HuhT.5.1 (Zhong et at., 2oos)ce' lines.

upon closer investigation of the Huh7.5 cells, it was shown that the cells have a
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deficiency in the RIG-f antiviral pathway which likely contributes to virus

replication efficiency (sumpter, Jr. et ar.,2005; Foy et ar., 2005).

The lack of ínfectious virus particle production with full length replicons limited

studies involving virus packaging and infectivity. This has now been remedied

following the discovery of an infectious genotype 2a virus (Kato et ar., 2001;

wakita et al.,20os). This new strain, termed JFH1, for Japanese furminant

hepatitis I is infectious in cell culture and in chimpanzee models and does not

appear to require adaptive mutations to efficienfly propagate in either model

system (Líndenbach et al., 2005; wakita et al., 2005; Zhong et al., 2005). ln

2005, electron micrographs of JFHI purified virus (referred to as HCVcc for cell

culture derived) were able to demonstrate the presence of spherical like particles

with an electron dense core, ín keeping with the speculated virion structure

(Wakita et at., 2005).

of course, with every advance there are caveats that must be considered during

studies, JFHl íncruded. previousry mentioned, the most predominant genotype of
HCV worldwíde is genotype 1, which arso happens to be highry non-responsive to

antiviral efforts, whíle genotype 2 ís typically more responsive to treatment

(Andriulli et al', 2008). Furthermore, HCV infection is typically associated with

liver complications such as liver cirrhosís, fibrosís and hepatocellular carcinoma,

largely due to the persistence of the virus and chronic infection of the liver. The

individual from which JFHI was isolated suffered from only an acute infection,
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and a rare complication of HCV infection, encephalitis (Kato et al., ZOOI).

Therefore, it is not surprising that JFHI behaves differenfly from the prototypical

genotypes with regards to cell culture propagation as it behaves differen¡y rn

vivo. Numerous groups have attempted to establish the specific regions within

JFHl which are responsible for its ability to propagate in tissue culture.

lnterestingly, the coding region spanning the core-NS2 can be replaced with

alternative genotype sequence and the resulting chimera still produces infectious

particles. However, the essential region must remain JFHI sequence from a

position termed C5 within the NS2 codíng region to the remaining 3' coding

region (Jones et al., 20ora; Kato et al., 20or; pietschmann et al., 2006).

Mutational analysis of the 3' region of JFHI has provided litfle insight into the

specific regions within JFHl that are responsible for successful propagation.

Essentially all of the regions appearto be important (Kaul et al., 2007; Sekine-

osajima et al., 2008; Murayama et al., 2007; Murray et at., 2007; shavinskaya et

a1.,2007; Yi et al., 2007).

HCV lifecycle

Despite the recent discovery of ex vivo HCV models that demonstrate robust

infection in cell lines, explicit details pertaining to the virus lifecycle remain

incompletely understood. lt is known that the main cellular targets of HCV are

hepatocytes, however, there is evidence that other cell types are targeted by

HcV, including B cells (Bare et al., 2005), peripheral blood mononuclear cells

(Bare et al., 200s), intestinal epithelial cells (Deforges et at., 2004), and r
lymphocytes (MacParland et al., 2006). ln order to gain entry ínto target cells,
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the virus E2 glycoproteín binds to a number of different cellular receptors

including the tetraspanin cDgl (wunschmann et al., 2000), human scavenger

protein I (sR-Bl) (scarselli et al., 2oo2), Dc-slGN/L-slGN (Lozach et at., 2003;

Pohlmann et al., 2003) and claudin-1 (Evans et al., 2oor) to name a few. cDgl

interaction is necessary but not sufficient for virus entry; and furthermore, cells

that co-express CD81, SR-Bl and claudin-1 are not necessarily permissive for

virus entry. lt is likely that additional cellular factors are required for virus entry

(Bartosch et al., 2O03)reviewed in (Bartosch and Cosset, 2006; Cocquerel et al.,

2006; Dubuisson et al., 2008).

Upon receptor recognition, the virus particle enters the cell via clathrin-dependent

endocytosis (codran et al., 2006; Blanchard et al., 2006) and therefore is

contained within an endosome (Meertens et al., 2006). Upon acidification

(Tscherne et al., 2006) of the endosome, and presumably E1 glycoprotein

mediated fusion (Garry and Dash, 2OO3) of the endosomal membranes, the viral

genome is released into the cytoplasm of the cell.

The genome ís then translated by cellular machinery and processed into the 10

prototypical viral proteins (shimotohno et al., 1gg5; Grakoui et al., 1gg3).

Ïranslation is known to occur on ER membranes, which results in the

incorporation of all of the viral proteins into the membrane (Moradpour et al.,

2003). The localization of the genome and viral proteins to the ER results in the

formation of what is termed a membranous web. Presumably, the concentration
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of the viral proteins to the membranous structures provides structural support for
the replication complex (Lyle et al., 2oo2) and enhances the efficiency of virus
propagation by facilitatíng the co-locatization of all necessary factors (schwartz et
al'' 2002) and most likely serves as the site of genome replication as well. lt
should be noted that upon viral translatíon, all of the viral proteins are expressed

on the cytoplasmic side of the ER with the exception of the two glycoproteins. lt is
speculated that E1 and E2 enter the cellutar retrograde transport pathway where

they undergo glycosylation (Grakoui et al., 1gg3) and form heterodimers that are
then incorporated into virions at the site of virus assembly (Lavie et al., 2007;
Deleersnyder et al., 1gg7). Finally, through unknown mechanisms, the core
protein oligomerizes to form particles which bind at least one copy of the positíve

polarity viral genome in positive polarity. The nucteocapsid is then enveloped by
cellular membranes containing E1E2 heterodimers (postulated to be late Golgi
endosome membranes) and subsequently reteased from the ceil (sandrin and

cosset, 2006: Gastaminza et ar., 200g; Andre et at., 20os).Despite evidence that

the F protein and p7 are also structural proteins critical to virus assembly and

therefore present in intact virions, there has not yet been definitive proof these
proteins are indeed incorporated (Murray et al., 2007;Jones et al., 20ora).

Virus-Host Cell interactions

The limited coding

heavily on host cell

presented herein.

capacity of HCV mandates that virus

machinery, the consequences of which

propagation relies

drive the research
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HCV encoded proteins are multifunctional. ln addition to the roles mentioned

previously with regard to virion formation and genome processing, all of the viral

proteins have also been shown to interact with a multitude of cellular proteins. Of

particular interest to our lab group are alteratíons that affect host cell-signallíng

pathways which are predominantly governed by the post-translational

modification, phosphorylation. Proteín phosphorylation is a transient modification

typical of serine, threonine and arginine amino acids and is regutated by protein

kinases and phosphatases. The initiation of signalling cascades by

phosphorylation often leads to alterations of gene transcription, cytoskeletal

remodelling, antiviral responses, cell cycle progression and differentíation and

therefore represents an attractive aspect of cell homeostasis that viruses can

manipulate.

Precedence exists for HCV having a role in altering cellular phosphorylation. For

example, the expression of HCV core has been shown to alter cell replication

both rn vitro and in vivo. Mechanisticarty, this phenomenon may in part be

explained by the ability of core to bind the signal transducer and actívator of

transcription 3 (srAT3), which results in the activation and phosphorylation of

STAT3' Phospho-STAT3 ultimately initiates an intracellular signal cascade that

increases the proliferation and anchorage-independent growth of core-expressing

N|H3T3 cells (Yoshida et al., 2002). Core has also been documented to inhibit

the phosphorylatíon of extracellular regulated-signal kinase 1 (ERK1) and

/.)



mitogen-activated ERK kinase (MEK) which results in the inhibition of tL-2

expression and subsequent abrogation of T-cell proliferation (yao et al., 2003;

Yao et al., 2001). The ability to inhibit T-cell proliferation by HCV could be a

significant determinant of HCV persistence, by suppressing a robust localized

immune response.

The glycoproteins, in particular 82, have also been shown to alter signal

cascades both intracellularly and extracellularly. As with core protein, E2 has

been associated with alterations in the phosphorytation status of mitogen-

activated protein kinases (MAPK) and ERK. Furthermore, the discovery of a
protein kinase R (PKR) - elF2 alpha (eukaryotic translation inítiatíon factor)

phosphorylation homology domain, termed pepHD (Taylor et al., lggg) lead to

extensive studies with regards to the ability of E2 to bind pKR and block the

induction of PKR through interferon alpha (lFNo) stimulatíon. The current

treatment regimen for HCV is a combination therapy based on Ribavirin and

lFNq. HCV genotypes 1a and 1b are particularily resistant to this treatment, and

the ability of E2 to bÍnd PKR and inhibit the lFNq treatment has been postulated

to be one such mechanísm of resistance. lnterestingly, there does not appear to

be any correlation with the sequence of the PepHD region and response to

treatment or disease progression for most genotypes, including 1a and 1b

(Boulestin et al., 2002; Bagaglio et al., 2005; watanabe et al., 2003; polyak et al.,

2000: cochrane et at., 2000; puig-Basagoiti et ar., 2001; sarrazin et ar., 2001;

Berg et al., 2000; Chayama et al., 2000).

24



Phosphorylation events associated with NS3 have demonstrated the ability to

block phosphorylation and thus activation of interferon responsive factor 3

(lRF3)' a key antiviral factor (Foy et al., 2003). NS3 can also inhibit the function

of cAMP-dependent protein kinase (pKA) (Borowski et al., 1gg7) and pKC

(Borowski et al., 1999b) thereby affecting chromatin remodelling and cellular

gene transcription. lt is likely that the complex interactions of HCV mediated

phosphorylation changes in the cell work in co-operation to maintain a

homeostatic environment amendable to virus propagation and persistence.

An are of most intense study with regards to viral induced phosphorylation

changes has been the phosphoprotein NSSA. Expression of NS5A leads to the

activation of p85 phosphatidylinositol-3-kinase (Pl3K) and subsequen¡y AKT

through phosphorylation (Street et al., 2004; Street et al., 2005). The actívation of

AKT by Pl3K signallíng cascades results in anti-apoptotic messaging that

ensures the cells' survival. NSSA can also activate the Src family member Fyn

kinase, while inhibiting other src-kínase members, Hck, Lck, and Lyn (Macdonald

et al', 2004)' A complex network of NSSA phosphorylation activation and

inhibition events seems to lead to the enhancement of viral persistence by

promoting cell survíval though p85 Pl3K events, inhibitíng the double stranded

RNA response mediated by pKR and srAT3 and blocking apoptosís.

Furthermore, cells that express NSSA have demonstrated transformed

phenotypes and can form solid tumours rn vivo (Gale, Jr. et al., lggg).
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As detailed above, numerous studies have ínvestigated the phosphorylation

status of specific cellular proteins and/or pathways in the context of single virus

protein expression, subgenomic/full length replicons and productive virus

infection. However, to date no study has addressed the global phosphorylation

changes in these settings. Therefore, the goat of this research project r.s fo

characterize the global phosphorylation changes of HuhT.5 liver ceils that

express HCV genes in the context of a suhgenomic replicon or infectious

HCV model system.

SECTION ll - Proteomics

Changes which occur in virus infected cells or in cells expressíng specifíc viral

genes have been assessed at both genomic and protein levels. Since the

sequencing of the human, and many other model organism genomes, microarray

technologies have been at the forefront of many genomic based studies including

studies involvíng HCV infection and liver disease. lnterestingly, there have been

very few mRNA abundance changes detected in either ex vivo systems such as

the replicon system (scholle et al., 2004; Abe et al., 2005; Aizaki et al., 2002;

Geiss et al., 2003; Hayashi et al., 2005; Zhu et al., 2003a), in vivo models of

infected chimpanzees (Bigger et al., 2001; Bigger et al., 2004; su et al., 2002)

and liver biopsies of infected humans (Smíth et at., 2OO3). Although limited

changes in the transcriptome were detected, a general change to immune

response genes (including LMP2, LMp7, serpín clade C, MHc class I and
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cystatin) were found to have increased expression in replicon cell lines compared

to naiVe cell lines. ln chimpanzee models, elevations in interferon stimulated

genes (including srATlq, srATlB, rRF7, oASl and RrG-r) were found to be

proportional to the level of viral load, persistence and clearance in infected

chimpanzee models (Bigger et al., 2oo1). lt bears mentioning that the samples

used in both the chimpanzee models and HCV-infected indíviduals represent liver

biopsies and therefore the presence of infiltrating immune cells and other non-

infected cells may contribute to the sample material analysed. ln ex yiyo studies

there has been a focus on studying the transcriptome changes that occur in

subgenomic replicon cell lines treated with lFNq. Surprisingly, the number of

altered genes was similar in naiVe cells and replicon cells (Zhu et al., 2003a;

Geiss et al., 2003). Furthermore, a study pertaining to the transcriptome changes

induced in cell lines harbouring full length replicons revealed that gene

expression changes were unique to each cell line and therefore not likely due to

the expression of HCV RNA (Scholle et al., 2OO4).

One important fact that must be addressed is that genomic changes often do not

correlate with changes in the protein levels and in part, results seen with cDNA

microarrays may not reflect what is happening at the protein level. This is not

surprising given the many levels of regulatíon from the point of gene transcription,

alternative splicing, recruitment of essential transcription and translation factors,

not to mention gene silencing mediated by small interfering RNAs (siRNA) and

microRNAs (miRNA), reviewed in (Tang, 200s). ln a variety of cell types (tung,
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liver and prostate) and species (homo sapiens, S. ce¡isiae) the concordance

between mRNA and protein abundances has been reported to be less than 50%

(Anderson and seilhamer, 1gg7; chen et al., 2002; Gygi et al., lgggb). Therefore

transcription changes can not always predict the functional changes within the

cell' Moreover, transcription data alone can not provide information about the

subcellular context or post-translational state of proteins. Therefore, proteomic

assessments of HCV infection can provide an important understanding of the

functional aspects intractable by a genomic approach.

There are numerous methods by which to investigate and compare the protein

content of two cell populations, but regardless of the method used, there is the

need to identify the proteins of interest and also quantify the changes in protein

abundance incurred. The most efficÍent means to identify proteins is mass

épectrometry; however, the cellular protein content is typically too complicated to

evaluate by direct injection of a complex sample. Therefore, separation of these

míxtures either by gel-based or chromatography-based methods are typically

performed prior to injection into a mass spectrometer.

There are two modes of proteín anarysis, top down and bottom up. rn a top down

approach, intact proteins are analysed at the level of intact protein, whíle bottom

up approaches rely on peptide information obtained from a mass spectrometer.

Although dramatic improvements are occurring at the level of MS-based top-

down experimentation, most current methodologies rely on digestion of proteins
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prior to identification (Fig. 3). Following digestion (Fig. 3A and B), peptides are

acidified and concentrated. Peptide samples enter the mass spectrometer

following their soft íonization by a high voltage source. The mass of each peptide

compared to its charge state (m/z) is determined by the mass spectrometer and

the indívidual peaks of ion intensity correlate to indivídual peptides. The

combination of a number of different peptides with know n mlz values can be

used to form a peptide mass fingerprint (PMF), that can be used in database

searching to determine the best protein candidate that matches the pMF pattern

(Fig' 3C). Alternatively, in order to obtain amino acid sequence information for a

peptide, individual peptides can be selected by the mass spectrometer to

undergo high-energy collision-induced dissociation which causes relatively

random breaks on the peptide backbone spanning the peptide, a process known

as tandem mass spectrometry (MS/MS). The separation distance between the

individual peaks corresponds to amino acid residues within the peptide. This

information is then used to generate the sequence order of amino acids in a
given peptide (Fig. 3D). Given the large amount of spectral information for each

MS experiment, software packages are available which select the peptides that

will be processed for subsequent data analysis. The selection of these peptides

is based on a variety of condítions includÍng, but not limited to the intensity of the

peptide compared to background signal and the presence of an appropriately

balanced isotopic series (principally based on C1land C13 isotopes). Both pMF

and MS/MS generated spectra are processed by search engines that contain

extensive databases of previously sequenced proteins or in siticogenerated
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Figure 3. schematic of protein identification by mass spectrometry. (A)Proteins of interest are cleaved into peptides by enzymatic digestion (depicted bydifferent coloured. rines in (B). The- commonry úsed enzyme, trypsin, creaves thepeptide bond on th.e carboxy side of arginine (n) or lysine (K) amino acids (with theexception of R/K that directly follow prolines¡. consLqu"nfly, each proteín can becleaved in silico to determine the sizes of all'possible peptiáe fragmànts based onthe enzyme used. to digest the protein. The iombinatibn of the päJt¡d" fragmentsfor any given protein. observed by a mass spectrometer can then be compared toavailable peptide databases and used to aésign an identification of the unknownprotein according to-the most likely candídatele"n in the o"t"o"* queried. Thepattern of peptides for each proteln is known as the peptide mass fingerprint. ltshould be mentioned that for each mass spectrometry run, not alt peptides injected
illo tne mass spectrometer will be observeo. rnis fh"nor"non is depicted in theMS trace shown in (c) which lacks the blue 

"nd 
or"nge cotoured peptides.Standard MS peptide traces are plotted accordíng-to thJion intensity of eachpeptide versus the mass/charge lm,tz¡ of each peptiãe. (D) ln order to ãotain actualamino acíd sequence of peptides, the mass spectrometei must select a peptide ofinterest (in the case presented here,. the second feptide, which is depicted inpurple)'.The peptide is broken randomly into smaller'peptides and individual amínoacíds via high energy collision inducéd dissocíation iclol. ngàir, the data ispresented according to the ion intensity versus the mlzior eacn päptiä" lndividualamino acid sequence can then be extiapolated from the difference mass betweeneach peak which will correspond to the known mlz of an amino acid with or withoutpost-translational mod ification.
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theoretical digests. one caveat is that protein and peptide sequence not curren¡y

available in public databases will not match to a given sequence and in this case

manual interrogation of MS and MS/MS spectra is essential.

Mass spectrometry-based quantitative proteomics

Although dependant on the mass spectrometer and software employed, mass

spectrometry-based methods are able to íncorporate protein identification and

protein quantification in the same workflow. As depicted in figure 4, there are two

main branches of non-gel based methods, label based and label free (ong and

Mann, 2005). Label-based methods rely on the incorporation of labels at either

the pre-extraction level through stable isotope labelling of amino acids in cell

culture (SILAC) (Ong et al., 2OO2) or at the post-extraction levet as with isotope

coded affínity tags (lcAT) (Gygi et al., 199ga) or with irraqrM (Ross et al., 2004;

chong et al., 2006; wiese et al., 2oor) and 160/180 heavy oxygen labelling.

Alternatively, gaining more interest are label free methods which are based on

the extraction of relative peptide levels based on either the number of peptides

seen for a given protein (emPAl) (lshihama et al., 2oo5), or alternatívely the

extracted ion current for each peptide (Andersen et al., 2003).

Gel-based quantitative proteomics

The gold standard for protein separation and relative quantification for the past

three decades has been two-dimensional etectrophoresis (2DE). 2DE takes

advantage of many characteristics of proteins and allows thousands of proteins
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Figure 4' Proteomic methods. (A) Protein extracts are typicalty separated intovarious fractions b.y 2D electrophoresis or chromatogr"pÏy 1sÉoijun¡. protein
identification is subsequenfly perfor-"! by ;;; spectrometry which provÍdespeptide (peptide mass fingerprint, PMF) 

"no 
ãÃlno acid sequence information(tandem mass specÏrometry, lusnlls¡. tel rhe¿ äre two main branches in orderto characterize protein abundance differences between experimental conditions,gel-based and mass spectrometry-based. Gel-based methods havà ielied heavilyon image morphíng to overlay 2D gels viiuãlizeo with various stains (i.e.coomassie Brue, sirver staining and bypro nuovl and use of ímage anarysissofh'vare to compare protein staining intensities Th; more recent advance of 2Ddifference-in-gel etectrophoresis (DlõE) enable. tn" 

"o-"lectrophoresís 
of multiplesamples thereby..enabting moie accurate spot mapping and comparisons.Moreover, the addition of ãn internal control on all replicate gets ailows users toperform statistical anatysis of protein abundance differences. euantitative massspectrometry based methods can be divided ínto at least two categoríes, label-freeand label-based methods. emPÁl quantification is based on the number of times apeptide is seen for each sample. The more abundant a protein is, the more often,more peptides will be seen. Alternatively, the extracted ion current can also beused to quantify how much protein is present in à sample. Label-based methodsare more comrnonly used and are based on the addition of quantífiable reagents tosamples' This can be achieved a three levets, tñst tissue culture cells can begrown in medium that contains heavy stable isotopes of lysine and/or arginineamino acids and compared to cells grown in nãimal medium (light isotopes)(sllAc)' The second method relíes 

91 
jf"_lgbe_tting ãr proreins witn iãoiope codedaffility tags with dífferent masses (lcAT). F¡""1ü; i"gs ot different masses can beadded to peptides at.the time of proteiñ ceaváge Ëit"l. tnrougÀ inãaooition ofwater that contains heavy ísotopes__of oxygen ït iooit¡on of"isobãric tags forrelative and absolute quantification (irRAo).ïr," á"Jor advantage of label-basedmethods is similar to the 2D-DIGE methãdotogy iuni"n altowõ-multiplexíng ofexperimental samples, thereby reducing inherent ãtanáaro errors.
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to be separated on a single high resolution gel. separation is based on protein

isoelectric point (pl) and molecular weíght. First, proteins are separated based on

their net charge (pl) using thin strip acrylamide gels containing a pH gradient.

Application of an electríc current causes proteins to migrate through the

immobilízed gel until they reach the point at which their net charge is zero (pl)

and therefore are no longer drawn towards either the anode or cathode

(o'Farrell, 1975). commercíally available immobilized pH gradients (lpGs)

originally described in 1982 (Bjellqvist et al., 1gB2), have shown excellent

reproducibility and resolving power in the 1st dimension. Moreover, the advent of

narrow range IPG strips (for example pH 5.0-5.6) have the ability to detect

changes in pl of 0.001 altowing for even more detailed ínvestigation of proteins

and their associated isoforms (Gorg et al., 2oo4). Following protein separatíon in

the first dimension, proteins are further separated based on their molecular

weight by SDS-PAGE.

Once proteins have been separated, they are detected by various methods

including staining (sitver, coomassie or fluorescent stains) or radioactivity (via

isotope incorporation). ln order to obtain statistical information on replicate

experiments, gel morphing software is used to match proteins from one gel to

another' Although these methods are used extensively, there are problems with

the limited dynamic range of some of the dyes typicaily used (sirver or

Coomassie); but more importantly, accurate gel-to-gel matching and protein spot
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boundary definitíon is difficult given inherent variations in running conditions and

software interpolation. A more recent advance in the quantitative 2DE

methodology is 2D difference-in-get-electrophoresis (2D DIGE) (Unlu et al.,

1997)' Two critical components of DIGE are, (i), the ability to co-electrophorese

up to three samples on the same gel thereby avoiding artefacts due to gel-to-gel

variation and (ii), the ability to include a loading standard (in place of the third

sample) that is representative of the entire sample being studied on all gel

replicates' This allows for very accurate spot mapping and quantification between

gel replicates. Figure 5 details the sequence of sample preparation, detection

and quantification for a typical 2D DIGE experiment. lt has been documented that

2D DIGE can detect O.5fmol of an average sized protein based on the fluorescent

properties of the cyanine derived protein rabers (cy2, cy3 and cy5). ln addition,

the large linear range of the CyDyes (1000-1o,ooo fold range) can accurately

detect protein differences of as little as +l- 15%. Because the CyDyes are both

charge and weight matched, samples that are labelled with any of the dyes will

co-resolve on gels thereby ensuring accurate spot mapping (Karp et al., 2004;

Shaw et al., 2009).

The ability to distinguish intact proteins from one another becomes especially

crucial when investigating post-translational modificatíons, such as the case with

the body of work presented here. Despite the rapidly íncreasing number of MS-

based proteomic methods, to date, there is no single method by whích to profile

protein isoforms, more specifícalty isoforms generated by post-translational
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Figure 5' 2D Difference-in-gel electrophoresis flowchart. protein samples arelabelled with spectrally distinct, mass- 
. 
and charge-matched fluorescent dyes.sample labelled with cy2 contains equal amounts ät 

"il 
pioi"in ."rnples used in2D-DIGE analysis and serves as an internat control. Experimentat samptes areeíther cy3 or cyS dye labelled and all three labelled proïein ,"rpi". are mixedtogether and co-electrophoresed by high resoluiion zo-pAGE. rtuoiescent proteínpatterns are visualized using an tmaging ptatform ãoupled with lasers (Typhoonlmager). Each channel can bé viewedlndäöenoenitrom tÀ" oinär';;';"" atso beoverlaid. Protein m.aps are imported. into'the_ DeCyder softw"r" fr.ù"ge whichdetermines the protein spot boundaries on all jJ.'*itnin 
"n ""p$ir"nt. 

proteín
abundances are determined based on the fluoiescent intensity of each spot andsubsequently normalized to the internal control (cy2 labelíeã õðãU volumeabundances across each experimental condition 

"i" ".""rsed and appropriatestatistical analysis.can be performed to determine it any protein abundances areconsistently altered. between experimental conditions. After analysis the proteins ofinterest are excised from gels and identified by mass spectrometry.
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modifications such as phosphorylation (phosphoproteomics) and degradation

specific functional changes of proteins (degradomics). lt is for these reasons that

the analysis performed in this thesis has utilized a gel-based approach to

characterize the phosphoproteome changes induced by HCV viral proteins and

replication.

Previous HCV proteomic studies

The large majority of studies previousty looking at changes in proteín levels in

HCV infection have focused on potential biomarkers of HCV disease, more

specifically, protein expression changes that demarcate transitions from primary

fibrosis and hepatocellular carcinoma. A common theme has evolved whereby

increases in the HSP70 family of chaperones and impairment of common

mitochondrial processes such as fatty acid oxidation and oxidative

phosphorytation are linked to disease progression (Takashima et al., 2003;

Yokoyama et al., 2004; Jacobs et al., 2005; Diamond et al., zoor). studies that

have investigated the celtular proteome changes due to the expressíon of single

HCV proteins or subgenomic/full length HCV replicons have been more limited.

one such study investigated the changes to the lipid raft proteome in cells

expressing full-length replicon genotype 1b HCV. Using comparative 2DE (silver

staining) and SILAC analysís, Mannova and colleagues (2006) isolated lipid rafts

from cells expressing the HCV 1b replicon or a cetl line expressing the selectable

marker, G418' They found increases in proteins responsible for vesicle transport

and protein trafficking including Rab GTPases, TER ATpase and translation
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proteíns hnRNP K and elF3. Two potential reasons for these observed changes

are; one, virus replication overwhelms the cell and thus the host cell deals with

the overabundance of exogenous protein by increasíng proteins involved ín these
pathways presumably to target the viral proteins for degradation, or two, the virus

enhances the cellular retrograde transport system for its own use. Although this

study used the repricon moder, which does not package and rerease progeny

virions' it does not preclude the possibility that the viral proteins subvert

trafficking mechanisms of the cell ín order to effícienfly release virions (Mannova

et al., 2006).

Another research group isolated detergent-resistant membrane fractíons which

have been reported to be the site of virus replication complexes (yi et al., 2006).

ln this study which utilized comparative 2DE (silver stained gels), the group found

an increase in protein abundance for 60 protein species and a decrease for 14

protein species in cells supporting subgenomic replicon propagation. lt should be

mentioned that although Yi and colleagues used large format 2DE analysis, the

comparison of mock and replicon cell lines was based on differences in silver
staining intensíties, a stain that has a limited dynamic range of -102. particular

focus in thís study was the ras-GTPase-activating protein binding protein 1

(G3BP1) which was shown to be important to efficient Hcv genome replication

as the authors showed that siRNA mediated ínhibition of G3Bp1 resutted in a
dramatic decrease in HCV repricatíon (yi et ar., 2006). Finarty, a more grobar

proteomic approach that used both coomassie and silver staining comparison of
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2DE from cells expressing the subgenomic replicon, found 17g differentially

expressed proteins. A number of ER-resident proteins were altered, including

stress-related proteins such as HSp70, HSp60 and GRpTg (Fang et ar., 2006).

Unfortunately, as with the study done by Yi and colleagues (2006) previously

mentioned, comparative analysis was based on silver staining intensitíes. To this

point, there have been no studies evaluatin the effects of JFH1.

The expression of HCV elements results in changes to host protein

phosphorylation. lt is highly likely that there are other phosphorylation

changes which have not been characterized to this point and using a global

quantitative proteomic analysis will reveal novel protein phosphorylation

changes. The subsequent sections of this thesis describe the foltowing:

Ghapter ill:

A Comparison of lmmobitized Metal- and Immunoaffinity-hased Methods for
Capturing the Global Phosphoproteome,' Evaluation of methods commonly

used for phosphoprotein capture.

Chapter lV:

Alterations to the host ceil phosphoproteome induced by a HCV

s u h ge no m i c rep I ico n : 2D -DIGE a na lysis of p h osphoprotei ns en riched from

parental HuhT '5 cell lines and two independentfy derived subgenomic replicon

cell lines.
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Ghapter V:

Phosphoproteome alterations to Huh7.5 celts infected with hepatitis C

virus: 2D-DIGE anarysis of phosphoproteins enriched from HCV- and mock_

infected cell lines.
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CHAPTER tt: MATERTALS AND METHODS

Please refer to Appendix I for detailed product information
Please refer to Appendix ll for detailed solution recipe information

Cell culture

Human hepatoma Huh7.5 cells (kindly provided by Dr. Charles Rice, Rockefeller

University, NY) were maintained in Dulbecco's modified Eagle,s medíum

supplemented with nonessential amino acids, 1Ou/ml penicillin + 1Oug/ml

streptomycin and 10o/o fetal calf serum. For cell lines containing HCV replicons or

the neomycin cassette, O.5mg/ml Geneticin@ (G418) was added to the medium.

All cell lines were maintained atJ7.C,5% COz

Phosphoprotein enrichment for IMAC and immunoaffinity capture

Cells were seeded 20-24 hours prior to harvest at 8 x 106 cells/1scm díshes.

Prior to lysis, cells were washed three times with HEpES buffered saline. Cells

were harvested with a rubber policeman either before lysis (IMAC, BD Clonetech)

or post lysis (immunoaffinity, eiagen). phosphoprotein enrichment was

performed in pairs using both antibody and lMAc affinity as per manufacturer,s

protocols. Briefly, for immunoaffinity purification, protein lysates were diluted to

0'1mg/ml and a total of 2.5mg was applied to the resin. Non-specific proteins

were washed from the column with 3x2ml phospholysis buffer and

phosphoproteins were eluted in 4x1mL fractíons. 2.Smg of undiluted protein

lysates were added to the IMAC resins and incubated while shaking at 4"C for

20min' Non-specific proteins were removed from the column by 4x4mLwashes
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with phospholysis buffer and phosphoproteins were collected in 4x1mL fractions

using phosphoprotein elution buffer. Purifícation pairs were performed on four

separate occasions (Fig. 6). After phosphoprotein purification, samples were

concentrated using Amicon ultracel columns (MW cut-off 3000Da).

Phosphoprotein enriched samples were desalted and concentrated using a 2D

clean-up Kit (GE Hearthcare) and resuspended in rysis buffer (7M urea, 2M

Thiourea, 4o/o cHAps, 30mM Tris, pH g.s). protein concentrations were

determined using the 2D Quant Kit and the pH of the sample was adjusted to be

within the range of B-g for optimar cyDye rabeiling by adding 1N NAOH when

necessary.

Phosphoprotein purifications performed for the subgenomic replicon (Fig. 7) and

HCV-infected (Fig. 9) cell lines were performed as above, but were performed

exclusively by immunoaffinity capture.

lmmunoblots

Clarífied cell lysates or phosphoprotein enriched samples were separated on

SDS-PAGE mini-gels (varying percentage acrylamide, 10o/o, 12o/o, 10_z0o/o

gradient gels, handcast and rnvitrogen NupAGE gers). Ail sampres were

concentrated using Amicon Ultracel cotumns (MW culoff 3000Da) and quantifíed

by Bradford Dye analysis or 2D euant. Equal protein loads (typically 0.5_

25¡tglwell) were used for each sample well unless otherwise specified. Western

blotting was performed using the iBlot dry transfer system (lnvitrogen).

Nitrocellulose membranes were btocked overnight at 4"C in blocking solution (S%
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Figure 6' Gompal:on of phosphoprotein enrichment techniques. cells wereseeded in 15cm dishes for-immóbifize.o ;f-t"i åä'iiii 
"rrror"tography 

(tMAc, BDclonetech) or immunoaffinity. (Qiagen) purificatiòn 
'y'+ 

horr" prior to cell harvest.Phosphoproteins y"Î putirieo o-y ln¡nc or immìnoaffinity according to themanufacturer's protocols.Phosphoprotein enriched såmptes were precipitated andconcentrated using the 2D crean up Kit rce HeãriÀqarp) and processed by 2D_DIGE as described in Fig. 5 The entire p.to.oilËt"d above was performed fourindependent times ano þhosphoprotein 
'samptes iror ln¡nc and'immunoamnitypurification were compared to'one another.
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carnation skim milk powder in TBS, 0.1%Tween 20) then incubated with primary

and secondary-HRP conjugated antibodies in the same solution. For

phosphoprotein lmmunoblots, a different blocking solution was employed which

contained 5% bovine serum albumin in ïBST. Chemiluminescent detection was

carried out using lmmobilon Western detection as recommended by the

manufacturer (Millipore).

Protein labelling with CyDye fluors

Phosphoprotein enriched samples were labelled with cy2, cy3, and cy5

following the protocols ín the Ettan DIGE System User Manual (1 g-111g-17

Edition AA, GE Healthcare). Briefly, 50ug of lysate was labelled with 400pmol of

dye' Labelling reactions were carried out for 30min followed by a 10min lysíne

quench (1uL of 10mM lysine). Samples were then mixed and reduced with

130mM DTT in an equal volume of 2X sampte/rehydration buffer for 1gmin and

then sample volume was increased to 450pL with 1X sample/rehydration buffer.

All reactions were carried out in the dark on ice. The labelled samples were then

used for 2D-DIGE analysis. The pooled standard contained an equal protein

amount from each sample in the dataset and served as an internal standard.

Tw o- d i m e n s i o n a I g e I e I e ctro pfioresr.s

Labelled proteins were separated on an lPGphor isoelectric focusing unit using

24cm pH 4-7 IPG strips in the dark using the following profile: 10hrs passive

rehydration,4hrs 300v, 0.skvh stepped to s00v, 1.0kvh gradient to 1000V,

13.5kvh gradient to 8000V, 4skvh stepped to g000v. prior to the second
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dimension run, IPG strips were reduced and alkylated in SDS equilibration buffer

(50mM Tris-HCl, pH 8.8, containing 6M urea, 30o/o vlv glycerol, 2o/o wlv sDS and

0'002% Mv bromophenol blue) for 15 min each ín 1%o wlv DTT followed by 2.s%

w/v lAA. Samples were electrophoresed on 26cm x 20cm x 1mm precast 10-20%

gradient Optigels (nextgensciences) using the Ettan Dalt 6 Electrophoresis

System (GE Healthcare). Gets were run in tl're dark at 10.C at constant power

(2Wlgel) overnight. ln the morning, the power was increased to lOOW and gels

were run for 20min following migration of the bromophenol blue dye front off the

gel bottom.

2DE image analysis and post-staining

The gels were imaged directly between low fluorescence glass plates on the

Typhoon 9400 variable mode ímager (GE Healthcare) with the following settings;

resolution 1OOmicrons, sensitivity 450-600V. The DIGE images were previewed

with lmageQuant software to ensure the absence of dye saturation. After image

acquisition, the gels were fixed overnight in a solution containing 40% methanol

and 10% acetic acid. Gels were then stored at 4"c until further

Finally, gels were subjected to mass-spectrometry compatible silver

described by Yan et a\.2000 (yan et al., 2000).

DeCyder analysis

DeCyder v.5'02 was used to analyze the DIGE images as described in the Ettan

DIGE User Manuat (GE Healthcare). DIGE images were cropped in lmageeuant

to remove gel boundaries and then each image underwent spot detection in the

processing.

staining as
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differential in-gel analysis (DlA) module without any restrictions set. For each gel

an average of 2000 spots were detected. Next, the matched gels from DIA were

exported to the biological variation analysis (BVA) module. The Student,s t-test

was performed to give statístical confidence of the analysis. only statistically

significant spots (p <0.0S) were evaluated further.

In-gel tryptic digestion

Proteins of interest identified in DeCyder analysis were manualty excised from

preparative Coomassie stained gels and sílver stained DIGE gels and transferred

to siliconized 1.5mL tubes (Díamed). Silver stained samples were destained with

a 1:1 ratio of 30mM potassium ferricyanide:100mM sodium thiosulfate as per

Gharahdaghi ef at. (Gharahdaghi et ar., 1gg9). Ger spots were rehydrated in

5ng/uL sequencing grade trypsín gold (Promega) in 50mM ammonium

bicarbonate and incubated overnight at 37"C. Digested peptides were extracted

with 0j% formic acidls}% acetonitrile and dried by vacuum centrifugation

without heat.

/l/ass spectrometry and database searching

Peptides were anaryzed by LC/MS/MS using nanofrow HpLc (Agirent 11oo)

system configured with a c16 pre corumn (Agirent) and a c16 anaryticar corumn,

The aqueous mobile phase (solution A) contain ed 5% acetonitrile and 0.1%

formíc acid, and the organic mobile phase (solution B) contained gg% acetonitrite

and 0' 1o/o formic acid' S¡rL of sample were loaded and washed on the pre column
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for Smin with solution A at 50pUmin, and then peptides were eluted off the pre

column and through the analytical column with a 125min gradient from 1 % to

40% solution B, Smin gradient from 40% to g5% solution B and a Smin rinse with

950/o at a flow rate if 250nUmin. Elutted peptides were injected via nanospray

source into a QStar XL eq-ToF (Applied Biosystems) coupled with a s0¡rm

inner-diameter, fused sirica needre with a 15¡rm tip (picoTip Emitter, New

Objective). lnformation-dependent data acquisition was used with a 1gsec cycle:

lsec interval for intact peptide signal (MS) and 3x3sec intervals for collision-

induced dissociation of the 3 most intense peptide signals in the initial lsec MS

scan (MS/MS). The MS m/z range was 350-1500, and the MS/MS m/z range was

70-2000- Collision energy was automatically determined by the data acquisition

software (Analyst QS 1.1). MS/MS data was acquired for the entire LC run.

Database searching was performed using Mascot (Matrixscience) on Swissprot

database version 55.6 with the following parameters: homo sapiens, unrestricted

molecular weights and pls, fixed modífication=carbamidomethylation and variable

modification=methionine oxidation. one missed trypsin cleavage was allowed.

Generation of stable subgenomic repticon cell lines

The HCV subgenomic replicon pHCVrepliconlb.BBT plasmid (a gift from Dr.

Charles Rice, Rockefetler University, NY) was línearized with Scal and purified

using QlAEXll resin (Qiagen). Plasmíd DNA was in vitro transcribed using T7

RNA polymerase (RiboMAX large scale RNA, Promega) followed by treatment

with 1Ul¡rg RNase-free DNase and purified using QlAEXll resin. Fíve micrograms
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of RNA was transfected into approximately 3 x 106 Huh z.s cells ín 1Ocm dishes

using TransMessengerrM transfection reagent and 24 hours post transfection

G418 selection was applied (1mg/ml). Two independent polyclonal cell lines

(Huh7.5 Rl and Huh7.5 Rll) were generated in this manner. Huh7.5 NeoR was

generated by transfection of 1pg pSV2Neo (BD Clonetech) with Effectene

transfection reagent (eiagen) foilowed by G41g selection (1mg/ml) (Fig. 2).

Phosphoproteins were enriched from Huh7.5, Huh7.5 Rl, Huh7.5 Rll and Huh7.5

NeoR cell lines as per Figs. 6 and 7.

HCV propagation

JFHI coding plasmid (a kind gift from Dr. T. Wakita, TllD, Japan) was linearized

with Xbal and purified usíng QIAEX ll resin. Linear DNA was treated with 5U/pg

KLENOW followed by in vitro transcription using TZ polymerase (T7 RiboMAX

express, Promega) as previously descríbed in Wakita et al. 2005 (Zhong et al.,

2005). ln vitro transcrípts were treated with 1Ul¡rg RNase-free DNase and

purified using RNease@ MinEluterM Cteanup kit (Qiagen). Ten micrograms of rn

vitro transcribed RNA was electroporated into Huh7.5 cells as per Lindenbach ef

al' 2005 (Lindenbach et al., 2005). tn brief, 6.0 x 106 cells were washed with ice-

cold PBS and mixed with 10¡rg HCV RNA and electroporated in 0.2cm gap

cuvettes for five pulses of gg¡.rsec at gz}v over 1.1 seconds on an EcM

electroporator (BTX). Following a 10min recovery, transfected cells were seeded

into T75 flasks with 20% FBS supplemented DMEM and cells were passaged for

three weeks' Culture supernatants were harvested and concentrated by addition

of 1l4th votume 4Oo/o P'E'G. 8000, followed by end-over-end incubation overnight

5l



Figure 7 - Alterations to the ceilura.r phosphoproteome induced by theexpression of a HcV subgenomic replicón. Two ctntrol cells rinãs 1Hun7.5 andHuhT'5 NeoR) wep compared to two independenily derived Hct lubgenomicreplicon cell lines (Huh7.5 Rl and Huh7.5 ni¡i. 
-Hrir7.5 

celts are a derivative ofhuman hepatocyte Huh7.0 cells that are highly permissive to HCV infections andreplicon propagation. Huh7.5 NeoR cellJ "i" Hunz.s cells that were stablytransfected with a neomycin p_hosphotransferar" g"ná. Huh7.s Rl and Rll cell lineswere generated by selection for the HCV subgenómic replicon 
", 

p"i Fig. 2. Eachcell line was seeded in 15cm plates 24 ho_uis prior-to harvest. phosphoproteins
were enriched for by phospho-immunoaffinity chromatography (eíagen). Thepurification of phosphoproteins was performed thr"" times ¡ñoËpríno*tìy and thenall samples were processed by ZO_OlGf anatysii. 

- - -
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at 4'c and precipitation by centrifugation at B000xg for 1Smin, as per

(Lindenbach et al., 2005) to create virus stocks. Virus stocks were passaged S

times to obtain a high titre stock ranging between 1 and 4 x 106 focus forming

units/mL (ffulmL) determined by indirect immunofluorescence (Fig. g).

Phosphoproteins were enriched from mock- and HCV-infected Huh7.5 cells as

per Figs. 6 and 9.

Virus titre and indirect immunofluorescence

Huh7.5 cells were seeded in 96 well tissue culture plates at 1x 103 cells per

well. Four hours post seeding, cells were infected with 100p1 dilutions of virus

stocks (in serum free culture medium) and incubated for thr at37"C, So/o COz.

Virus inoculums were replaced with fresh culture medium containing 10% FBS

and infection proceeded for four days. After cutture medium was removed, cells

were washed twice with PBS and then fixed with ice-cold methanol at -20'C for

20min. Cells were permeabilized and blocked for thr (in IFA blocking solution),

followed by primary antibody (anti-NS5A 9E10) incubation overnight at 4'C as

per Lindenbach ef a\.2005 (Lindenbach et al., 2005). Cells were then incubated

with secondary anti-mouse antibody conjugated with Alexa fluor 488 for t hr and

then nuclei were counterstained with DAPI. Cells were imaged on an AxioVert

200M microscope (Zeiss) coupled with the AxioCamMRc camera (Zeiss). lmages

were processed using AxioVision software version 4.5 (Zeiss). The highest

dilutíon of virus stock which contained between one and ten infection foci per field

of view at 100X magnification was used to determine virus. A similar protocol was
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Figure 8. Transfection and propagation of hepatitis C virus, strain JFHI
(genotype 2al. The oDNA of the JFHI strain of HCV was cloned into an
expression vector containing a T7 promoter and drug selection marker. The JFHI
plasmid was produced and provided by the wakita lab (Japan) (wakita,
Pietschmann, Kato, Date, Miyamoto, zhao, Murthy, Habermann, Krausslich,
Mizokami, Bartenschlager, & Liang, 2005). (A) Purified vector DNA was linearized
and in vitro transcribed with T7 polymerase. (B) HCV RNA was transfected into
permissive cells by electroporation. (C) Cells transfected with HCV RNA were
expanded for approximately 4 weeks. (D) Supernatant from transfected ceils was
collected and virus precipitated and concentrated by centrifugation with
polyethalene glycol. (E) Naïve cells were incubated with concentrated virus
containing supernatant and passaged for 4-5 days and supernatants collected and
concentrated as before. S^teps D-E were repeated five times in order to acquire
high titre virus stocks (-10Þ focus forming units/ml based on indirect virus specific
immunofluoresence).
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Figure L Alterations to the cellula.r phosphoproteome induced by Hcvinfection. Cells were seeded in 15cm plates 24'houis prior to incubation with HCV
(multiplicity of infection -1) or mock purified supernatant. Four days posifiiä.ti"r,
cells were divided in half and then harvest for phosphoproteiÁ purification byimmunoaffinity ctrromatogfaphy the following' day. The juiitication ofphosphoproteins from mock- and HCV-infected cells was perfo;ñ¡ on three
separate occasions and then all samples were simultaneorsly processed by 2D-
DIGE analysis.
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followed to assess the extent of infection in Chapter V with the exception that

infected cells were seeded in 6 well tissue culture plates at 3 x 105 cells per well

and the infection was halted one day post seeding (which corresponded to 5

days post infection).

HCV infection

3 x 108 Huh7.5 cellswere plated in 1Scm culture dishes and infected with JFHl

at a multiplicity of infection (m.o.i.) of 1 or mock infected with naiVe cell

supernatant that was precipitated in the same manner as virus stocks

(performed in triplicate). Four days post infection; cells were splít into two dishes

and then harvested at five days post infection and phosphoproteins were

immunoaffinity purified as detailed above (Fig. 6).

Additional materíals and methods to each chapter are provided in their

corresponding sections.
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CHAPTER lll: A Gomparison of lmmobilized Metal- and lmmunoaffinity-
based Methods for Gapturing the Global phosphoproteome

Abstract

Phosphorylation plays a critical role in most biologícal functions; however, it

remains difficult to study given the potentially transient nature of the modification

as well as the low abundance phosphorylated proteins represent in the cell. The

aím of this work was to characterize two commonly used phosphoprotein

purification methods, immobilized metal affinity chromatography (IMAC) and

immunoaffinity, employing 2D-DIGE technologies in order to make direct

comparisons of the two techniques. Phosphoproteins were purified from human

liver cell line lysates and the proteome profiles were compared using DeCyder

analysis. On average, 923 protein spots were consistently observed between

both methods, of which 31 proteins differed in their retative abundance by at least

3'5 fold between IMAC and ímmunoaffìnity purifications. Twenty-eight of the

differentially purified proteins were subsequently identified by LC-MS/MS.

Multiple proteins from the heterogeneous nuclear ribonucleoprotein and T-

complex protein families were purified to high tevels by IMAC but were virtually

undetectable following immunoaffinity purification. Furthermore, a marker for non-

phosphorylated protein was also purified by IMAC but not immunoaffinity.

Although the phosphoproteomes purified by both methods were very similar, use

of either purification technique must be dictated by the ability of the technology to

capture phospho-species relevant to the study at hand.
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Introduction

Phosphorylation is a critical post-translational modification used by eukaryotic

cells to regulate many processes including cell cycle progression, signal

transduction, transcription, cytoskeletal rearrangement, apoptosis, differentiatíon,

movement and immune function (Raggiaschi et al., 200s). Although

phosphorylation is a highly dynamic process due to the opposing actions of

protein kinases and phosphatases, it is estimated that at any given time, at least

10% of the proteome is phosphorylated on serine (S), threonine (T) and tyrosine

(Y) residues at a ratío of 1000:100:1 (Hunter, 1gg8). Given the extensive function

phosphorylation plays in cell homeostasis, it is not surprising that its deregulation

has been implicated in many human diseases including cancer (Clarke, 2003;

Emaduddin et al., 20og), neurodegenerative disorders (Geschwind, 2003) and

infectíous agent pathogenesis (Jakubiec and Jupin, 2OO7; McDowell and Sacks,

1999; schulze zur et ar., 2003; Deutscher and saíer, Jr., 2005).

Traditionally, phosphoproteins have been detected using phospho-specific

antibodies, stains (ProQ Diamond) or by labelling cells with y32p. While these

techniques are relatively specific and sensitive they can suffer deficiencies when

investigating the global phosphoproteome. Although increasing rapidly, the

number of phospho-antíbodies ís íncomplete and, while proe Diamond staining

may be able to detect phosphoproteins regardless of sequence content, a certain

degree of non-specificity exists (Gorg et af., 2004; stasyk et ar., 2005). Labeiling

with y32P, which is both extremely sensitive and specific but requires specíal
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containment and disposal facilities and, at least for global proteomic analysis,

typically requires in vivo labelling. ln addition to these problems, subsequent

protein identification of phosphoproteins from a complex mixture which is

predominantly composed of non-phosphorylated proteins is a daunting task. The

identification of phosphorylation sites by tandem mass spectrometry (MS/MS)

has aided in addressing many of the issues mentioned above (Beausoleil et al.,

2004: Beausoleil et al., 2006; Molina et al., 20or; olsen et al., 2006). However,

given the peptíde centric nature of MS/MS analysis, information pertaining to

differences in protein isoforms due to multi-site phosphorylation or to

phosphorylation in combination with other post translational modifications at

different sites in the protein, is typically lost.

Regardless of the detection method used, the separation of phosphorylated

species from non-phosphorylated species is warranted in order to increase the

sensitivity and specificity of phosphoprotein studies. To this end, different

purification techniques have been developed to assist in global phosphoprotein

capture based on chemical (metal affinity and strong anion exchange

chromatography) or biologicar (antibody) principles. Anion exchange or

immobilized iron (Fe3+), nickel (Ní2+¡ or titanium (Ti2+) resins selectively enrich

for protein or peptide species containing a negative charge. Although simple to

implement, the potential lack of specificity towards phosphorylated proteins

remains a concern. ln contrast, phospho-specific antíbodies may be more

specific for phosphoprotein enrichment, although, only the phospho-tyrosine (py)
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proteome has been successfully enriched for by using a single antibody capable

of global capture (Yeung et al., lgg8). To date, no single phospho-serine (ps) or

phospho-threonine (pT) antibody has been developed. This is predominanly due

to the weak antigenicity of serine and threonine resídues and therefore

surrounding amino acid motifs are required to obtain stronger antigen-antibody

interaction (Kaufmann et al., 2001). Because of this, phosphoproteome

enrichment performed by immunoaffinity requires a mixture of antibodies, each

capable of recognizing several sequence motifs.

Although reports have been published usíng either antibody or metal-affinity for

global phosphoproteome capture, there has to date been no comparison of the

two techniques with respect to their sensitivity, specificity and bias towards the

subsets of proteins that are captured. ln this study, the phosphoproteome of

human liver cell extracts was compared following enrichment by two different

capture methods: antibody or immobilized metal affinity chromatography (IMAC).

Purified proteins were differentially labelled wÍth CyDyes in order to direc¡y

compare the captured proteins by 2D DIGE (unlu et al., 1gg7; Karp et a1.,2004).

Despite the different physiochemical properties of both resins, the two methods

captured 95o/o of the same proteins both qualitatively and quantitatively. Thírty-

one proteins were differentially captured by the two resins (tg.s fold difference),

27 of which were consístently in greater abundance followíng IMAC purification.

Subsequent identification by mass spectrometry did not reveal any particular

sequence attribute that could impart the observed differential specificity.
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Treatment of the captured proteins with lambda phosphatase indicated that most

of the proteins captured by either method were in fact phosphoproteins.

However, for at least one of the proteins preferentially captured by IMAC, we

were unable to detect phosphorylation consistent with current literature and this

may represent inappropriate capture of a non-phosphorylated protein.

Additional Methods

DeCyder Analysis

Proteins that were detected on at least 3/4 gel replicates and differed in

abundance (volume ratio >3.50 fold) between antibody and IMAC purifications

based on the difference-in-gel analysis software module (DlA) were excised for

identification by mass spectrometry.

Mass spectrometry

The SwissProt database version 55.4 was queried for proteín identifÍcations.

lmmunoblots

Clarified cell lysates used for phosphoprotein purification (total cell lysate and

phospho-enriched samples) were separated on 10o/o NuPAGE Bis-Tris minigels

(lnvítrogen). Equal amounts of immunoaffinity- or |MAC-purified proteín were

loaded into each well unless othen¡vise noted (typically 0.5ug of protein was

loaded per lane for starting lysate samples and Sug of protein was loaded per

lane for phosphoprotein enriched sampres). The primary AKT (ser/Thr) Akt
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Substrate antibody was diluted in 5o/o BSA/TBS, 0.1% Tween 20 and all other

antibodies were diluted in blocking solution (5% skim mill</TBS, 0.1% Tween 20).

Resu/fs

Due to the critical role phosphorylation plays in most areas of cell biology,

methods to enrich for phosphorylated proteins that are both sensitive and specific

are extremely important regardless of whether top-down or bottom-up

approaches are ultimately used. Although many procedures exist for capturing

and validating phosphorylated proteins, the majority of these are performed at the

peptide level using MS and MS/MS. Nevertheless, when working with digested

samples, information pertaining to proteín isoforms is lost and therefore

approaches which maintain proteins ín an íntact state are highly desirable. At a

global level, it is not clear which method of enrichment would ensure high yield

while still maintaining specificity. Of the two commonly used methodologies,

chemical and antibody-based, I hypothesized that phospho-S/T/y antibody-based

resins would provide the highest specificity for phosphoproteín capture but would

have lower global capture potential due to the requirements for additional amino

acid residues in the context of antibody binding. ln contrast, IMAC has capture

specificity for the negative charge associated with phosphate groups, and

therefore has a greater likelihood to bind a more diverse group of

phosphoproteins but with potentially less specificity as other net negatively

charged elements may also be bound including híghly acidic proteins. The

availability of commercially produced kits; IMAC- (BD Clontech) and Ab-based
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(Qiagen) simplifies the process of phosphoprotein enrichment allowing for a
consistent comparison of the two techniques. Both methodologies were

evaluated for their sensitivity and specificity in this article.

I mm u noaffin ity captu re and immobi I ized metat affin ity ch romatog ra phyenrich for phosphorylated proteins

ln order to determine the efficiency and specificity of the two phosphoprotein

capture methods human hepatoma cells (Huh7.5) were grown to sub-confluent

monolayers (-75%) and proteins were extracted according to the manufacturers,

recommended protocols. Both methods enriched for approximately the same

amount of protein, representing g.14% (+l_ 1.35%) of total input protein from the

IMAC resins and 8.24% (+t- 0.56%) from the immunoaffinity resins.

Starting lysates, column flow-through and purified fractions were evaluated by

Western blot analysis with antibodies specific to phosphorylated substrates of the

cell signalling molecule Akt or Hsp60. Akt is known to phosphorylate a number of

different cellular targets (Manning and Cantley,200z) and serves as a control for

phosphoprotein enrichment. ln contrast, while some evidence suggests Hsp60

can be phosphorylated at s70 (Beausoleil et al., 2006) and y227(Rush et al.,

2005), it is considered a rare event and at best tissue specific and therefore

serves as a markerfor non-phosphorylated protein (Khan et al., lggg). Starting

lysates or column flow-through from either immunoaffiníty or lMAc methods

detected little, if any phospho-Akt substrates (Fig. 10A, lanes 1, 2, 4, s).
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Figure 10. Detectio_n of phosphoryrated and non-phosphoryrated proteinsfollowing immunoaffinity or lMAc enrichment. Hurrz.s human liver cell extractswere processed by either immunoaffíniÇ-.(lanes 1-3) or IMAC- (lanes 4-6) basedchromatography and fractions corresponoing to lysáte (lanes 1,4), flowthrough
(l3nes 2,5) and elution (lanes 3,6) were r-uo¡""í"J to sDS-pAGE and westernblotting' Blots were probed with either (A) anti-pnospno- (sernr¡i) nli substratesas a marker of phosphoryrated proteins or (Bj anti-Hsp6'0 as 

"'rãrk", of non_phosphorylated proteins.
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However, both procedures significantly enriched for phosphoproteins as

demonstrated in the elution fractions (Fig. 10A, lanes 3 and 6). Although both

procedures demonstrated enrichment, the phosphoproteins detected and their

relative abundances differed between the two techniques. For example, proteins

within the molecular weight range of 40-80kDa were purified by both methods,

albeit to different extents. Phosphorylated substrates that migrated at B0 and

70kDa species in the eluted fractions (Fig. 104, lanes 3 and G) were present at

different ratios in the two methods (i.e. the 80kDa species was present in greater

quantity compared to the 70kDa species in the immunoaffinity purified samples

but were at a more equal ratio when purified by IMAC). Furthermore, one protein

species at -30kDa was only detected in the immunoaffinity enriched sample.

This demonstrates that differences in either the initial lysis or capture for certain

phosphoproteins exist depending on the procedure used for enrichment.

To evaluate the specificity of the two resins for capturing only phosphorylated

proteins, the amount of Hsp60 was monitored. ln both the starting lysate material

and flow-through, detectable levels of Hsp60 were present irrespective of the

technique used (Fig. 108 lanes 1,2,4,5). Hsp60 was not detected in the

enriched fraction from immunoaffinity capture but was present in the IMAC eluted

fraction (Fig. 108, compare lanes 3 and 6) raísing the possibility that non-

phosphorylated proteins are captured by IMAC. This result was not surprising

given the well documented fact that metal based afliníty resins interact not only

wíth the net negative charge on phosphate groups but also with proteins rich in
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acidic amino acids (Dubrovska and Souchelnytskyi, 2005; Collins et al., 2005)

thereby allowing for greater capture of highly acidic proteins. lnterestingly, Hsp60

is not highly acidic (-14% D/E amino acid content) and does not contain obvious

clusters of acidic residues. Although based on only a single protein species,

Hsp60, this data suggests that the antibody-based methodology may be more

specific for phosphoprotein capture.

lmmunoaffinity and IMAC purification methods differ both in their

quantitative and qualitative phosphoprotein capture

The results described above demonstrated that antibody and IMAC based

phospho-enrichment methods differed in their relative and specific ability to

capture certain phosphoproteins. However, Western blot analysis of Akt

phosphorylated substrates constitutes only a very small porlion of potential

phosphoproteins in a cell as this antibody only detects phosphorylated residues

in the context of R/K-X-R/K-X-X-SÆ (where X equals any amino acid). ln order to

perform a more global analysis of the cellular phosphoproteins purified, the

proteins from both enrichment methods were subjected to 2D-DlGE. A major

advantage of the 2D-DIGE technology is the ability to multiplex samples on a

single gel thereby making direct comparisons between the proteins captured by

the two methods very precise. To address issues of inherent biological variation

of the phosphoprotein content of cells, proteins were purified by both techniques

in parallel from cells plated and harvested on four separate occasions. Proteins
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that were purified from the same batch of cells were co-electrophoresed on single

gels. Furthermore, dye swapping was employed in order to account for any

differential dye labelling.

Figure 11 depicts a representative gel from the multiplexed 2D-DIGE

experiments. On average 923 protein spots +l- 209 (based on co-detection of

both fluorescent channels) were detected on the 2D gels (IMAC average spot

number 973 +l- 121, immunoaffinity average spot number 920 +l- 291 under

individual channel analysis) with virtually the same protein pattern present

irrespective of enrichment procedure for any of the four gel sets. Qualitatively, the

spot patterns generated from IMAC (Fig. 114) and immunoaffinity-based (Fig.

118) purifications were highly concordant in the pl range 4-7 and MW range of

'15-150 kDa.

ln order to assess the quantitative amounts, the relative abundance of all

detected proteins for each gel set was determined using the DIA analysis

software package in DeCyder. Proteins exhibiting an average spot volume ratio

between replicate gels differing by more than 3.5 fold and present on at least

three of the four gels were selected for further investigation. A total of 31 protein

spots passed the selection criteria, 27 of which were present in higher

abundance in the IMAC purifications (average fold ratio ranging from 6.2 to

38.7), while the remaining four protein spots were elevated in the immunoaffinity

fraction (average fold ratio ranging from 3.7 to 5.5). To ensure that the identified
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Figure 11.2D DIGE pattgl-ng of phosphoprotein enriched extracts from (A)
IMAC or (B) immunoaffinity methodologies. Each spot map represents
individual channels from of the same gel. Protein spots with labels were
consistently increased þ3.5 fold change) in their respective gels when compared
to the alternate purification method. Molecular weights anã the pl range are
indicated.
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changes consistently represented the differential capture affinities of both resins,

samples were enriched for on four separate occasions. Volume abundances for

all of the differentially purified proteins are plotted in Fig. 12 according to the data

set and respective dye-labelling scheme. This figure demonstrates the absence

of any inherent bias for any one of the biological replicates. Furthermore, CyDye

labelling can not account for any labelling bias as IMAC proteín samples labelled

with Cy5 (sample sets one and three) do not show any consistenly biased

abundance ratios when compared to replicates labelled with Cy3 (sets two and

four).

lnterestingly, a more careful analysis of the DeCyder three dimensional spot

volume maps suggested that several of the proteins captured more efficienly by

IMAC compared with immunoaffinity were essentially absent from the

immunoaffinity purified proteins (spots 6, 7 , g, 11, 1s, 19, 21, 23, zs, 26 and 2g

were undetectable in immunoaffinity purified samples), while many others which

were present in both purification methods were barely detectable. tn certain

cases where protein spots were negligible, the detected spot intensities across

replÍcates had large standard deviations. The targe variation ín volume

abundances of a single protein over muttiple samples was attributed to the poor

signal-to-noise resolutíon of low abundance proteins that ultimately resulted in

inaccurate assignment of protein volumes (spots 13 and 20). As shown in figure

l3A, the three dimensional representatíon of spot 17 exhibits a farger peak in the

immunoaffinity compared to the IMAC purified sample, while spots 6, 15, (Fig.
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Figure 12. Protein spot volume ratio (lMAc/immunoaffinity) determined from2D DIGE analysis. Phosphoprotein enriched lMAc or ¡mmúnoaffinity samplesfrom four replicate.. experiments (datasets one to four). lmmunoaffinity capturedproteins were labelled with Cy3 (dataset one and three) or with cvà tàataset twoand four). lMAc captured proteins were labelled with cys (dataset'onà ano three)or with Cy3 (dataset two and four).
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138), and spot 25 (Fig. 13C) were clearly absent from immunoaffinity

enrichments.

ldentification of proteins exhibiting the largest and most consistent differential

capture was performed by mass spectrometry. Of the 31 protein spots passÍng

the selection criteria, 28 were subsequently identified but due to spot co-

migration, the spots contained 34 distinct proteins (Table 1, seeAppendix lll for

detailed MS/MS information). All of the proteins that differed between the two

enrichment methods had wíde MW and pl range (in keeping with their migratíon

patterns on the gel, Fig. 11). Within the identified proteins, numerous spots

collectively belonged to two protein families. These included the heterogeneous

nuclearribonucleoproteins (Table 1, protein spots 5, 11,20, and 22) andthe T_

complex protein 1 subunit families (Table 1, protein spots 6-9, 1 3,29 and 31).

Of the 34 proteins listed in table 1, it has previously been shown that2l can exist

in a phosphorylated state (Beausoleil et al., 2004; Beausoleil et at., 2006; Molina

et al., 2007; olsen et al., 2006; Rush et al., 2005; Brill et al., 2oo4; Matsuoka et

al., 2007; Yu et al., 2oor; Marklund et al., 1gg3a; Labdon et al., 1gg2; salomon et

al., 2003; Tourriere et ar., 2001; Amanchy et al., 2005; Aboulaich et al., 2oo4)

(Table 1, last column). This does not however prove that the proteins seen for

this extract are in a phospho-state. Moreover, since IMAC enrichment may be

somewhat less specífÏc than immunoaffíníty for phosphorylated proteins, we

wondered whether the proteins seen by IMAC but not immunoaffinity purification
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Figure - 13. Topographical map of lMAc and immunoaffinity enrichedphosphoproteins.. A.selection of proteins purified differentialrv ovluÀ'c comparedto immunoaffinity is shown. Protein boundaries outlined in bláck'reprerent proteinspot regions that did not differ between the two purification metnoás 
-f:g.S 

fold).Proteins that consistently differed in capture 
"fii.i"n"y 

are denoted with theirassigned protein spot numbers.
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Table 1' Proteins differentially. captured by lMAc and immunoaffinity
ghogRhoprotein purification. ln tôtal, 28 protein épots with differential enrichment(ì3'5 fold difference and spot matched on at teast found on three òt four gels¡between immunoaffinity and lMAc capture were identified oy I-c-vrs7Ms. goto t"rÍrepresents the highest scoring protein based on Mascot prediction, a) averagevolume ratio from Decyder DIA (differelce in gel análysls) run in quadruplicate, b)number of times protein spot was identified u"-rsus number of gels run, c) Mascotscore, scores >28 arg significant (p<0.05), d) percent peptideîou"råj" for entireprotein sequence, e) number of unique'p"þiio" matchäs, ¡ refàreîces whichdocument phosphoryratíon evidence,.g) ar þ"þtio", ;;" ;ü;"; ñ;'öper proteindue .to sequence homology. Detailõ'of t'he' p"piiol. identifíed oy ivls¡lt¿s 

"r"provided in the Supplementáry Table l.
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truly represented phosphorylated species. For each of the proteins identified at

least one or more of the reported phosphopeptides were absent from our MS/MS

traces. This would be consistent, although certainly not definitive evidence given

our sequence coverage that these are phosphorylated proteins. However, in the

cases for GRP75, HCCI and HSP60 all reported phosphopeptides were clearly

present in our MS/MS analysis but were present in non-phosphorylated states.

For the Hsp60 peptides (GYISPYFINTSK and TVIIEQSWGSPK where bold

represents the phosphosite) the MS precursor mass and subsequent MS/MS

spectra show no evidence for phosphorylation at the threonine or serine residues

(Fis.1a).

Proteins captured by IMAG and immunoaffinity are predominately
phosphoproteins

To address the issue of whether the differentially captured proteins, as well as

the entire protein profile examined was representative of phosphorylated

proteins, we took advantage of the multiplex nature of 2D-DIGE to compare

phospho-enriched proteins to a duplicate sample treated with lambda

phosphatase. De-phosphorylated proteins shift in pl towards the cathode after

the removal of the negatively charged phosphate moieties post lambda

phosphatase treatment. The shift in pl induced by phosphatase treatment of

phosphorylated proteins has been used previously to map phosphoproteins in rat

fibroblasts (Yamagata et al., 2002) and cortical neurons (Raggiaschi et al., 2006).

83



Figure 14. MS/MS analysis of IMAC enriched Hsp60. (A) MS/MS sequence
coverage of Hsp60 equalled 39% and is highlighted in grey. The MS/MS traces of
the two peptides previously reported to be phosphorylated for Hsp60 are shown in
(B) and (C). There is no evidence for phosphorylation at either of these sites.
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Figure 15 shows the results of the lambda phosphatase treatment of IMAC

phospho-enriched samples. An overlay of the sample images mock treated and

phosphatase treated, is depicted in figure 154. ln this image, red spots represent

sample incubated with lambda phosphatase that demonstrated a shift in

migration with respect to the mock treated sample depicted in green, while yellow

represents the overlap of the two colour channels. Figures 158 and C represent

individual CyDye channels corresponding to the phosphatase inhibitor treated

sample and the lambda phosphatase treated sample respectively. A clear

example of the shift in protein pl following phosphatase treatment Ís highlighted in

figure 154 (asterisk) where a mock treated protein (green) disappears following

phosphatase treatment but is replaced by a protein at a similar molecular weight

with more basic pl. Of the spots differentially captured by IMAC, clear shifts were

seen for spots 7 (TCP-1beta), 20 (hnRNP H) and 24 (TER ATPase). While there

was strong discordance between untreated and treated samples (green versus

red spots) supporting the hypothesis that most of the enriched proteins were

phosphorylated, there was also a significant amount of overlap between the

overlaid proteome maps (yellow channel). Explanations for this include: 1) the

protein is not ín a phosphorylated state, or 2) phoshorylated proteins once treated

with lambda phosphatase migrate to the same position on the gel as a protein in

the untreated group thereby creating an overlay pattern. All of the other proteins

fit into this category and with a notable case being Hsp60. We also performed the

same experiment wíth immunoaffinity purified samples (data not shown) and

here, clear shifts were also seen for spots 3 (605 acidic ribosomal protein P0)
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Figure 15. Lambda phosphatase treatment alters the migration pattern of
proteins in phosphoprotein enriched samples. (A) Overlay of lambda
phosphatase-and mock-treated IMAC samples. Green spots represent proteins not
treated with phosphatase, red spots represent samples treated with lambda
phosphatase, yellow spots denote proteins that did not change their migration
position post treatment (and represent possible non-phosphorylated proteins).
lndividual CyDye channels of mock{reated (B) and lambda phosphatase-treated
(G) samples illustrate the differential spot pattern of phosphoproteín enriched
samples pre- and post-phosphate removal.
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and 16 (calponin-3). Given the large number of proteins evaluated in this

experiment, it is inevitable that spot overlap for the second reason would occur.

Differences in the relative capture of phosphoproteins between
immunoaffinity and IMAG are multifactorial

The results from the 2D-DIGE analysis demonstrated a difference in the capture

profile of immunoaffinity and IMAC phosphoproteín capture. This difference is

unlikely due to the state of the phosphoproteome at the time of cell lysis as the

individual data set samples (one through four) were harvested at the same time

from cells that were identically plated. Furthermore, these differences were

consistent over the four purifications albeit at different ratios. However, there

were other reasons that could contribute to the differential capture: 1) differences

in cell lysis conditions that could alter the amount of a specific phosphoproteín

solubilized; 2) column saturation - specifically in the case of the immunoaffinity

resin, whereby the amount of a specific antibody avaílable to bind certain

epitopes may be limited and therefore proteins sharing the same/similar epitope

could compete for the antibody, or alternatively; 3) differences in avidity between

a specific antibody and similar epitopes could result in a bias towards one

particular protein species compared to another; 4) steric interference whereby

certain epitopes are blocked or occluded by proximate bound proteins and 5)

protein ínteractions of non-phosphorylated proteins with phosphorylated proteins.

Moreover, although 2D gel electrophoresis is a relatively high-resolution

technique, as seen from table 1 there was still a certain amount of co-migration
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that could affect the spot volume ratios,

24, 29 and 30) which contained more

MS/MS.

(evidenced by spot numbers 4, 5, 16,

than one protein identification by LC-

To address the first issue, a selection of proteins that were differentially purified

by IMAC and immunoaffinity resins was subjected to Western blot analysís. TCP-

1-alpha, TCP-1-beta and ERp29 were captured with greater efficiency from IMAC

purification, while tropomyosin demonstrated the opposite trend. To determine if

the differential capture was due to differences in the amount of antigen applied to

the resin after protein solubilization, equal amounts of immunoaffinity and IMAC

cell lysates and column elutions were analyzed by Western blot analysis (Fig.

16). ln the case of TCP-1-alpha, although identical amounts of starting antigen

were present in both lysis conditions, (Fig. 164, lanes 1 and 2), it is clear that

little if any protein was captured post immunoaffinity capture while there was

clear enrichment for this protein after IMAC purification (Fig. 16A, compare lanes

3 and 4). The same trend could be seen for ERp29 (see Fig. 168) however there

did not appear to be as significant a concentrating effect on this protein as was

seen with both T-complex proteins. lnterestingly, in the case of TCP-1-beta,

although the immunoaffinity lysis conditions resulted in better solubilization of this

protein versus the IMAC lysis conditions (Fig. 16C, compare lanes 1 and 2),

ultímately, IMAC demonstrated enhanced capture of this protein, The absence of

both TCP isoforms in immunoaffiníty purifications based on 3D volume analysis

(see Fig. 13) is further evidenced by the lack of antigen detection by Western blot
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Figure 16. Western blots confirm differential capture of select proteins as
determined by 2D DIGE. Starting material (lanes 1 and 2) and eluted proteins
(lanes 3 and 4) of TCP-1 alpha (A), TCP-1 beta (B), Tropomyosin (G) and ERp29.
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(Fig. 164 and C, lane 3) while ERp29 and tropomyosin were present in both

eluted fractions, but to different degrees (Fig. 168 and D, lane 3). Finally, in the

case of tropomyosin, one of four proteins identified by 2D-DIGE to be purified to

a greater extent by immunoaffinity behaved differently. The enhanced capture of

tropomyosin by immunoaffnity may in large part be due to enhanced

solubilization of this protein during lysis conditions evidenced by the elevated

amount of this protein in the starting material (Fig. 16D, compare lanes 1 and 2).

Discussion

Phosphorylation is critical to many biological processes and its deregulation has

been shown to play a role in disease pathogenesis. However, several

impediments exist to studying the phosphoproteome, including; the comparatively

low abundance of these proteins in the cell and the transient nature of the

modifícation due to phosphatase activity. ln order to address phosphorylation

dynamics on a large-scale, there is a need for selective enrichment methods for

phosphoproteome capture. Two commonly employed enrichment methods are

IMAC and phospho-specific immunoaffinity enrichment. As there has not yet

been a detailed comparison of these two methods in the literature, I employed a

quantÍtative proteomic strategy to assess their enrichment capacities.

Western blot analysis of phospho-Akt substrates showed that both methods were

able to enrich for phosphorylated proteins not typically detectable in whole cell

lysate preparation (Fig. 10A, lane 1 and 4); a fínding consistent with a recent

study utilizíng IMAC purification from Arabidopsrs (Laugesen et al., 2006).
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However, the differential capture observed for this small subset of proteins and

for Hsp60, a marker of non-phosphorylated protein (Fig. 104) raised questions as

to the qualitative and quantitative nature of the two enrichment technologies. To

gain a broader evaluation of the proteins enriched by the two purifications, a

more global analysis of the phosphoproteome captured by each method was

performed using multiplexed 2D-gel electrophoresis (Fig. '11). Overlap between

the two profiles was 97o/o (8921923 proteins were purified to a similar extent by

both methods). Of 31 proteins differentially captured (t3.5 fold), 27 were

consistently enriched better by IMAC (Ftg. 12) and in many cases appeared to be

completely absent from the immunoaffinity capture. lmmobilized metal affinity

purifícation is based on the attraction of a positively charged metal ion bound

resin to a negatively charged (phosphate) group; therefore, we wondered it these

differentially captured elements represented true phosphoproteins or non-

phosphorylated proteins that were captured due to their charges or interactions

with true phosphoproteins.

ldentífication of the differentially enriched proteins by LC-MS/MS (Table 1), and

evaluation of the literature, suggested that most of the differentially purified

proteins could be phosphorylated based on MS/MS phospho-site mapping.

Moreover, they also tended to lack highly acidic content (acidic amino acid

content ranges from -12% to 24%) or any obvious clusters of acidic residues

within their primary sequences. Thís does not preclude the possibility of acidic
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residue patches within the native structure, since according to the manufacturers'

literature (Clontech) proteins purified with this kit are not likely to be denatured.

Two groups of proteins that were captured better by IMAC belong to the

heterogeneous nuclear ribonucleoprotein family (Table 1, protein spots 5, 11, 20

and 22) and T-complex protein 1 subunit family (Table 1 , protein spots 6-9, 13,

29 and 31). The hnRNP proteins are predominately involved in binding RNA

wíthin the nucleus and form complexes with RNA polymerase ll transcripts.

These proteins are involved in many processes including mRNA stability,

transport and turnover, telomere biogenesis, polyadenlyation, oncogenesis,

transcription and heat shock response (Krecic and Swanson, 1999). The TCP

proteins also form oligomeric complexes but interact with many proteins and act

as molecular chaperones upon ATP hydrolysis (Burns and Surridge, 1994). Each

of the hnRNP proteins identified in this study have previously been shown to

contain phosphorylation sites, however, three of the six TCP proteins identified

have no currently described phosphorylation states (TCP-1-beta, TCP-1-epsilon

and TCP-1-zeta).lt should also be noted that in most cases where proteins were

captured better by IMAC than immunoaffinity, a closer evaluation revealed the

corresponding proteins to be absent from the immunoaffinity purífication (Fig. 12)

indicating that large fold differences determined by 2D-DIGE may in fact be much

larger than reported due to the contribution of low level noise present in any

fluorescent scans. Also, gíven the differences observed in the enrichment of

phosphorylated Akt substrates seen in Figure 104, we expected to identify some
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of these proteins in the global analysis; however among all of the proteins

differentially purified by either resin, none represented defined Akt substrates.

The disparity between Western and 2D-gel analysis could be due to a number of

reasons; including abundance levels below CyDye fluor detection, lack of protein

migration from the IPG strip into the second dimension SDS polyacrylamide gel,

the pl of the substrates lies outside the range investigated (4-7), or that

dífferences, when evaluated over multiple biological replicate samples, fall

outside of the selection criteria used (average spot volume ratios >3.50). Despite

the disparity observed pertaining to Akt substrates, Hsp60, one of the proteins

preferentially purified by IMAC but not by immunoaffinity was detected by both

Western blotting (Fig 108) and 2D-DlcE (Fig. 114, spot25).

Two of the four proteins which showed enhanced protein capture following

immunoaffinity purification exhibited a defínite shift in pl post lambda

phosphatase treatment (spot 3, 60 ribosomal acidic protein and spot 16,

calponin), implying they were phosphorylated. ln contrast, only three (spots 7,

20,and 24) of the 27 proteins purified to a greater extent by IMAC, demonstrated

any obvious shift towards the basic side of the gel following phosphatase

treatment although there were increases in the spot volumes at these sites

following phosphatase treatment. The increase in spot volume is likely explained

by dephosphorylation of other isoforms of the same protein or the

dephosphorylation of other protein specíes that now migrated to the same

position. ln the case of Hsp60, Hccl and GRP75, alf of the peptides
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corresponding to reported phosphorylation sites previously mentioned in the

literature were observed by our MS/MS analysis but they lacked any evidence of

phosphorylation. ln addition, treatment with phosphatase did not alter the

migration pattern of this species. Although the proteins could contain

phosphorylation sites not previously described, we favour the likelihood that

these protein isoforms captured by IMAC but not immunoaffinity represent non-

phosphorylated proteins (Fig. 14). lt is very possible especially since two of

these proteins are chaperonins that co-purification in a complex containing

phosphorylated proteins could easily occur. lf this is the case, it is intriguing that

the immunoaffiníty purification did not similarly capture these elements.

ln an attempt to establish the underlying reason for differential capture of the two

resins, we determined whether the initial lysis conditions resulted in an enhanced

solubility of these proteins for purification. ln all of the cases where IMAC

preferentially enriched for a protein better than immunoaffinity, the amount of

protein present in the initial starting lysate was either equal (Fig. 16A and B,

TCP-1-alpha, ERp29) or greater than the amount present in the IMAC starting

lysate (Fig 16C and D). Therefore in the cases where IMAC captured better than

immunoaffinity, this data suggests that starting conditions did not play a major

role in the differential capture. Unfortunately, no conclusion could be formed for

the differential capture of AKT substrates observed in Figure 10, as the

phosphorylated substrates were not detected in the starting lysates prior to IMAC

or immunoaffinity cell lysis.
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When evaluating the patterns of purified proteins it is noteworthy that TCPI alpha

and TCPI beta were both concentrated by IMAC enrichment compared to the

starting lysate whereas ERp29 was not concentrated. Furthermore, purified

tropomyosin was also concentrated by ímmunoaffinity as the amount loaded of

the elutíon fraction is 1/1Oth the amount loaded of starting lysate sample. The lack

of concentration observed for ERp29 could occur if only a portion of the protein

was initially present in a phospho-state or if the protein was being inefficiently

captured.

ln conclusion, this study demonstrates that both IMAC and immunoaffinity

technologies enrich for a highly similar subset of phosphoproteins. While it is

unknown what percentage of the total cellular proteome is phosphorylated at any

given time, our purifications consistently yielded approximately 7-12% of the

cellular protein irrespective of the method employed. Ultimately, the decision as

to which method to employ depends on the characteristics of the resin to be

used, whether or not it allows maximal recovery of the phosphorylated species of

interest and finally the concerns over specificity of the capture resin. lt should be

noted that we consistently had more difficulty concentrating and precipitating

phosphoprotein elutions from IMAC capture for our 2D-analysis. This may in part

be explained by the elution buffer properties and the greater volumes used for

protein elution ín the IMAC protocol (4mL per resin compared to 2mL per resin for
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IMAC and immunoaffinity respectively). This will also likely play a role in choosing

between these two enrichment technologies.
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GHAPTER lv: Alterations to the host cell phosphoproteome induced by a
HGV subgenomic replicon

Abstract

lnfection with HCV often results in a chronic infection that can culminate in

liver steatosis, cirrhosis and hepatocellular carcinoma. The mechanism(s)

by which HCV causes these manifestations is not clear, however, changes to

the host cell proteome must play a role. Host protein

phosphorylation ín particular has been shown ín other virus systems to be

affected during viral infection and acts as a molecular switch for cell

cycle progression, signal transduction, protein translation and

oncogenesis. Here, I have undertaken a global, quantitative

phosphoproteome analysis in order to identify differential phosphoprotein

abundances between Huh7.b cells and Huh7.b cells

harbouring a Hcv subgenomic repticon. Approximately

1000 distinct protein species were detected by 2D-DIGE of phosphoprotein-

enriched lysates. Twenty-two proteins differed in protein abundance by 1 .20 to

2.26-fold (p50.05). The differentially abundant phosphoproteins mainly belonged

to ER-stress response, protein translation and cytoskeletal protein families.

lntroduction

The introduction of exogenous viral RNA and proteins into host cells can often

have dramatic effects on host cell functíons including cell proliferation, antiviral

pathways and cell ultra structure. One mechanism by which host cell functions

are altered ís through the post-translational modification of phosphorylation.
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Protein phosphorylation is a reversible phenomenon controlled by protein kinases

and protein phosphatases. ln mammals, the most common form of

phosphorylation occurs on serine, threonine and tyrosine (Hunter, 1998) residues

and is directly involved in metabolism, immune function, transcription, translation,

cell cycle progression, movement, apoptosis, cytoskeletal rearrangement and

signalling pathways (Raggiaschi et al., 200s). Because phosphorylation is a

dynamic process that can often occur at multiple sites within a given protein and

often occur on low abundance substrates, the' study of a global

phosphoproteome has been challenging, particularly when performing "top-down"

experiments that require intact proteins for analysis. However, commercially

available resins which capture intact phosphoproteins have been used

successfully to analyze a number of experimental conditions including the

phosphorylated protein complement associated with differentiation of monocytes

to macrophages (Metodiev et al., 2004), growth of S. ceryisrae (Makrantoni et al.,

2005) and late-embryogenesis of Arabidopsrs seeds (lrar et al., 2006).

Prior HCV proteomic studies have investigated the activation of signalling

pathways and/or the phosphorylation of specific proteins, with particular

emphasis on protein kinases in cells. Typically, these experiments have involved

expression of single HCV proteins and in fewer cases replicons. To date, no

previous study has addressed the global phosphoproteome content of such cells,

nor have they focused on the phosphorylated substrates (Jacobs et al., 2005;

Mannova et al., 2006; Fang et al., 2006; Yi et al., 2006). Furthermore, many of
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these studies have employed serum starvation/mitogen stimulation in order to

monitor changes in either a protein and/or pathway of interest (Macdonald et al.,

2003; Street et al., 2004; Borowski et al., 1999a; Borowski et al., 1996; Schulze

zur et al., 2003; Fukuda et al., 2001; Tsuchihara et al., 1999; Georgopoulou et

al., 2003).

2D electrophoresis is very amendable to phosphoprotein studies due to its ability

to separate proteins based on their molecular weight and pl. While phosphate

addition has nominal effect on the molecular weight of a protein (-80Da), it

changes the charge by -1, a biophysical change which often has a dramatic

effect on the protein pl. ln this study we have compared the global

phosphoproteome of naìVe cells and cells harbouring a HCV subgenomic

replicon (genotype 1b). A quantitative analysis was performed using 2D-

difference-in-gel electrophoresis (2D-DIGE) of immunoaffinity enriched

phosphoproteins. ln total 22 proteins were found to be differentially abundant in

stable subgenomic replicon cells when compared to control cell lines. Although

the majority of proteins exhibited only a moderate fold change (1.2 - 1.75), one

protein showed a fold change of 2.26. The majority of proteins isolated function in

protein folding, particularly during ER-stress and proteins associated with

cytoskeleton rearrangement.

Additionat Methods

lmmunoblots
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Western blot transfer was performed for 30minutes using a Bio-Rad SemiDry

apparatus with Trans-blot Transfer Medium Nitrocellulose (Bio-Rad) at a constant

voltage of 25V with transfer buffer (20% methanol in Tris-glycine buffer).

Membranes were blocked overnight at 4oC in 5o/o skim milk powder (Carnation)

and probed with monoclonal anti-NS5A (Virogen, 256-A) and polyclonal anti-

GAPDH (abcam, ab9483). Appropriate HRP-conjugated secondary antibodies

(Upstate Cell Signaling Technologies) were incubated for t hour at room

temperature (1:10,000 dilution in 5o/o skim milt</TBST). Chemiluminescent

detection was carried out using Visualizer Western Blot Detection as

recommended by the manufacturer (Upstate Cell Signaling Technologies) prior to

exposure to KodakrM X-OMatrM X-ray film for 30sec-5min.

Two-dimensional electrophoresis

Cy-Dye-labelled protein was separated on an lPGphor isoelectric focusing unit

using pH 4-7 IPG (24cm) strips (GE Healthcare) in the dark using the following

profile: 10hrs passíve rehydration, 4hrs 30V, 0.5kvh 500V, 1.Okvh 1000V,

62.5kvh 8000V. The DIGE experimental design for 6 samples pairs is shown in

Table 2. Samples were then processed simultaneously on 26cm x 20cm x 1mm

12.5% handcast polyacylamide gels using the Ettan Dalt 6 Electrophoresis

System (GE Healthcare). Gels were run in the dark at2Wlgel and kept at 10'C.

Preparative gels contained unlabelled protein samples were run with 325u9 of

protein from each cell line (1300u9 protein/strip). These were stained with

colloidal Coomassie blue (GelCode Blue, Pierce).
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Table 2. ãD-DIGE experimental design. Phosphoproteins were purified from
Huh7.5, Huh7.5 NeoR, Huh7.5 Rl and Huh7.5 Rll cell lines in triplicate. A total of
six multiplexed 2D gels were run with the sample pairs shown above.
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GEL c
One
Two
Three
Four
Five
Six

Pool
Pool
Pool
Pool
Pool
Pool

Huh7.5 A
Huh7.5 Rll A
Huh7.5 C
Huh7.5 Rl B
Huh7.5 NeoR
Huh7.5 Rll C

Huh7.5 Rl A
Huh7.5 B
Huh7.5 NeoR A
Huh7.5 Rll B
Huh7.5 Rl C
Huh7.5 NeoR C
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DeCyder Analysis

Each gel was first assigned to one of 4 groups, Huh7.5, Huh7.5 Rl, Huh7.5 Rll

and Huh7.5 NeoR and compared to one another as per the datasets described in

table 3. At least 30 protein landmarks were assigned to each gel followed by spot

matching between each gel image. Spot matching accuracy was assessed by

confirmation of at least 30 additional spots chosen at random on each gel.

Proteins that varied by 1.20 fold with a Students' T-test score of p <0.05 were

deemed of interest.

ln-gel tryptic digest

Destained gel spots were incubated while rotating in gel wash solution (50o/o

methanol, 5% acetic acid) at room temperature overnight. Gel wash solution was

replaced and gel spots incubated for an additional 2-3 hours. Gel spots were

washed and dehydrated with 3 washes of 50o/o acetonitrilel2SmM ammonium

bicarbonate followed by a 100% acetonitrile wash prior to drying in a vacuum

centrifuge. Gel spots were rehydrated in 20ng/ul sequencing grade trypsin

(Sigma) in 50mM ammonium bicarbonate and incubated overnight at 30"C.

Digested peptides were then extracted in 0.25% trifluoroacetic acid and desalted

and concentrated using ZipTips (C18 resin, Millipore).

Mass spectrometry and database searchíng
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Table 3. Sample datasets used for DeGyder analysis. Statistical analysis was
performed for each dataset listed and protein volume differences greater than 1.20
(p<0.05) were further investigated. Each sample group contaíned at least 3
replicates.
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Dataset Samples
One
Two

Huh7.5
Huh7.5 Rl

vs.
VS.

Huh7.5 NeoR
Huh7.5 Rll

Three
Four

Huh7.5
Huh7.5

VS.

VS.

Huh7.5 Rl
Huh7.5 Rll

Five
Six
Seven

Huh7.5
Huh7.5 NeoR
Huh7.5 + Huh7.5 NeoR

VS

VS

VS

Huh7.5 Rl + ¡1u¡7.5 Rll
Huh7.5 Rl + Huh7.5 Ril
Huh7.5 Rl + ¡{r¡7.5 Rll
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Peptides were analyzed on a MALDI QqTOF mass spectrometer (QSTAR XL,

ABI) coupled to a PCI lnterface (MALDI, Ciphergen Biosystems). 1uL of digested

peptides were co-crystallized with 1uL of freshly prepared CHCA matrix (Sigma)

solution (10m9/ml) in 50% acetonitrile in 0.10% trifluoroacetic acid solution on a

gold plated array (Ciphergen Biosystems). The TOF tube was calibrated using

bradykinin and ACTH and quadropole one (Q1) was calibrated using collision

induced fragments of ACTH each day of analysis. The mass range was set

between mlz 700 to 3000. Mass spectra were processed using Mascot Distiller.

Database searching was performed using Mascot (www.matrixscíence.com) with

the following parameters: homo sapiens, all molecular weights, all pls, fixed

modification=carbamidomethylation and variable modification=methionine

oxidation. One missed cleavage was allowed. The SwissProt database was

queried (database 55.6). ln several cases, duplicate spot samples were also sent

to the lnstitute for Biomolecular Design (University of Alberta) for independent

confirmation.

Resu/ús

Hepatitis C virus ínfection is associated with a number of pathologies including

liver cirrhosis and hepatocellular carcinoma. ln addition, the means by which the

virus is able to maintain itself in a persístent fashion remaín poorly understood.

Although the molecular mechanism(s) by which the virus infection contributes to

disease progression are as yet unsolved, one attribute of the host cell that is

known to be altered by the expression of individual viral proteins and replicons is
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the protein phosphorylation. The aim of this study was to characterize the change

in abundance of host cell protein phosphorylation induced by the expression of

stable subgenomic replicons employing immunoaffinity-based phosphorylation

enrichment and quantitative 2D gel electrophoresis coupled with mass

spectrometry.

HGV replicon cell lines

Huh7.5 cells were transfected with HCVI bH77 RNA and following neomycin

selection, two independently generated cell populations were selected generating

cell lines Huh7.5 Rl and Huh7.5 Rll. Polyclonal populations rather than clonal cell

lines in order to mitigate protein changes specific to one clone that may exhibit

abbarently high or low viral expression. lt was reasoned that a broader range of

levels may be more characterístic of in vivo infection. However, upon close

analysis of the Huh7.5 Rl and Huh7.5 Rll cell lines, we discovered that the two

polyclonal cell lines did not behave similarly to each other at least with respect to

the amount of viral protein that was expressed from each cell line. Figure 17

illustrates the expression level of the viral protein NSSA in the two cell lines.

NSSA serves as a surrogate marker of HCV replicon replication. When NSSA

expression was compared to an endogenous cellular housekeeping protein,

GAPDH, it was apparent that the Huh7.5 Rl cell line expressed lower levels of

NSSA than the Huh7.5 Rll cell line. These results were also consistent when the

expression levels of the NS3 viral protein and the neomycin phosphotransferase

protein (NPTll) were evaluated (data not shown). lt should be noted that the
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Figure 17. Viral protein expression in Huh7.5 Rl and Huh7.5 Rll HCV
subgenomic replicon cell lines differ. Equal amounts of total cellular extracts
from parental Huh7.5 cells and two independently derived HCV replicon cell lines
were immunoblotted with NSSA specific antisera. When NSSA protein abundance
was normalized to the cellular host keeping protein GAPDH, it is evident that the
Huh7.5 Rll cell line expressed substantially higher amounts of viral protein than the
Huh7.5 Rl cell line.
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translation of NPTII is mediated by the HCV IRES, while the translation of the

non-structural proteins is mediated by the EMCV IRES. Given that expression of

the viral proteins (mediated through the ECMV IRES) and expression of NPTII

(mediated by the HCV IRES) behaved similarly, these results would suggest that

the expression differences between the Huh7.5 Rl and Huh7.5 Rll cell lines was

due to differences in the amount of viral RNA present the in the cells rather than

differences in translation from one or the other IRES. Due to the expression

differences observed between Huh7.5 Rl and Huh7.5 Rll, the cell lines were

analysed both independently and together for subsequent proteomic analyses.

Expression of the HCV NS3-NSSB coding region alters the host
phosphoproteome

Sub-confluent monolayers of cells were harvested and processed for

phosphoprotein purification by immunoaffinity resin according to the

manufacturer's protocol. ln order to account for changes in phosphorylation

status due to the expression of NPT|l, a stable polyclonal cell line was generated

containing the NPTII gene under a CMV promoter. This served as alternative

control cell line to the naïve Huh7.5 parental cell line. Protein was purified on

three separate occasions in order to account for inherent variation in the state of

the cell lines that could exist at the time of harvest.

ln order to compare all four cell lines to one another, we took advantage of the

multiplex nature of 2D-DIGE which has been documented to detect protein
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abundance differences as little as 15% with statistical confidence (Unlu et al.,

1997). To account for any inherent labelling differences between the CyDyes,

dye swapping was employed for all samples and each of the four cell lines were

co-detected with each of the alternate sample in order to account for any

technical variation that could be due to the sample characteristics (see Table 2).

All of the 2D gels qualitatively were essentially the same with regards to the

protein pattern resolved and therefore, a single gel image was used to represent

all of the datasets. The protein spots of interest are highlighted with their

assigned protein numbers (Fig. 18).

Gel images were processed using the biological variation analysis software

module (BVA) of DeCyder and protein statistics were determined for seven

different datasets (Table 3). Very few protein differences were observed between

the two control cell lines, Huh7.5 and Huh7.5 NeoR (dataset one) or the two

replicon cell lines, Huh7.5 Rl and Huh7.5 Rll (dataset two). On average 996

proteins were detected (standard deviation +/- 191). DeCyder has the capacity to

define protein abundance differences of 15o/o ot greater. Therefore, we assígned

selection criteria of at least 20o/o àvetage volume ratio (AVR) with a statistically

significant student's t-test value of p<0.05. Depending on which cell lines were

compared to one another (which dataset was investigated), different proteins

passed the selection criteria set. In total22 different proteins were identified to be

differentially expressed when one or both of the control cell lines were compared

to one or both replícon cell lines. However, in each case the differences were
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Figure 18. Representative 2D gel of Huh7.5 phosphoproteome. The
phosphoproteome of four separate cell lines were compared to one another by 2D-
DIGE. Proteins that differed in abundance by at least 1.20 fold (p<0.05) that were
subsequently identified by mass spectrometry aÍe indicated with their
corresponding spot number assignments.

115



kDa
120
100

60

50

o\



moderate (1.20 - 1.99 fold, wíth the exception of two spots with fold differences

greater than 2). The proteins deemed of interest for each dataset were

subsequently identified by either MALDI-ToF MS and/or ESI-MS/MS. Protein

statistics and identifications are detailed in table 4 (see Appendix lV for detailed

MS/MS information).

Of the 22 proteins identified, seven of these proteins were present in more than

one dataset. Both amphiphysin ll (spot 837, 1.75 fold increase, p=0.0073) and

Rho GDP dissociation inhibitor alpha (Rho GDl, spot 1650,1.28 fold increase,

p=0.015) were íncreased in abundance, specifically in Huh7.5 Rl versus Huh7.b

or Huh7.5 Rl + Huh7.5 Rll versus Huh7.5 + Huh7.SNeoR. The five other proteins

that were present in multiple datasets demonstrated a decrease in abundance in

replicon cells. Elongation initiation factor-2-beta (elF2B, spot 1193, -1 .24 fold,

p=0.035), TRF2-interacting telomeric RAPI (spot 1171, -1.29 fold, p=9.043),

RNA-binding motíf 8A protein (RBM8A, spot 1729, -1.48 fold, p=0.00g), the basic

transcription factor 3-like-4 (BTF3L4, spot 1753, -1.28 fold, p=0.039) and

stathmin (spot 1758, -1.33 fold, p-0.018) were all decreased in abundance in

one or both replicon cell lines.

The resolvíng capacity of 2DE was highlighted by the identification of three

proteins from multiple locations on the 2D gels. Not only was RNA-binding

protein 8A dífferentially expressed in more than one dataset (spot 1729, datasets

4 and 5), it was also present in more than one isoform, at the spot position 1728

tt7



Table 4. Phosphoproteins that differed in volume abundance due to the
expression of a subgenomic replicon. (A) Standardized log abundance average
volume ratio of "group 2"1 "group 1" (see Table 3 for groups and corresponding
datasets). (B) Mascot probability score of protein identification, where a score >26
is considered significant (p<0.05). (C) Percent coverage of protein sequenced and
(D) the number of unique peptides seen by the mass spectrometer. (E) Distíller
probability score of a protein identified by peptide mass fÍngerprint from MALDI-
ToF data.
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(dataset 6). Both RBMSA isoforms were decreased in abundance in replicon

cells. Another protein that demonstrated a similar trend to RBMSA was stathmin,

which was present in more than one dataset and isoform (spots 1758 and 1761,

dataset four). Finally, a somewhat more complicated expression pattern was

ídentified for the heat shock protein 904 (HSP90) which demonstrated a

decreased abundance in replicon cells at spot 561 and an increased abundance

at spot 509 both in dataset six (two replicon cell lines versus the two control cell

lines).

The known phosphorylation sites and protein functions of the proteins are

detailed in table 5 according to their increase or decrease in abundance in one or

more replicon cell lines. With the exception of six proteins identified, all of the

differentially abundant proteins have previously descríbed phosphorylation sites.

Stathmin immunoblottin g

Unfortunately, due to the relatively minor alterations described by our 2D

analyses (typically <50%), confirmation of the identified changes using alternatíve

experimental strategies such as Western blot is difficult. Not only are

phosphospecific antibodies generally not available for these species but the

multi-isoform nature of the study increases the difficulty. Shown in figure 19 are

the results of immunoblotting for the protein stathmin. Two stathmin isoforms

have lower protein abundances in replicon cell lines compared to naiVe cell lines

(spot 1758 and 1761). There was no obvious difference in the total amount of

stathmin seen by standard 1D-PAGE before (lysate) or after (elution)
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Table 5. Protein function and phosphorylation evidence for proteins
differentially abundant in subgenomic replicon cell lines. Proteins are grouped
as to whether they were increased in one or both replicon cell lines or decreased in
one or both replicon cell lines.
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Protein

r¡rrrr=taÈ¡glltaur|f.Et¡rd¡rnf@al|Ecl¡Lfãl
Amphiphysin ll/Bin1

Cofilin

elF3 zeta

Function

hnRNP K

Potential tumour suppressor, possibly
involved in synaptic vesicle endocytosis

Reversibly controls actin polymerization
and depolvmerization

Hsp70B/GRP 75

rromores Dlnotng or methionyl tRNAi and
mRNA, phosphorylated upon DNA
damase (likelv bv ATM or ATRì

Hsp90 alpha

Hsp90 beta

vraJor pre-mKNA-ÞIndtng protein, binds
tenaciously to poly (c) sequences

trnpncareo tn controt oï cell proliferation
and aging, may act as a molecular
chaperone, phosphorylated upon DNA
damage (likelv bv ATM or ATRì

Protein disulfide
isomerase A4

Phosphorylation
References

Septin 11

Vasolin containing
proteinÆER
ATPase

rvtotecular cnaperone wlth ATpase
activity

NJ
(/-)

(ursen et al., 2006; Rush et al., 2005; Beausoleil et al., 2006;
Nakano et al., 2003)3)

Rho GDP
dissociation

ñearrangement ot dtsulf¡de bonds

(Rush et al., 2005; Matsuoka@
2008)8)

r/yloKlnesls
rrrvotvee tn Tragmentatton and
reassembly of Golgi stacks during
mitosis and after mitosis, phosphórylated
upon DNA damage (likely by ATM or
ATR)

(Olsen et al., 2006; Beausoleil e
2006; Yu et a\.,2007; Kim et al., 2005; Dejgaard et al.,
1ee4)4)

(Matsuoka et al., 2007)7)

rlrrlotrs r\'ur qtSSOClattOn lfOm RhO
proteins

(Olsen et al., 2006; tees-tVlil
Miller and Anderson, 1989b; DeGiorgis et al., 2005)5)
(Olsen et al., 2006; Beausoleil et al., 2004; Beausoieíl et al.,
2006; Rush et al., 2005; Matsuoka et al., 2007; Lees_Miller
and Anderson, 1g8gb)b)
No evidence

No evidence
(Amanchy et al., 2005;
2008)8)

No evidence

Matsuoka et al., 2007; lmãm¡ et aL,



inhibitor

Calponin

elF2 beta

GRP78/BiP

Hsp90 alpha

Hsp90 beta

Capable of binding actin, calmodulin,
troponin and tropomyosin, inhibits the
actomyosin Mg-ATPase activity of actin
when bound
lnvolved in early steps of translation
binds to GTP and initiator INRA

Protein disulfide
isomerase

lmplicated in aiding formation of
multimeric complexes ín the ER

RNA binding
protein 8A

Molecular chaperone with ATpáG
activity

Stathmin

Transcription factor
BTF3L4
TRF2-interacting
telomeric RAPl

Catalyzes the formation, breákage and
rearrangefnent of disulfide bonds

Tropomyosin alpha

mRNA nuclear export and mRNÀ
surveillance

Tropomyosin 4

(Olsen et al., 2006; Molina et al., 20OT)

Disassembly of microtubu les

N)s

unKnown, þelongs to NAC family

(Olsen et al., 2006)

Telomere length regulation

lmplicated in actin cytoskeleton
stabilization in non-muscle cells

(Morrna et at., 2OA7)

(ulsen et at., 2006; Lees-Miller and Anderson, 19gga; Lees_
Miller and Anderson, 1g8gb; DeGiorgis et al., 2005)
(Olsen et al., 2006; Beausoleil et al., 2004; Beausoieil et al.,
2006; Rush et al., 2005; Matsuoka et al., 2007; Lees-Miller
and Anderson, 1989b)

!fnpilcareq ]n aciln cytosKeleton
stabilization in non-muscle cells

No evtdence

(Heausoteit et al., 2004; olsen et al., 2006; Kim et al.,
2005)41
(Laþdon et al., 1992; Marklund et al., 1gg3; Beausoleil et al.,
2004)
No evidence

(Beausoleit et al., 2004; Beausoleil et al., 2006)

NO evtoence

(Nousiainen et al., 2006)



Figure 19. Stathmin immunoblotting by standard lD-PAGE and 2D-pAGE. Two
protein spots were shown to have a decreased abundance in the Huh7.5 Rll cell
line when compared to the parental Huh7.5 cell line. (A) lmmunoblotting for total
stathmin (input) and phosphoprotein enriched stathmin (elution) did not réveal any
differences in protein abundance between the two cell lines. (B) A more complei
migration pattern for stathmin was revealed when immunoblotting was performed
on phosphoprotein enriched samples separated by 2D-PAGE. At least I different
stathmin phospho-isoforms were observed. Stathmin isoforms which appeared to
be less abundant in Huh7.5 Rll cells are highlighted with arrows.
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phosphoprotein enrichment (Fig. 194). However, when a 2D Western blot was

performed, there appeared to be decreased amounts of at least two-three

isoforms of stathmin (Fig. 198, arrows). lt has yet to be confirmed whether the

stathmin isoforms that differ by Western blot represent the protein spots defined

in the 2D DeCyder analysis as initial immunoblotting was performed on mini-

SDS-PAGE gels compared to the large format (24cm) used in 2D-DIGE.

However, immunoblotting for stathmin on large format 2D gels displayed similar

spot patterns as the míni gels (data not shown) and suggested that spots 175g

and 1761 represent stathmin isoforms that contain >2 phosphates based on

previously described stathmin migration patterns (Beretta et al., 1gg3).

Dlscusslon

ln order to study the global phosphorylation changes induced by expression of

the HCV non-structural proteins (NS3-NSSB) and reptication of the viral genome;

two independently derived replicon cell lines were created. These replícon cell

lines were developed in order to identify changes that are persisten¡y altered in

cells, with the intention of identifying changes that mimic those seen in chronic

ínfections. The intention of using clonal pools was that these pools would

represent a broad range of replicon expression and thus would be more

consistent with an in vivo state. Surprisingly, we observed that the two cell lines

expressed substantially different levels of viral proteins (Fig. 17, compare lanes 2

and 3). One possíble explanation for the dífferences in the expression levels of

the two replicon cell lines is that the subgenomic replicons acquired different cell

culture adaptive mutations that influenced the replícation fitness of the replicon
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constructs differently. Alternatively, those cells which were successfully

transfected with the replicon may have been in different cell cycle states that may

have influenced which cells were more permissive to the replicon and

subsequently a certain cell phenotype was selected for that supports a higher

level of replicon expression. Therefore, our subsequent analyses comparing

control- to replicon-cell línes were performed under a number of conditions,

ensuring that each replicon cell line was studied independent from one another

(representing low and high level expression) and also together (thereby

representing an average of low and high level expression).

Phosphoproteins were enriched from naiVe Huh7.5 cells, both replicon cell lines

(Huh7.5 Rl and Huh7.5 Rll) and a second control cell line was also created that

stably expressed the neomycin phosphotransferase (NPTIl) gene. When the two

control cell lines were compared to one another using DeCyder analyses

(dataset one), only five proteins were significantly altered and none of these were

found to be differentially expressed in the replicon cell lines compared to the

naive Huh7.5 cell line (fold changes ranged from 1.24 to 2.46 fold). A

comparison of the two replícon cell lines (Rl and Rll) to each other (dataset two)

was also performed and seven proteíns showed different abundances (fold

changes ranged from 1 .29 to 1.99). Despite the substantial difference in viral

protein expression levels between Huh7.5 Rl and Huh7.5 Rll, very few cellular

phosphoproteome changes were observed by quantítative 2D analysis. Because

none of the proteins that were differentially expressed in datasets one and two
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were significantly altered when control cells were compared to replicon cells, only

protein spots from datasets three through seven were subsequently identified by

mass spectrometry fiable four).

Elevations in a number of the phosphoprotein isoforms identified in this study

have previously been described to be invotved with HCV proteins and/or infection

including heat shock protein 90 (VR= 1.44, p=9.014 and VR= -1.20, p=0.04),

GRP75 (VR= 1.44, p=0.02), GRP78 (VR= -1.23, p=O.O4S) and various

tropomyosin isoforms (VR= -1.46, p=0.017 and VR= -1.64, p=0.021) (Takashima

et al., 2003; Yokoyama et al., 2004). lt should be kept in mind however, that

these previous studies did not investigate the potential phosphorylation changes

that occur in response to HCV but rather addressed global protein amounts and

therefore, although previous work may have found elevated protein levels of

certain cellular proteins, this does not preclude the possibility that phosphoprotein

isoforms of this protein behave differently.

One of the proteins previously described to be involved in HCV infection is

amphiphysin ll (also referred to as Bin 1). Amphiphysin has been shown to bind

to NS5A ín a SH3-dependent manner (Zech et al., 2003) which results in the

inhibition of NSSA phosphorylatíon (Masumi et al., 2005). Although the function of

amphiphysin ll is not fully understood, it is implicated in clathrin-mediated

endocytosís (wigge et al., 1997; McMahon et al., lggz), a process which HCV

uses during virus entry (Blanchard et al., 2006). The implications of elevated
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amph¡physin phosphorylation in replicon cells is unclear, however, it is known

that phosphorylation inhibits amphiphysins' ability to bind to clathrin (slepnev et

al', 1998)' Furthermore, clathrin-mediated endocytosis occurs following the rapid

dephosphorylation of amphiphysin (wigge et ar., 19g7) and therefore, it is

plausible that once' HCV establishes an infection in the host cell, certain

components of the virus induce the phosphorylation of amphiphysin in order to
block any further clathrin-mediated endocytosis and thereby inhibit co-infection

with additional virions. Alternatively, the inhibition of further endocytosis may be

the result of cellular antiviral strategies. The other proteins identified in this study

that have been previously associated with HCV are eukaryotic initiation factors 2
and 3 (Hellen and pestova, 19gg), hnRNp K (Hsieh et ar., lggg), HSpgO

(okamoto et al., 2006), GRp75 (Kuramitsu and Nakamura, 2**s;yokoyama et

al., 2004; Takashima et ar., 2003), GRpTg (Takashima et ar., 2003; choukhi et
al-, 1998) and tropomyosin (Kuramitsu and Nakamura , 200s; yokoyama et al.,

2004).

one of the other goals of this research was to identify common pathways that

may be activated in response to HCV replication. lnterestingly, three of the

elevated phosphoproteins described in this study are known to be

phosphorylated in response to ceilurar DNA damage (Hsp7o, erF3 zeta and rER
ATPase). Their phosphoryratíon is rikery mediated by ATR or ATM protein

kinases (Matsuoka et al', 2oo7). These results would suggest that the replicon

cell lines maybe experiencing something akin to DNA damage, a process
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associated with cellular transformation and progression to cancer, a pathology

that HCV is associated with (Seeff, 2002; Alter and Seeff, 20OO). Activation of

ATR and ATM kinases in these cell lines is being investigated furlher.

A second group of phosphoproteins described in this work can be functionally

classified together as members of cytoskeletal rearrangement, stability and

polymerization (cofilin, calponin, stathmin, tropomyosin alpha and tropomyosin

4)' ln recent years the importance of the cytoskeleton with regards to virus

propagation has become more evident. Not only do viruses need to

circumnavigate the intracellular network of microtubules and actin, they also

utilize these cellular components for protein trafficking and tethering (Cudmore et

al., 1997). Of the cytoskeletal proteins described in this study, all were decreased

in abundance in replicon cells with the exception of cofilin. Additionally, two

distinct isoforms of the oncoprotein stathmin were decreased in Huh7.S Rl and

Rll cell lines. Stathmín can be phosphorylated on at least four serine residues

under a variety of combinations (Beretta et al., 1gg3). stathmin

phosphorylation/dephosphorylation is tightly coupled to the cell cycle, whereby

phosphorylation is crítical to the initiation of mitosis (Brattsand et al., 1gg4;

Marklund et al., 1993b). Furthermore, phosphorylation of stathmin leads to the

inability of stathmin to depolymerize actin filaments which are required for the

formation of the mitotic spindle (Mistry and Atweh , 2OO1). Upon exit from mitosis,

stathmin is subsequently dephosphorylated. tnterestingty, it has been

documented that the expression of NSSA in liver cell lines leads to aberrations in
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mitosis and chromosome content (Baek et al., 2006). lt is therefore possible that

stathmin dephosphorylation in part contributes to anomalies in chromosome

segregation. Moreover, overall stathmin levels have been shown to be altered in

HCV-associated hepatocellular carcinoma (Wong et al., 2008) and cells

expressing a full length HCV replícon (Jacobs et al., 200s), although, these

previous studies described elevations in total stathmin levels. lt should therefore

be kept in mind that although global protein levels can increase, the functíonal

status of said protein can be diminished depending on the post translationat

modifications on the protein.

A third and fourth group of protein functional classes can be formed based on

proteins involved in protein folding and processing (GRp7s, GRp7B,

HSP9Oalpha, PDl, PDI A4 and GRP78) and protein translation (elF3 zeta, Rho

GDl, RNBPSA and elF2 alpha). lt is well documented that heat shock proteins

and ER chaperone proteins are altered when cells are under duress. Given the

production of viral proteins during efficient virus replication, it is not surprising that

these proteins change in response to HCV infection. lt is well documented that

HCV infection and replícon expression induce ER stress (Tardif et al., 2002;

ciccaglione et al., 2005; Fang et al., 2006; sekine-osEjima et al., 2008). The

finding of proteins involved in translatíon is also consistent with the processes

that occur during viral ínfection. lnherent to virus replication is the subversion of

cellular processes for the replication of virus proteíns. ln the case of the replicon,
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a balance must be struck between virus and cellular translation as these

represent persistently infected cells.

One of the. phosphoproteins shown to be increased in replicon cells was Rho

GDP dissocíation inhibitor alpha (Rho GDI). Complex formation of the Rho GDls

with Racl and Rhol is regulated in part by the phosphorylation of Rho GDI which

leads to the release of Racl from the complex. Rho GDI proteins have three

known functions which are associated wÍth the inhibition of GTPase activity both

through GTP-GDP exchange regulation and sub-cellular distribution, reviewed in

(DerMardirossian and Bokoch, 2005). lf the increase in abundance observed in

replicon cells is due to phosphorylation, it would imply that the Rho GDI complex

may be partially inactive and therefore Rho GTPase activity is maintained in

replicon cells.

Eukaryotic initiation factor 2-beta combines with three other elF-2-subunits

(alpha, gamma, epsilon), forming the initiation complex for cap-dependent

translation, which, HCV does not use for protein translation due to the IRES

located in the 5' NTR of the genome. Although there is no documented evidence

of HCV-induced phosphorylation changes to elF-2-beta; an independent

research group described a decrease in the phosphorylation of elF-2-alpha and a

closely related translation initiation factor, elF-4-epsilon in replicon cell lines

(Tardif et al., 2002). Therefore, the decrease to elF2B documented here would be

consistent with these observations.
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Overall, only minor changes to the phosphoproteome were observed in stable

replicon cell lines. The relatively minor alterations observed in this study are

consistent with a number of previously performed microarray experiments that

compared replicon cell lines to naiVe cell lines. Aside from the induction of

interferon stimulated genes (after treatment of cells with interferon), only sub¡e

changes were observed (Guo et al., 2001; Zhu et al., 2003b; Aizaki et al., 2oo2).

Moreover, the alterations in gene expression often differed to similar extents

regardless of replicon expression (Hayashi et al., 2005). Our findíngs are not

surprising as prevíous work performed in the Seeger Lab (2005) found when

comparing different replicon cell lines by microarray analysis that transcript

differences were more often due to individual cell lines differences rather than the

presence or absence of a HCV replicon (Hayashi et al., 2005).

Because of the time changes possibly induced due to selection over long períods

of time, and the results from microarray studies, we wondered whether an actual

HCV infection would identify more robust phosphorylation changes and therefore,

future efforts focused on identifying phosphoprotein changes during a robust

HCV infection.
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CHAPTER V: Phosphoproteome alterations to Huh7.5 cells infected with
hepatitis C virus

Abstract

Hepatitis C virus infection is associated with a variety of clinical manifestations

including liver cirrhosis and hepatocellular carcinoma. lt is now well documented

that HCV replication, or the expression of virus open reading frames, has a

significant effect on the host cell proteome. ActÍvation and suppression of the

innate immune response, rearrangement of the cellular architecture and hijacking

of cellular machinery are methods viruses use to create an environment

conducive to replication. Not only do virus elements affect the relatíve

abundance of transcripts and proteins, but they also can alter protein cellular

localization and post-translational modifications. Protein phosphorylation Ís a key

regulator of many cellular effectors and has previously been show to be altered in

the context of HCV expression. Here, a more global approach has been taken to

detect changes to the host cell phosphoproteome that occur during HCV

infection. Using phosphoprotein immunoaffinity capture and high-resolution

quantitative two-dimensional gel electrophoresis, we detected 38 proteins that

exhibited at least a 1.5 fold change in relative phosphoprotein abundance levels

when comparing mock- to HCV-infected Huh7.5 cells. Of the proteins

subsequently identified by mass spectrometry, increased abundance was seen

for proteins ínvolved in cytoskeletal regulation (tropomyosin and tubulin), cellular

translational (elF-1-a and pcBpl) and molecular chaperones (GRp7g).

Downregulated phosphoproteins included calponin and deoxyuridine S,-

triphosphate nucleotidohyrolase. These findings impart information on the protein
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phosphorylation changes induced by HCV and

cellular substrates affected during HCV infection.

provide insight regarding the

lntroduction

Alteration to cellular proteins during virus infection ís necessary ín order to

generate an environment conducive for virus propagation. This can ínvolve the

modification of transcription and translation factor activities that alter protein

abundance, changing the subcellutar localization or altering the activit y of a
protein through direct binding or post-translational modifications. As a

consequence, this can lead to deregulation of host control pathways leading to

cellular pathogenesis.

Protein phosphorylation is a key post-translational modification regulating such

diverse functions as cell metabolism, morphology and division, protein translation

and antiviral responses. Signalling cascades mediated by phosphorylation of

activated kinases are responsible for transmitting extracellular signals from celt

surface receptors to the nucleus. Expression of portions or the entirety of the

HCV genome have been documented to alter the activation of specific signalling

cascades and in some cases the downstream substrates of these pathways. ln

particular, the viral protein NSSA has been shown to interact with Src kinase

family members that ultimately leads to differential inhibition, and in one case, for

Fyn, the activation of these kinases, that subsequenfly lead to downstream

effects observed at the substrate level (Macdonald et al., 2oo4).

136



Here we characterize changes to the cellular phosphoproteome during HCV

infection. Using high-resolution 2D difference-in-gel electrophoresis (2D-DIGE),

we detected 38 differentially phosphorylated protein isoforms from HCV-infected

cells compared to mock-infected cells. The majority of the proteins demonstrated

an elevated abundance in infected cells and belong to a number of different

protein families; however, cytoskeletal elements and stress-response pathways

represented a large subset of proteins identified. A number of proteins involved in

mRNA translation were also identífied. These findings describe for the first tíme

the global phosphoproteome changes induced by HCV infection and highlight

potential targets for HCV therapies.

Additional Methods

DeGyder Analysis

Spot maps were then exported to the BVA (biological variance analysis) module

and each gel was manually land-marked for at least 20 different spots.

Landmarks were then used to match all gels to one another and individual spot

were assígned numbers that were cross referenced on each gel (three images

per CyDye, for a total of nine gel images). Each image was then assigned to one

of three groups, standard, mock or JFHI infected and the standardized log

abundance of the spot volumes was compared. Protein spots were considered of

ínterest if their volume abundance between mock and JFHl infection differed by

at least 1.40 fold (student's t-test p<0.05).
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Mass spectrometry

The SwissProt database version 54.7 was queried for protein identifications.

lmmunoblots

Phosphoprotein enriched samples from mock and HCV-infected cells were

resolved by standard SDS-PAGE and zDE as described above with the

exception that samples used for tropomyosin-3 immunoblotting were processed

in the first dimension on 7cm IPG strips rather than on 24cm lpG strips with the

following first dimension profile: at least thrs passive rehydration, step to 30V for

30min., step to 300V for 200Vhrs, gradíent to lOOOV for 300Vhrs, gradient to

5000V for 4500Vhrs and step to 5000V for 3000Vhrs. Protein was transferred to

PVDF membrane (Millipore) using the iBlot system (lnvitrogen). Membranes

were blocked overnight at 4'C in SEA BLOCK (Pierce), and then incubated with

appropriate primary antíbody overnight, followed by addition of the species-

appropriate secondary antibodies. Tropomyosin-3 was detected with secondary

antibody conjugated with Cy5-dye for fluorescent detection while pCBp was

detected with secondary antíbody conjugated to HRP for chemiluminescent

detection. Fluorescent detection was performed using the Typhoon lmager 9400

at 200pM normal sensitivity whÍle chemiluminescent detection was performed

using lmmobilon (Míllipore) and KodakrM X-OMATTM x-ray film according to the

manufacturer's conditions.

Resu/ús
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Hepatitis C virus (HCV) often persists in the liver of infected individuals. While the

mechanisms of viral persistence remain poorly understood, they are certain to

involve both immune supression and cellular modifications. Regardless,

continuing replication can lead to severe liver complications including cirrhosis,

fibrosis and carcinoma. Many of these changes can be mediated through

intracellular signalling changes, a process predominantly controlled through the

phosphorylation of key regulatory proteins. Although previous studies have

investigated the functional status of specific protein kinases and phosphatases

with respect to the expression of HCV proteins (Alisi et a1.,20ó5; Borowski et al.,

1999a; Borowski et al., 1996; Foy et al., 2003; Fukuda et al., 2001; Francois et

al., 2000; Gale, Jr. et al., 1998; Georgopoulou et al., 2003; He et al., 2002;

Macdonald et al., 2003; Street et al., 2004; Macdonald et al., 2004; pavio et al.,

2003; sarcar et al., 2004; soldaini et al., 2003; sundstrom et al., 2005; Tan et al.,

1999; Tsukiyama'Kohara et al., 2004; waris et al., 2003; zhao et ar., 2001), in

most cases the functional consequences (i.e. change to the phosphorylation

status of the substrate) have not been addressed. lt was therefore the aim of this

work to identify the changes to the host cell phosphoproteome during HCV

ínfection.

JFHl infection.

A derivative of the HuhT human hepatocyte cell line, referred to as Huh7.5 (Blight

et al., 2002), was infected wíth passage five of HCV-JFH1 at a multiplicity of

infection (m.o.i.) of one. ldentically plated Huh7.5 cells were incubated wíth

139



supernatant from mock transfected (but similarly treated) samples. When cells

approached confluency (four days post infection), they were split into two culture

dishes and harvested the following day. This was done in order to ensure

adequate protein yields and to acquire cells at an appropriate density to allow for

cell proliferation. As a marker for HCV replication, cells were probed for viral

protein NSSA expression by indirect immunofluorescence. As shown in figure 20;

essentially all cells that were incubated with virus expressed viral NSSA protein at

five days post infection. Mock infected samples displayed no immunofluorescent

signal.

HCV infection alters the phosphoproteome of Huh7.S celts.

ln an effort to study the potential phosphorylation changes induced during early

stages of HCV infection, mock and JFHl infected cellular lysates were subjected

to phosphoprotein immunoaffinity purification. Based on the amount of purified

protein obtained from starting lysates, the percentage of phosphorylated protein

by weight captured was similar: mock-infected (14% x 4o/o) verus HCV-infected

(10Vo t 1.9%) of total cell lysates (three replicates).

Enriched phosphoprotein samples were then compared in a quantitative manner

using high-resolution two-dimensional difference-in-gel electrophoresis (2D-

DIGE) (Unlu et al., 1997). 2D-DIGE differs from traditional 2D-gel analysís by

having the ability to multiplex protein samples within the same gel by tagging

each sample with spectrally distinct fluorochromes prior to separatíon. ln addition,
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Figure 20. Persistent infection of Huh7,5 cells with hepatitis G virus. Huh7.5
cells were infected (m.o.i = 1) with JFHI virus and passaged twice into fresh media
for a total of five dgys, Viral protein expression was detected by indirect
immunofluorescence of NSSA protein (depicted Ín green). Nuclei were stained with
DAPI (depicted in blue). (A) Mock-infected cells, (B) HCv-infected cells. Overlay
of the two images demonstrates near complete infection of all cells. lmages were
captured at 100X magnification.
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it incorporates an internal standard which is generated by pooling equal poriions

from each sample type. This standard is present on every gel used for the

experiment and each individual protein spot volume is then normalized to the

internal control spot volume. The standardized log volume ratios are determined

and protein spot abundances which differed between mock- and HCV-infected

cells by at least 1.50 fold with a student's t-test p<0.05 were deemed significant.

On average, 2002 proteins (standard deviation=94) were detected and of these,

38 distinct protein spots passed the selection criteria set out above. Thirty protein

spots were increased in abundance whíle eight were decreased in abundance

when comparing HCV-infected to mock-infected cells. A representative gel image

from HCV-infected cells is depicted in Fig. 21 with spot labels indicating proteins

that showed significant differential abundance. The spot pattern for mock infected

samples demonstrated essentially the same qualitative protein pattern as for

virus infected cells, with the exception of protein spot 1232 which was completely

absent from mock-infected cells (Fig. 22).

Of the 38 altered proteins, 16 were subsequently identified by LC-MS/MS and

those identifications along with spot volume ratios are presented in table six (see

Appendix V for detailed MS/MS information). Although this study used larger

format, high resolution 2D analysis, many of the spots appeared to contain more

than one protein species. The majority of the co-migratíng proteins share

common peptíde sequences and belong to the same family of proteins, for

example, tubulin (spots 853 and 860) and tropomyosin (spots 1537,1609 and
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Figure 21. Two dimensional DIGE map of JFHI- compared to mock-infected
Huh7.5 cellular phosphoproteomes. Numbered spots indicate proteins
exhibiting at least a 1.5 fold spot volume change (p<0.05) between mock- and
JFHl-infected cells. The JFHl scan is shown.
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Figure 22. Two-dimensional migration pattern (A) and topographical
representation (B) of protein spot 1232. Of all 36 proteins found to be
dífferentially abundant between mock- and HCV-infected Èuh7.S cells, only spot
1232 was not detected in mock-infected cells (volume ratio=24.5 increased ín
infected cells).
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Table 6. Mass spectrometry based identification of phosphoproteins
differentially expressed in HGV infected cell lines. ln cases where more than
one protein species was identified from a single protein spot, the highest rankling
protein identification based on Mascot score is listed first. (A) Standardized log
abundance average volume ratio of HCV infected/mock-infected cells from
DeCyder, (B) Mascot probability score of proteín identification, where a score >26
is considered significant (p<0.05), (C) percent coverage of protein sequenced,
and (D) the number of peptides seen by the mass spectrometer followed by the
number of unique peptides in brackets.
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3.76
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3.61
0.0084

1.60

0.0043

SwissProt I D/Protein Name

oov

þundance in HCV infected cells

u.u29

GRP78_HUMAN, 78kDa gtucose-regulated prote¡n
GRP78_HUMAN, 78kDa glucose-regnrlated protein
HSPTC_HUMAN, Heat shock coqnate Tlk)a

1232

TBB2C_HUMAN, Tubutin beta-2C chain
TBB4_HUMAN, Tubulin beta4 chain
TBB2A_HUMAN, Tubulin beta-2A chain
TBB5_HUMAN, Tubutin beta chain
TBB3_HUMAN, Tubutin beta-3 chain
TBB6_HUMANm Tubulin beta€ chain
TBBl_HUMAN, Tubulin beta-1 chain
TBAI A_Tubulin alpha-1 A chain

1 .60

1473
1537

0.036

1 583
1609

24.45
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TBB2C_HUMAN, Tubutin beta 2C-chain
TBBS_HUMAN, Tubutin beta chain
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TBB4_HUMAN, Tubulin
TBB3_HUMAN, Tubulin beta-3 chain
TBB6_HUMAN, Tubutin beta-6 chain

3
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.46
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0
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.02
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9
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50095
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50281
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T-erag-
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ruvrJo_nrrtvtÉ\t\, rrogrammeo cell death prote¡n 5
H2B1A_HUMAN, Histone H2B type 1-A
TPD54 HUMAN, Tumor protein D54
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529
530

2
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.91
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.09
2
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.94
5

1224
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.28
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1 .96
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1610) proteins. lt should be noted that despite the high sequence identity for

most of the co-migrating proteins, each protein detailed in table 6 was

represented by at least one unique peptide not found in the other protein family

members and because of this, we are not in a position to definitively exclude

these proteins from the list.

Phosphoproteins increased during HCV infection were tubulin-beta chain famíly

members (1, 2A, 28, 3, 4, 5 and 6), tropomyosin alpha and beta chain family

members (o1, c3, o4), stress response proteins (GRP78 and programmed cell

death protein 5) as well as regulators of translation (elongation factor 1-delta and

poly (rC)-binding protein). Fold increases varied from 1.6 to 24.5. The most

dramatic change in protein abundance was seen for poly (rC)-binding proteín

(spot 1232) which had an average standardized log volume ratio of

HCV/mock=24.5 (p= 0.00054). Poly (rC)-binding protein 1 (PCBP1) shares

significant homology with PCBP2 and the heterogeneous nuclear

ribonucleoprotein K (hnRNP K) which are both involved in the stabjlization and

control of cellular mRNA translation (Leffers et al., 1995) and translation of some

viral RNAs including poliovirus (Silvera et al., 1999). Table 7 detaíls each of the

identified proteins function(s) and their documented phosphorylation sites.

Substantially fewer phosphoproteins demonstrated a decrease in abundance in

infected cells. Fold decreases were from -1.6 to -4.9. One protein, calponin, was

found at two of the decreased spot locations (1 .6 (spot 1333) and 2.2 (spot 1339)

151



Table 7. Known phosphorylation sites and protein functions of identified
proteins from HCV infected cells. Proteins which share extensíve homology
(tubulin and tropomyosin proteins) are characterized to have the same protein
function; however, each indívidual protein family member exhibited different
phosphorylation patterns as indicated.
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Charge multivesicular body
protein 4A

Elongation factor ldelta

Histone H2B tvpe 1-A
MORF-4 tamiiy associateO

No evidence

Poly (rC)-binding proteirf

(Gevaert et al., 2005;
Olsen et al., 2000)

Programmed cell Oeatn prote¡n
5

(Molina et al., 2007)

Tubulin atpn--Ã chain
Tubulin alpha-18 chain

No evidence

(r¡
t!

Molina et al., 2007;

(Peausoleil et al., 2004;@
2006; Olsen et al., 2006; Olsen et al., 2006)

Function

Mediates formation and sorting
endosomal cargo protein into
multivesicular bodies

(Beausoleil et al., 2004t

Stímulates exchange of GDp for

(Olsen et al., 2006)
(Rush et al., 2005)

GTP bound to EF-1-alpha,
phosphorylated upon DNA damage
(likely by ATM or ATR)
lmplicated in aiding formation of
multimeric complexes in the ER
Core component of nucleosome
Forms a complex with MORFaLI,
MRFAPI and RB1, implicated in
inducing senescence in tumour cell
lines
Binds síngle stranded nucle¡c acid,
preferentially to oligo dC via 3 KH
domains, phosphorylation
decreases nucleic acid binding
abilitv
Activated in cells undergoing

Major constituent of microtubules,
forms heterodimers of alpha and
beta chains



Tubulin beta chain
Tubulin beta-1 chain
Tubulin beta-2A chain
Tubulin beta-2C chain
Tubulin beta-3 chain
Tubulin beta-4 chain
Tubulin beta-6 chain
Tropomyosiñãlpñãt cfra¡n
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fold decreased). The remaining decreased abundance phosphoproteins were

identified as deoxyuridine s'-trisphosphate nucreotidohydrorase (vR= -1.6), a

protein involved in nucleotide metabolism (Ladner et al., 1gg6b; Mclntosh et al.,

1992) and protein mago nashi homolog (VR= _4.g).

lmmunoblot confirmation of 2D-DIGE results

ln order to confirm the differences detected by 2D-DIGE for select proteins, we

performed 1DE and 2DE immunoblotting. Phosphoprotein-enriched samples from

mock- and JFHl-infected cells were separated by either standard SDS-pAGE

(1DE) or 2DÊ and processed for immuno-detection. Standard 1D minigel

immunoblottíng for two of the elevated proteins, tropomyosin_3 (Fig. 23A) and

PCBPI (Fig. 238), did not corroborate the findíngs seen by 2D-DIGE anatyses. ln

fact, the levels of tropomyosin-3 were lower in HCV-infected cells than mock-

infected cells (compare lanes 1-3 to lanes 4-6 in Fig. 23A). The lower amount of

tropomyosin in HCV-infected cells is consistent wíth previous findings that the

global amount of tropomyosin is lower in both HCV infected cells and HCV-

related hepatocellular carcinoma (Mannova et al., 2006; yokoyama et al., 2oo4).

Alternatively, high resolution zDE immunoblottíng specific for tropomyosin-3

revealed that one of the isoforms detected by the antibody was essentíally

undetectable in mock-infected sampres (Fíg. 23c arrowhead) by 2DE brotting.

These findings confirmed that tropomyosin-3 was in fact one of the isoforms of
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Figure 23. Confirmation of tropomyosin-3 and PCBPI by immunoblotting. 1D
SDS-PAGE immunoblotting for total protein did not corroborate cha--nges
characterized by 2D-DeCyder analysis. Equal amounts of phospho-enriched
samples were purified in triplicate (mock lanes 1-3, HCv-infectéd lanes 4-6) and
probed for (A) tropomyosin-3 (TPM3) and (B) PCBP1. lmmunobtotting of próteins
separated by 2DE revealed signíficant differences in protein spot pattirns for both
lropomyosin-3 (c) and PCBPI (D). Protein isoforms that differed in expression are
highlighted with arrowheads. Additional PCBPI isoforms are indicateO witn arrows.
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tropomyosin which was elevated during infection and represents almost a

plus/minus change in abundance. lt is likely that this greater degree of difference

was obscured in our 2D-DIGE analysis by additional proteins of the tropomyosin

family which díd not differ in abundance but which comigrated to the same

position as tropomyosin 3. Furthermore, these findings suggest that the

differences seen by our 2D DeCyder analysis represented changes specific to

phospho-isoforms and was tropomyosin-3 specifíc. ln other words, not all

tropomyosin 3 phospho-isoforms were altered, only one of the two isoforms seen

in the 2D immunoblot was significantly increased in HCV-infected cells (compare

Fig' 234 to C). lt is also noteworthy to mention that when 1D-immunoblotting was

performed with a pan-tropomyosin family antibody on phospho-enriched mock

and HCV-infected samples no signifÍcant differences were observed (data not

shown)' This reinforces the specifíc nature of phospho changes seen during HCV

infection (data not shown and Fig. 23C).

The second protein change evaluated by immunoblotting was poly-rC-bindíng

proteín 1 (PCBPI), which showed the largest change ín abundance, by 24.5 fold.

Shown ín Fig. 23D are the 2D-PAGE western blots for pCBpl from mock- and

HCV-infected phosphoprotein enriched samples. Despite the presence of at least

two hígher MW PCBPI isoforms in both samples (arrows), the absence of the

lower isoform (arrowhead) from mock-Ínfected samples confirms the dramatic

abundance difference observed for PCBPI between mock- and HCV-infected

phosphoproteomes. This high resolution Western blot also raises the possibility
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that a second PCBPI protein (small arrowhead) is up-regulated in HCV infected

cells.

Dlscussion

Hepatitis C virus (HCV) often leads to severe liver complications in chronically

infected patients. Although the mechanism(s) of vírus persistence and associated

diseases are poorly understood, viruses do alter the homeostasis of infected cells

in order to generate a cellular environment conducive to virus propagation. These

changes can lead to alterations in cascade events such as those observed in

intracellular sígnalling pathways mediated by protein phosphorylation. These

changes can ultimately modify the functional status of downstream substrate

proteins and alter gene transcríption and protein expression levels of specific

targets.

Previous studies have attempted to address both the genomic and proteomíc

changes induced by the expression of HCV proteins, genome replication and

infection in a number of models. Large scale microarray analyses of chimpanzee

liver biopsies revealed only subtle changes mostly associated with the interferon

response to infection (Bigger et al., 2001; Bigger et at., 2OO4). These alterations

have not been directly associated with changes induced in HCV-infected cells as

the changes may have been due to co-purified immune cells. Furthermore, even

in detailed analyses of cell lines harbouring self replicating HCV subgenomic and

full length genomes (replicon cefl lines), very few, if any, significant changes in

mRNA levels were observed between parental cell lines and those in which the
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HCV genome was present (Geiss et al., 2003; Hayashi et al., 2000; Scholle et at.,

2004). lt is conceivable that few differences were seen in replicon containing cell

lines for several reasons including the level of HCV expression and replicon

attenuation' The lack of transcriptome changes here does not exclude the

possibility of proteome changes as expression levels of proteins can occur even

in the absence of changes to the cognate mRNA levels. Furthermore, protein

function can be altered by post-translational modífication, cleavage and

subcellular localizalíon; all issues that would only be revealved at the protein

level.

With regards to proteomic changes induced by HCV, prior studies have focused

on the differences in non-cancerous and cancerous liver biopsies from HCV

afflicted patients. A number of groups have described elevations in stress

response proteins in tumour tissues with heat shock proteins; GRp7S, GRpTg

and HSC70 (Takashima et at.,2ooï; yokoyama et al., zoo4). There have also

been multiple studíes that demonstrated decreases in various tropomyosin

proteins in HCV related carcinoma (Takashima et al., 2003; yokoyama et al.,

2004; Diamond et al., 2007). Proteomic analyses of replicon cell lines have also

characterized changes in fatty acid oxidation pathways, mitochondrial function,

apoptosis, vesicle transporUcytoskeleton and stress response related proteins

(Mannova et al., 2006; Fang et al., 2006; Jacobs et al., 2oos). However in all

previous HCV proteomic studies, information pertaining to isoform specific

changes with valid quantitative analyses had been lacking. Furthermore, no study
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has yet addressed the phosphorylation changes that occur during HCV infection,

particularly in the absence of mitogen stimulation. lt was therefore the goal of this

research to characterize the phosphorylation alterations that occur in HCV-

infected cells using high-resolution, quantitative 2D electrophoresis.

ln order to identify the potential phosphorylation changes induced by hepatitis C

virus infection, we infected Huh7.5 liver cell lines with high titre Hcv (JFH1 strain,

genotype 2) and passaged the infected cells for five days. Although ít is not

definitively known what proportion of the liver is infected in chronic individuals, it

has been postulated that approximately 10% of hepatocytes are infected (Chang

et al., 2003) and that these infected cells produce roughly 1 x 1012 virions per day

(Neumann et al., 1998). From Figure 20 it is clear that approximately 1OO% of the

cells were infected. Such a high level of infection was used in order to more

clearly detect virus-induced effects and although the proportion of cells infected

in this study may be large with regards to a clinical chronic infectíon, it

nevertheless addresses differences in phosphoproteíns relevant to HCV

infectíon.

Both mock-infected and HCV-infected Huh7.5 liver cell lines were harvested and

processed for phosphoprotein enrichment by immunoaffinity resin followed by

multiplexed, quantitative two-dimensional electrophoresis (Fig. Z1). ThirÇ-eight

phosphoprotein species were found to be differentially represented in infected

cells versus mock-infected cells. Of these, 16 protein spots were subsequenly
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ídentified but our analysis suggested the possibility of more than one protein in

several spots. The detection of multiple proteins within one spot is likely due to

spot co-migration and could potentially be resolved by using alternate strategies

including narrower pH range IPG strips. Multiple protein identifications were

assigned to certain protein spots, specifically spots identified as tubulin or

tropomyosin. Each of the tubulin or tropomyosin isoforms identified in this study

have very little difference in isoelectríc points and molecular weights, hence co-

migration is likely. Moreover, they share substantíal sequence homology.

Because we can not exclude the presence of multiple tubulin or tropomyosin

isoforms in certain protein spots, we have included them in table 6. Further work

is unden¡vay to definitively assign identifications to these proteins.

The most dramatically altered phosphoprotein isoform identified in this study was

poly-rC nucleic acid binding protein (PCBP1). lnterestingly, the isoform which

was increased ín viral infection was not even detectable by 2D-DIGE analysís in

mock-infected cells (Fig. 22). PCBPI is present in phospho-enriched samples

from both mock-infected and HCV-infected cells, however, it appears that at least

one phosphorylated isoform of PCBP1, denoted as spot 1232, is much more

abundant in HCV infected cells (DeCyder volum e ratio=24.5). As phosphorylated

PCBPl shows decreased affiníty for bindíng nucleic acid (Leffers et at., lgg5), it

suggests that PCBPl may have a significant proportion as an Ínactíve form in

HCV-infected cells. Previous work has described the ability of PCBPI and the

highly homologous PCBP2 protein to bind the 5' non-translated regions of HCV
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(spangberg and schwartz, lggg), and pcBp2 arso binds to the 3'NTR of HCV

(Tingting et al', 2006). Although little is known with regards to the involvement of

PCBPI in HCV translation, ¡t has been shown that HCV IRES mediated

translation is not inhibíted in PCBP2 immunodepleted rabbit reticulolystes

(Fukushi et al., 2001) or in Sacchromyces cerevisiae (Rosenfeld and Racaniello,

2005) in which the PCBP2 gene is absent. These results are in contrast to what

is known with regards to poliovirus IRES translation whích requires the co-

operation of PCBP2 (Blyn et al., 1gg6; Blyn et al., 1gg7; silvera et al., lggg).

Therefore it is possible that HCV IRES translation relies on pCBpl much in the

same manner that poliovirus IRES translation requires PCB?2. Additionally, the

functional role that PCBPI plays in infected cells may be altered due to the

prescence of phospho-PCBP1. ln either case, the role of post-translational

modification remains unknown and we are examining this issue further.

Elongation factor 1 delta (EF-1 Â), another protein associated with translation,

was found to be elevated in phosphoprotein-enriched HCV infected cell lysates.

EF-1-^ combines in a complex with three other elongation factor subunits

(alpha, beta and gamma) (Ejiri et al., 1983). The delta subunit is responsible for

the exchange of GDP for GTP that is bound to the alpha subunit, a function

essential for efficient cellular mRNA translation (Carvalho et al., 1gg4b; Carvalho

et al., 1984a; van Damme et al., 1gg0) but not necessarily for viral RNA

translation' For example, it has been shown that HIV-1 expresses a protein that

binds and inhibits EF-1-A (Xiao et al., 1998). EF-1-^ has is also involved in the
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oncogenic transformation of cells (Kolettas et al., 19g8; Sinha et al., 2000; Lei et

a1.,2002) and is elevated in oesophageal carcinoma (ogawa et al., 2004). EF-1-

Â is believed to be phosphorylated upon DNA damage of the host genomic

material by either ATM or ATR kinases (Matsuoka et al., 2OOT). The increase in

the phospho-isoform of EF-1- Â in HCV infected cells suggests that these cells

may be responding to a stress akin to DNA damage. Given that damage to

genomic material is an inherent feature of cellular transformation with

progression to cancer, it is possible that these factors may contribute to a

transformation phenotype since HCV has been implicated in hepatocellular

carcinoma (Saito et al., 1gg0).

A number of the proteins that were increased in HCV-infected cells were

identified as cytoskeletal elements (tropomyosin and tubulín). Although the

functional consequences of increased tubulin and tropomyosín protein

phosphorylation are not fully understood, numerous publications have described

cytoskeleton requirements for vírus propagation, reviewed in, (Radtke et al.,

2006; Greber and Way, 2006). Tubulin forms heterodimers of alpha and beta

chains and constitutes a major component of microtubules, however

phosphorylation specific to beta tubulin has been associated wíth impairing

tubulin dimer formation (Fourest-Lieuvin et al., 2006). Previous work examining

the cytoskeletal requirements of HCV infectÍon determíned that actin and

microtubule polymerization is essential for proper viral RNA synthesís (Bost et al.,

2003), however, in cells supporting subgenomic repticon propagation, tubulin
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alpha-1 and 6 as well as tubulín beta-S were shown to be decreased compared to

naiVe cells (Fang et al., 2006). lt should be emphasized that these previous

findings evaluated total protein amount while our studies have focused on

changes in phosphorylated protein isoforms. As shown for two proteins,

tropomyosin-3 and PCBPI (Fig. 23), there are clear differences between totat

and phosphoprotein contents.

Regulation of the cellular cytoskeleton has also been described for minute virus

of mouse (MVM) whereby in early infection, microtubule stability is associated

with MVM mediated phosphorylation of alpha and beta tubulin, while at later

stages of infection, disassembly of actin filaments is observed (Nuesch et al.,

2005)' Aberrant distribution of tubulin has been associated with the HCV

frameshift protein (F) due to its association with the cellular protein, prefoldin-2

(Tsao et al., 2006), setting the precedent for HCV mediated cytoskeleton

regulation.

The other cytoskeletat-associated proteins elevated in the Hcv
phosphoproteome belong to the tropomyosin family of proteins. Tropomyosin

alpha and beta chains are implicated in the stabilization of the actin cytoskeleton

in non-muscle cells. Tropomyosin has been implicated in cellular transformation;

however, a decrease in tropomyosin levels correlates with cancer (Bhattac harya

et al., 1990; Mahadev et al., 2002; Bharadwaj and prasad,2oo2). This is the

case with HCV-associated hepatocellular carcinoma, whereby tropomyosin beta
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chains have been found to exist in decreased amount in patients (Kuramitsu and

Nakamura,2005; Yokoyama et al., 2oo4) and also subgenomic replicon cell lines

(Mannova et al., 2006). Although each of the above mentioned studies observed

a decrease in total tropomyosin levels, our study describes an increase in

multiple phospho-tropomyosin isoforms from infected cells. At present, the

functional consequences of this modification on tropomyosin are currenly

unknown.

Another protein shown to increase during HCV infection was programmed celt

death protein 5 (PDCD5), which has atso been shown to be elevated ín tumour

cell lines and activated when cells are under stress and undergoing apoptosis

(Liu et al., 1999; cecconi et ar., 2003). of note, a recent plaque assay based

method for JFHl infection quantification is based on the induction of ER-stress

induced apoptosis of infected cells and their resulting cell death (Sekine-Osajíma

et al., 2008). lt is plausible that one of the mechanisms responsíble for this

phenotype is the activation of pDCD5.

The remaining proteins found to be increased in abundance from the infected

cells belong to protein chaperone families (GRP78 and charge multvesicular

body protein 4A) and are involved in mediating proper folding of proteins. Given

that viruses often overwhelm the host cellular translational machinery due to the

extensive amount of protein production, it is a reasonable observation that

cellular proteins responsible for handling protein processing and folding would be
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up-regulated upon viral infection. lt has been previously documented that the

heat shock proteins 90 (HSP90), HSP71 and GRpTB are all involved in some

manner with HCV infection and hepatocellular carcinoma. These associations are

most likely due to the ER-stress induced by excess protein production

(Takashima et ar., 2003; sekine-osajima et ar., 200g; ciccagrione et ar., 2005;

ciccaglione et al., 2007; Nakagawa et al., 2005; Benalí_Furet et al., 2005;Tardif

et al',2002: Choukhi et al., 1998). When cells undergo ER stress associated

with excess protein processing, GRP78 (also known as Bip), releases from two

transmembrane proteins, PERK and IRE-1 which allows these two proteins to

transmit signals in response to errors in protein folding that ultimately culminate

in translation inhibition (Bertolotti et al., 2000). Freed GRpTg then exists as eíther

unmodífied monomers or aggregates that are phosphorylated. ln its

phosphorylated form, GRpTg is líkely inactive (Freiden et al., 1gg2). ln this

study we found two isoforms of GRP78 to be increased in phosphoprotein-

enriched HCV-infected ceils (spot 531 by 3.g-ford and spot 536 by 3.6 ford).

Moreover, it is very likely given the migration pattern in Fig. 21, thatunidentified

spots 528-530 and 532 also represent different GRPTB isoforms. Although total

GRP78 levels are elevated during HCV infection thus leading to the inhibition of

PERK, it is possible that these effects are balanced by phosphorylation of GRpTg

thereby inactivating it. lnterestíngly, the HCV E2 glycoprotein binds to both PERK

(Pavio et al', 2003) and elF2 alpha (Taylor et al., lggg) which inhibits the ability

of both proteins to suppress translation. Based on these findings and previous

work, it would seem that HCV infection modulates many stages of the unfolded
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protein response likely to ensure that translation is not halted during the ER

stress induced by viral infection.

Of the four phosphoprotein isoforms decreased during HCV infection, no clear

trend in pathway activation or protein function can be made. Two of the protein

species were identified as calponin. ln non-muscle cells such as hepatocytes,

calponin is capable of binding to actin (Takahashi et al., 19g6), calmodulin,

troponin and tropomyosin (Nakamura et al., 1993). Furthermore, calponin is

thought to function similarly to the smooth muscle isoforms of calponin which

inhibit cell motility and actin redístribution (Shirinsky et al., 1gg2; Haeberle, 1gg4)

due to the inhibition of the Mg-ATPase activity of actin. protein kinase C (pKC)

mediated phosphorylation of calponin inhibits the proteins ability to bind both

actin and tropomyosin (winder and watsh, 1gg0; Jin et al., 2000) however, both

actin and tropomyosin can decrease the rate of calponin phosphorylation

(Nakamura et al., 1993). lnterestingly, tropomyosin has been shown to inhibit the

phosphorylation of calponín (Nakamura et al., 1993) and therefore the decrease

in calponin phosphorylation observed in this study may be a reflection of the

elevated phosphorylatíon of multiple tropomyosin ísoforms from HCV-infected

cells.

The identifícation of deoxyuridine 5'-trisphosphate nucleotidohydrolase (DUT) as

one of the decreased proteins is curious. DUT produces dUMp from dUTp

thereby decreasing intracellular pools of dUTP. This process reduces the
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possibility of uracil íncorporation into DNA. Both herpes viruses and HIV encode

their own DUT enzyme(priet et al., 2006), but given that HCV is an RNA virus,

maintenance of DUT function would not seem to be essential. However, it should

be kept in mind that the species of DUT found in this study represents a

phosphorylated isoform and the significance of decreased phosphorylation to the

proteins' function is not currently known, however phosphorylation of DUT has

been linked with the cell cycle, in particular, to cyclin dependent protein kinase

p34 (cdc2) (Ladner et al., 1996a).

Overall, a general theme of phosphoproteome changes induced by HCV can be

formed that predominantly involves the modulation of cytoskeletal elements and

translational machinery during infection. As with all virus replication, the ability to

circumnavigate the intracellular network of cytoskeletal proteins is essentiat for

successful virus propagation. These changes may be a reflection of the required

transport of viral components to a specific subcellular compartment of the cell for

efficient replication, the tethering of viral replication complexes to membranous

structures, the assembly of virus particles and/or providing a path free of

obstructions. Additionally, viruses are known to commandeer cellular translation

mediators in order to generate large quantities of viral protein. Thís must of

course be balanced in the case of HCV with the requirement associated with a

persistent infection.
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The majority of previous HCV-related phosphorylation studies have investigated

the changes that occur upon serum starvation or mitogen stimulation of cells. To

our knowledge that is the fírst work to have characterized the global quantitiatve

phosphoproteome alterations induced by HCV and can serve as a comparative

model for other viral studies.

our future research efforts will entail the identífication of the specific residues that

are differentially phosphorylated and what kinase/phosphatase combinations

cause these changes.
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CHAPTER Vl: Concluding Remarks

Overall conclusions

Given the intimate relationship viruses have with their host cells, understanding

the delicate balance between cell survival and virus propagation represents a

significant area of study. Studies based on the cellular changes índuced by

hepatitis C virus are of no exception. Examination of HCV pathogenesis often

takes a reductionist approach, whereby alterations induced by the expression of

a single viral gene are analysed.

Here, changes to the host cell phosphoproteome induced by hepatitis C vírus

proteins and infection were addressed in a quantitative proteomic analysis. This

is the fírst characterizatíon of global phosphorylation patterns of both stable

subgenomic replicon cell lines and cells infected with replication competent HCV.

ln order to characterize the phosphorylation changes that occur in subgenomic

replicon cells or HCV-ínfected cells, there was the requirement for a method to

enrich for phosphorylated proteins both efficienily and specifically.

Phosphoprotein enrichment is accomplished using immobilized metal affinity

chromatography (lMAc) whereby proteins containing negatively charged

phosphate moietíes are bound by a positively charged metal coupled to a
support. The major advantage of this technique lies in the abil1y to bind

phosphorylated resídues, irrespective of the amino acíd modified. However, it

raises a potential pitfall of IMAC resins, in that metal ions do not discríminate the
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or¡gin of the negative charge, and therefore, proteins that contain extensive acidic

amino acids can also be captured thereby reducing the phosphoprotein capture

specificity. lt has been postulated that phosphoprotein capture by immunoaffinity

ís more specific for phosphorylated residues; however, due to the intrinsic

specificity of antibody recognition sites, greater than one form of antibody is

required to capture all phosphorylated residues (serine, threonine and tyrosine).

ln this thesis, these hypotheses were tested by comparing the

phosphoproteomes captured by IMAC and immunoaffinity. Overall, the proteins

enriched for by either method were highly concordant at a qualitatíve level. We

chose to examine protein that exhibited a substantive quantitative difference in

capture (t3.5 fold) ín an attempt to understand the nature of the quantitative

difference' The largest proportion of proteins captured differentially were heavily

enriched for by IMAC but were limited in immunoaffinity purifications. For at least

one of the proteins captured by IMAC and not immunoaffinity (Hsp60), reported

phosphorylation sites were not modified and therefore, the conclusion was drawn

that immunoaffìnity capture was more specific for phosphorylated protein

isoforms over IMAC. One other issue to consider is that some of the proteins may

be carried along with truly phosphorylation forms, but in this case it is hard to

understand how one buffer left these interactions intact but the other buffer did

not' ln all subsequent phosphoproteome studies, immunoaffinity capture was

utilized, because, in additíon to the enhanced phosphoprotein specificity

mentioned herein, the resulting samples were more amendable to the proteomíc

platform used to perform quantitative analyses. The ease of sample manipulation
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following immunoaffinity was likely due to the ínherent greater protein

concentration after immunoaffinity elution as the volume generated was half of

the IMAC eluted fractions. The greater the initial protein concentration was, the

more likely the proteins could co-precipitate. This was of critical importance for

downstream 2D-DIGE analysis as the CyDye labelling reactions are preferentially

performed with protein concentrations ranging between 5-1Omg/ml.

ln order to address the phosphorylation changes that occur during HcV

replication and polyprotein expression, two separate replication models were

used. First, the prototypicar'subgenomic repricon, genotype 1b and second the

recently isolated infectious JFHI HCV clone, genotype 2a. There are two major

differences between the subgenomic replicon and infectious clone studies. First,

the genomes from which each construct was originally designed are from two

distinct genotypes. The subgenomic replicon encodes one of the most

predominant genotypes worldwide, 1b. Furthermore, the 1b replicon used in

these studies has undergone cell-culture adaptive mutations that enhance its

replication competence ex vivo, but are less pathogenic in vivo (in chimpanzee

animal models). Although many researchers have developed replicons based on

practically all genotypes, the classic model remains the 1b genotype most likely

due to the hígh global incidence of this genotype. The only efficient replícation

competent genotype of HCV isorated to date is genotype 2a, isorate JFH1. As

mentioned, this isolate demonstrates very dífferent clinical manifestations from

the prototypical HCV genotypes whereby the ínfected patient exhibited an extra-
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hepatic disease associated with inflammation of the brain. Genotype 2a viral

infections also generally respond successfully to standard therapies whereas the

1a and 1b genotypes do not. As is the case with the replicon systems, many

researchers have developed other infectious genomes; however, the critical

difference is the non-structurat region of the genome must remain genotype 2a

coding sequence in order to maintain highly efficient replication of the virus.

The second major difference between the replicon and full length studies

presented herein is that although the replicon recapitulates the molecular process

of virus infection (genome replication and protein expression) it does not

undergo a full lifecycle of virus replication, particularly virus entry, uncoating,

assembly and release. Therefore, one would not necessarily suspect that the
phosphorylation changes identified to be differentially abundant in replícon cells

are of the same phenotype observed in JFHI "persistentty,, infected cells.

However, there were a number of functional trends that were consistenfly

observed between both systems retating to cytoskeleton alterations, ER-Golgi

stress pathways and translation regulation whích can be seen in figure 24. A

more detailed comparison of the altered phosphoproteins is listed in table g.

Moreover, phosphorylated isoforms of calponin, a cytoskeletat regulator were

decreased in abundance in HCV replicon cell lines and HCV infected cell lines,

although at this time ít is unknown if the proteins from each study represent the

same isoform. lnterestingly, the calponin isoform that demonstrated attered

abundance due to HCV was arso the same isoform that immunoaffinity
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Figure 24' Gene ontology of proteins differentially abundant in Hcv repticon;:åJi:: and ce's ¡nrätãoîñ H-cv.'c",J#rT assisnment based on NcBt
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Table 8. comp.arative analysis of altered phosphoproteins in Hcvsubgenomic replicon- and HcV infected-Huh7.5' celli. pnospnopioteins thatexhibited an increase in abundance are indicated with f wnile froleins that
exhibited a decrease in abundance are indicated with J. ND, not detérmined.
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Protein Subqenomic Replicon JFHl lnfection

Amphiphysin ll
1 ND

Baslc transcription factor 3L4 J ND
Calponin

J Junargeo mutUvesrcutar þodv 4A ND
1Cofilin ND

DUT ND J
GRP75

1 ND
GRP78

J 1
hnRNP K

1 ND
HSP90alpha

J ND
HSP9Obeta ltI NDEF-1-delta ND

IelF2 beta
J ND

elF3 zeta
I ND

MORF4 family-associated protein ND 1
PDI

J ND
PDI isomerase A4

1 ND
Poly-rC bindinq protein 1 ND

1rrogrammeq ceil oeatn protetn 5 ND
IProtein mago nashi ND JRBMAsA

J NA
Rho GDP dissociation inhibitoi 1 ND
$eptin 11

1 ND
Stathmin

J ND
Transitíonal ER ATPase

1 ND
Tropomyosin 1 J 1
Tropomyosin 3 ND 1
Tropomyosin 4 j

1TRF2 interacting telomeric RApl T ND
Tubulin alpha ND 1Tubulin beta ND 1
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purifícation captured more efficiently than IMAC and therefore, the differences in

calponin may not have been observed ¡f IMAC purification has been used.

Two other proteins were characterized to be differentially abundant in both the

replicon and infectious systems however, in both cases, the abundance changes

were opposite from one another when comparing infected cells to replicon cell

lines. For example, GRP78 and tropomyosin alpha isoforms were more abundant

in HCV-infected cells compared to control cells but less abundant in replicon cell

lines when compared to control cell lines. The contrary differences observed for

GRP78 and tropomyosin may by explained in part by the differing pathotogies of

the replicon system compared to a true HCV infection. As alluded to in Chapter

lV, a necessary balance must be achieved between replicon persistence and cell

survival and therefore, the level of cellular stress and resulting phosphoproteome

alterations are substantially different between the replicon modet and infection. lf

for instance, the decrease in stathmin phosphorylation is considered for both the

replicon and infectious virus studies, one might contribute the difference in results

to the chronic state of the replicon system which is more likely to mimic persistent

infection that can lead to hepatocellular carcinoma. For example, in replicon cell

lines, an aberration in stathmin phosphorylation could lead to errors in mitotic

spíndle formation and cell division, two complications associated with celt

transformation, while in the infectious system, the infected cells are not under

selective pressure to maintain the virus and therefore robust infection leads to
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cell death and therefore there would be a decreased chance for cellular

transformation.

Given that global proteomic methodologies are still in their infancy, studies

addressing the global protein changes induced by HCV components are límited.

The vast majoríty of proteomic analyses with regards to HCV have focused on

chronic HCV cases, with particular emphasis on the identification of HCV-specific

biological markers involved in the development of hepatocellular carcinoma

(HCC) or liver fibrosis. Two separate studies observed protein abundance

elevations in the Hspzo famíry members, GRp7g, HSc70, GRpTs and HSp70.1

(Kuramitsu and Nakamura, 2005; Takashima et al., 2003), suggesting that ER_

stress pathways involved in the unfolded protein response are induced during

HCC' These findings are consistent with hypotheses that the ER-proteome is

altered in many different cancers (Moenner et al., 20or; Ma and Hendershot,

2004; Li and Lee, 2006). Proteins previously observed to be decreased in HCC

tended to have a broader spread in functionalities and included various

tropomyosin ísoforms, arginase 1 and enoyl-coA to name a few (yokoyama et

a|.,2004; Kuramitsu and Nakamura, 200b).

Not only have HCV specific proteome studies been limited, so too have

proteomic studies pertaining to other viral infections. Moreover, studies of the

phosphoproteome are even still more limited. Nevertheless, phosphoproteome

studies of Rous sarcoma virus and pichinde virus were performed in the past few

years' ln order to study phospho-tyrosine changes that are possibly responsible
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for maintenance of Rous sarcoma virus cellular transformation, yamaoka and

colleagues (2006) examíned the proteome content of transformed cells using

2DE and mass spectrometry following ímmunoblotting specific for phospho-

tyrosine (Yamaoka et al., 2006). As mentioned in Chapter lll, generatíon of

antibodies specific to phosphorylated tyrosine residues has been more

successful compared to phospho-serine and threonine residues. This is

somewhat unfortunate given that substantially greater amounts of serine and

threonine residues are phosphorylated in the cell compared to tyrosine,

nonetheless, phosphorylation at tyrosine residues often initiates signal cascades

that result in the downstream phosphorylation of serine and threonine residues.

With the exceptíon of changes to RNA binding proteíns (hnRNP M and hnRNp

A3), there were limited similarities between those proteins identified in the above

mentioned study and the one presented in this thesis. However, as with this

study, the Rous sarcoma virus study also emphasized the importance of "top-

down" methodologies in order to compare multiple phosphorylated isoforms of

the same protein. Multiple isoforms of the hnRNP proteins were shown to be

differentially phosphorylated in virus transformed cells and these differences

would be difficult to characterize if a "bottom-up" approach would have been used

as mass spectrometry characterization relies on peptide information versus intact

protein. The same is true for the changes identifíed in this thesis with particular

emphasis on stathmin, hspgO, tubulin and tropomyosin isoforms. However, the

trade-off is that bottom-up MS-based approaches can detect protein not available

to 2DE due to protein hydrophobicity, or proteins with extreme MW or pl.
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A more focused study of the kinases altered during pichinde virus infection was

performed by profiling with the aid of proteín chip arrays. When an attenuated

strain was compared to the virulent strain, the researchers found substantially

fewer kinase or phosphoprotein changes in virulent infected cells which were

attributed to the blockage of antiviral signalling cascades that would typically lead

to the clearance of the virus. An important finding in this study was that although

there were changes to the phosphorylation/activation of specific proteins in

response to infection, the amount of total protein did not vary (Bowick et al.,

2007). This is in keeping with the findings pertaining to stathmin, tropomyosin

and PCBPI in the data presented in this body of work, which did not differ

markedly in their total protein amount, but did demonstrate statistically significant

changes of phosphorylated forms of the protein, thereby further validating both

the phosphoprotein enrichment and 2DE methods used in these studies.

Virus-induced total proteome changes have also been evaluated for dengue virus

(Pattanakitsakul et al., 2007), bovine viral diarrhea virus (BVDV) (Pinchuk et al.,

2008), HIV-1 (Ringrose et al., 2008; Burgener et al., 2008), influenza virus (Liu et

al., 2008) and SARS CoV (Jiang et al., 2005) using a variety of different methods.

Both dengue and BVDV are members of the virus family Flaviviridae, to which

HCV also belongs. Usíng ZD-LC MS/MS, Pinchuk and colleagues identified more

than 375 protein kinases, of which 18 were considered to be present in different

amounts between mock and BVDV-infected cow monocytes. Of these, there
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were increases in proteins responsible for cell differentiation and cell migratíon

and decreases in proteins responsible for inducing an anti-viral state (Pinchuk et

al., 2008). lt is anticipated that the changes identified in the above study may in

part explain the mechanisms of virus-induced transformation seen in cattle, and

although BVDV infects cattle, it is used heavily as a model for HCV infection.

Dengue virus is less related to HCV than BVDV however, similar protein families

were altered in abundance between dengue-infected Vero cells and HCV

infection, including increases in proteins involved in RNA processing (pre-mRNA

processing factor 4), translation (EF-Tu, elongin C), ER-stress proteins (HspB7)

and oxidatíve stress markers (ERO-1) (Pattanakitsakul et al., 2007).

Presumably, as more data is presented pertaining to the proteome and

phosphoproteome changes induced by a variety of viral infections, researchers

will be able to identify those changes that are associated with viral infectíon in

general versus those that are specific to indivídual virus infection and specific

pathologies observed.

Future work

The findings presented in this body of work detaíl both the qualitative and

quantitative changes to the host cellular phosphoproteome in the presence of

HCV replication and protein expression. The phosphorylated proteins which

demonstrated altered abundance due to the prescence of HCV elements

belonged to numerous protein families and consequently their phosphorylation
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state is regulated by a variety of dífferent mechanisms. Moreover, the majority of

altered phosphoproteins in this study have multiple phosphorylation sites that can

be phosphorylated in combinatíon with one another or independenfly. ldentifying

which site is altered in phosphorylation may provide a clue as to which protein

kinase is responsible for the changes observed. For example, the oncoprotein

stathmin, which was found to be less abundant in replicon cells ín two ísoforms is

a good test case. Stathmín contains four highly characterízed phosphorylation

sites which can be phosphorylated in a variety of combinatíons to generate

upwards of 12 distinct phospho-isoforms. lt may be possible to map which sites

are differentially phosphorylated on the stathmin isoforms of this study using

MS/MS with more protein, or in the negative ion scan mode because these are

phosphopeptides. There are antibodies available which are specífÌc to each of

the four well-characterized sites, however, it is possible and likely that the two

isoforms that have decreased abundance in replicon cells are actually a mixture

of different phosphorylation sites as a stathmin isoform which contains two

phosphorylated residues can actually be generated by the phosphorylation of any

two of the known residues.

Not onfy are there multiple sites on stathmin that may be differentially

phosphorylated, there are also multiple proteins upstream of stathmín that are

responsible for the phosphorylation and dephosphorylation of each site. Given

that phosphorylation is a transient, reversible post-transtational modification, the

observed lower abundance of the two isoforms described in this study could be
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the result of decreased levels and/or activation of kinases responsible for the

phosphorylation of a specific site or alternatively, the increased activity of the

phosphatase responsible for the removal of the specific phosphate. Therefore, it

is also of interest to identify the underlying reasons for the observed

phosphorylated differences. As the kínases and phosphatases for many proteins

are known, it may be possible to hinder their activity in order to alter the observed

phenotypes described. This may be achieved by over expression of the

kinases/phosphatases, or alternatively the silencing of their cognate mRNA

transcripts. However, it bears mentioning that since the changes in this study are

due to post-translational modification, the activity of the kinases/phosphatases of

study may have to be specifically altered in order to delineate which are

responsible for our findings. Ultimately, even a limited number of protein

changes could identify the pathways responsible for the altered protein

phosphorylation.

Ultimately, the significance of these findings with regards to virus propagation,

pathogenesis and the cellular antíviral response are of utmost interest.

Determining whether the changes observed are due to the cellular response to

infection or alternatively are due to specific actions of the viral components is

crucial. For instance, the observed increase in stathmin observed in HCC (Wong

et al., 2008) and replicon cells (Jacobs et al., 2005) may be a result of the

microtubule aggregation that occurs during replication and the cellular response

to inhibit this action, as a main function of stathmin is the depolymerization of
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tubulin. ln contrast, the altered phosphorylation of stathmin may occur due to the

action of viral components that ensures infected cells rest in a certain stage of

the cell cycle as stathmin phosphorylation is tightly coupled to entry into mitosis

and the subsequent rearrangement of tubulin into mitotic spindles. Maintaining

infected cells in a certain cell state may enable the production of necessary

cellular co-factors for infection but may also be related to the transformation

phenotype of HCV and the observed chromosome abnormalities observed by

NSSA expressing cells (Baek et al., 2006).

Finally, determining what significance these changes have on the fitness of viral

ínfection/pathogenesis and cellular homeostasis should be investigated. By

inhibiting the phosphorylation alterations described, cell survival, transformation

and virus replication can be monitored to establish whether these changes are

essential to the cells survival during infection or alternatively to increase the

replication capacity of the virus.
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APPENDICES

APPENDIX I - DETAILED MATERIALS
Materials Company Gatalogue

Number
Antibodies
Alexa Fluor@ 488 goat anti-mouse lgG Molecular Probes Á.11029
Anti-actin (used at 1:1000 dilution) Sigma A 2066
Anti-NPTll lused at 1:1000 dilution) Sigma N 6537
Anti-Op18/stathmin (used at 1:10 000 ditution) Sigma o 0138
Anti-Hepatitis C NS5A monoclonal antibody
(used at 1:1000 dílution)

Virogen 256-A

Cy rM 3-conj ugated Affin i P u re goat a nti-rabb it I gG
(used at 1:100 dilution)

Jackson
lmmunoresearch

111-165-144

CyrM5-conjugated AffiniPu re goat anti-mouse
(used at 1:100 dilution)

Jackson
lmmunoresearch

115-175-146

Goat anti-mouse lgG HRP conjugated
(used at 1:10 0Q0 dilution)

Upstate 12-349

Goat anti-rabbit lgG HRP conjugatedluieAãnjô
000 dilutíon)

Upstate 12-348

Goat polyclonal to QAPDH (used at t :1000 A'tlut'rcn) Abcam ab9483
Monoclonal antí-heat shock protein 60 clone LK1
(used at 1:400 dilution)

Sigma H 4149

Monoclonal anti-TCP-1 B clone F3gpTF 1i
(used at 1:1000 dilution)

Sígma ï 9076

Monoclonal anti-tropomyosin clone TM31 1

(used at 1:1000 dilution)
Sigma T 2780

PCBPl polyclonal antibody (401) (used at TZSOO
dilution)

Abnova
Corporation

H00005093

Phospho-(Ser/Thr) Akt substrate antibodf
(used at 1:1000 dilution)

Cell Signaling 961 1

Rabbit anti-goat tgG-HRp (used at i lO OOO
dilution)

Santa Cruz sc-2922

Rabbit polyctonat to ERp29 (used ãaf t000 ditution) Novus Biologicals N8300-523
Rat anti-TCP-1q (CCT) monoclonal (used at 1.1000
dilution)

Stressgen
Bioreagents

cTA-191

TPM3 polyclonal antibody (401) ¡usea an:ZSOO
dilutlon)

Abnova
Corportation

H0007170

Cell Culture Reagents
Effectene@ transfection reagent Qiagen 301425
Dulbecco's modified Eagle medium Gibco 11995
Geneticin@ Gibco 10131-027
Heat-inactivated fetal bovine serum Gibco 10082
MEM non-essential amino acid solution (100x) Sigma M 7145
Pen icil lin/Streptomycin Gibco 15140
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Tra ns MessengerrM transfection reagenJ Qiagen I 1OISZS
0.25% Trypsin-EDTA Gibco 25200
Electrophoresis Reagents
Acrylamide PAGE 40o/o solution GE Healthcare 17-1303-01
BenchMarkrM prestained protein ladder lnvitrogen 10748-010
Bovine serum albumin Sigma B-4287
CHAPS Sigma 226947
DIGE Fluor Labelling Kit GE Healthcare 25-8010-65
DL-Dithiothrietol Fluka 43815
GelCode@ Blue (colloidal coomassie stain) Pierce 24590
Glycerol Fisher Bioreagents BP229-01
iBlotrM Gel Transfer Stacks, nitrocellulose lnvitrogen t83010
iBlotrM 9el Transfer Stacks, PVDF lnvitrogen
lmmobilinerM DryStrip, Tcm pl4-7 GE Healthcare 17-6001-10
lmmobilinerM DryStrip,24cm d ai GE Healthcare 17-6002-46
lmmobilonrM Western HRp Cnemiluminecence Millipore WBKLSOSOO
lmmobilon-FL Transfer Membranã Millipore lPFLl0100
lodoacetamide GE Healthcare RPN6302OLIAF
IPG buffer, pH 4-7 GE Healthcare 17-6000-86
KodakrM X-OMATTM x-ray film Perkin Elmer NEF596OO1 EA
L-Lysine Sigma L 5501
MagicMarkrM XP western standard lnvitrogen 1C5602
N'N'-dimethyl formamide Usb 14862-250
NuPAGE@ 12% Bis-Tris Gel lnvitrogen NPO341BOX
NuPAGE@ 4-12% Bis-Tris Gel lnvitrogen NPO321 BOX
Optigels, 10-20% gradient Nextgensciences p.11622
PlusOne ammonium persulphate GE Healthcare 17-1311-01
PlusOne bromophqnol blue GE Healthcare 17-1329-01
PlusOne glycine GE Healthcare 17-1323-01
PlusOne N', N'-methylene-bisa@ GE Heatthcare I lt¡SOA-U
PlusOne tris GE Healthcare 17-1321-01
PlusOne SDS GE Healthcare 17-1313-01
PlusOne silver staining kit GE Healthcare 17-6002-46
PlusOne TEMED GE Healthcare 17-1312-01
PlusOne urea GE Healthcare 17-1319-01
Re-Blot Plus strong solution (10x) Chemicon vR1369971
Sea Block blocking buffer Pierce 37527
Thiourea GË Healthcare RPN63O1V
2-D Clean-Up kit GE Healthcare 80-6484-51
2-D Quant Kit GE Healthcare 80-6483-56
VisualizerrM western Otot Oetection t¡t, rnouse Upstate 64-201SP
Mass spectrometry reagents
Acetonitrile Sigma 360457
Ammonium bícarbonate Sigma pl6141
C18 pre column - Zorbax 30OSB€1g, Surn Agilent
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ÃrnrnvO ?mm
Agilent

C1 8 analytical column- Zotbax SuuuÉ-u-l ö' ó'cpm'
4 Ãr-rnv76r rm

Siqma c 8982
^ 

u n 
^ 

¡l'a-l^r¡a nnfìáôhrrrl rnvvei n nâ m lC eClO )

Fluka 60299Eta*aoc ir tm farrinrranirlc
Sigma MS-CAL1

ProteoMassrM peptide and proteln MALUI-MU

^olihrafinn kif
Sigma 217263Qa¡li¡ rrn fhinc.r ¡lfafe

Triflr r¡rrnanef in aeid Siqma T 6508

T'.rn<¡in Gnld tMS oracle Promega TB309

T^¡ncin nrnfonrninc nrade Sigma T 6567

¡.t*Jrar ra¡nanfc,
Bio-Rad 500-0006Q'arlfnrrl r{rra reanent
Molecular Probesfi^Dl
New England
Biolabs

P0753S
Lambda protein PhosPhatase

Qiagen 37101ÞhncnhnPrnfein nr rrification kit

-Prolonq@ 
Gold antifade reagent lnvitrogen P36934

oSVZneo (GenBank #U02434) Clonetech 6172-1

^¡^trY 
ll Qiagen 20902

QiagenDaafrinfinn ân7\rmês and Kl ENOW
Promega P1 300Þihnt\IAYTM larne seale RNA oroduCtlOn SVStemS
Qiagen 79254ÞJtlaea-Frao flNase

ilooorÊl t\lintrhrfaTM CleanIIn kit Qiagen 74204

Acros 41923-1000
Saoonin
Qarlir tm flr rnrir{a Sigma s7920

Sigma s6508QaÁ ir rrn nr{hnrra nadate
Clonetech 635624T^r r'ìÌ\l Þt\/lAC- Phosnhonrotein enf¡chment Klt
Promega P1320

T7 RiboMAJ(rM express large scale RNA prooucllon
lzi+

Qafh¡r¡ra and arrr linment
Millipore uFc800396Àrninnn llltra-Á. 3klìa filter

Â-i^l^aml\IPr- 7aicc Zeiss
ZeissÂvìa\/arf rnnÀil
ZeissÂ-i^\/ioinn á Ã S.PI ln3l2nl.ì6l
GE HealthcareDeCvder

fCtr¡ 830 Electroporation SYstem BTX 45-0002

Ettan rM DALTs¡x Electrophoresiq u n{,ll!y GE Healthcare

EttanrM lPGPhorllrM GE Healthcare

lmaqeQuant 5.2 GE Healthcare

lmaoeQuant TL v2002.01 GE Healthcare

MultiTemp lll water circulator GE Healthcare

Tr¡nlrnnn OÁ"'lñ rrqriahle mode imaoef GE Healthcare

Millipore zrc18S960
ZioTipcre
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APPENDIX II - DETAILED REC'PES

Solutions

. 1X sample/rehydration buffer
o 7M urea, 2M thiourea, 4o/o cHAps, 0.5o/o rpG buffer, 65mM DTT

" 2X sample/rehydration buffer
o 7M urea, 2M thiourea,4%o CHAPS, 1o/o lpG buffer, 130mM DTT

. 5X SDS running buffer
o 125mM Tris-base, 120mM glycine, 0.b% SDS

. HEPES, pHT.1
o 70mM NaCl, 25mM HEPES

e IFA blocking solution
o 0.5o/owlv saponin, 1.1vowlv BSA, O.2o/owlv skim milk powder in pBS

. PBS (10X), pH 7.2
o 137mM NaCl, 100mM NazHpO¿ 12HzO,25mM KCl, lgmM KHzpo¿

. 2D cell lysis buffer/Cy labelling buffer
o 30mM Tris-HCl, 7M urea, 2M Thiourea,4o/o CHAPS, pH g.S

o SDS equilibration buffer stock solution
o 50mM Trís-HCl, pH 8.8, containing 6M urea, j0% vtv glycerol,2o/o

w/v SDS and 0.002Yo wlv bromophenol blue

. TBS (10X), pH 7 .4
o 685mM NaCl, 125mM Tris-HCl, 12.5mM KCI
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APPENDIX lll'ldentified peptides and corresponding Mascot scores for
Chapter lll

SwissProt 55.4 (scores >28, p<0.05)

Spot 1

STMNI_HUMAN Score: 475 Queries matched: 16
K.DLSLEEIQK.K 47- K.ESVPEFPLSPPK.K 60
R.ASGQAFELILSPR.S 98
R.SKESVPEFPLSPPK.K 79

Spot 2
RANG_HUMAN Score: 170 Queries matched: g

R.FASENDLPEWK.E
K.TLEEDEEELFK.M
R.FASENDLPEWKER.G
K.ICANHYITPMMELKPNAGSDR.A + 2 oxidation (M)

Spot 3
RLAO_HUMAN Score:526 Queries matched: 42

R.GNVGFVFTK.E 46
K.IIQLLDDYPK.C 76
K.TSFFQALGITTK.I 81
R.GTIEILSDVQLIK.T 47
K.EDLTEIRDMLLANK.V + oxidation (M) 24
R.GNVGFVFTKEDLTEIR.D 45
R.VLALSVETDYTFPLAEK.V 18
R.AGAIAPCEVTVPAQNTGLGPEK.T 55
K.AFLADPSAFVAAAPVAAATTAAPMAAAPAK.V 72

Spot 4
GRP75_HUMAN Score: 1129 Queries matched: 36

K.LFEMAYK.K 31
R.QAASSLQQASLK.L 46
K.DAGQISGLNVLR.V 24
K.VQQTVQDLFGR.A 68
R.AQFEGIWDLIR.R 71
K.SDIGEVILVGGMTR.M 71
R.TTPSWAFTADGER.L 61
R.EQQIVIQSSGGLSK.D 12
R.AQFEGIWDLIRR.T 4
K.LYSPSQIGAFVLMK.M 51
R.QAWNPNNTFYATK.R 35
K.MKETAENYLGHTAK.N 37
K.LLGQFTLIGIPPAPR.G 80
R.VINEPTAAALAYGLDK.S 71
K.NAVITVPAYFNDSQR.Q 74
K.SQVFSTAADGQTQVEIK.V 86
R.VEAVNMAEGIIHDTETK.M 84
K.KSQVFSTMDGQTQVEIK.V 103
R.VINEPTAAALAYGLDKSEDK.V 78
K.ERVEAVNMAEGIIHDTETK.M 76

66
61
42
32
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ANXA6_HUMAN Score: 104 eueries matched: 4K.ALIEILATR.T 47
R.LVFDEYLK.T 31
R.SEIDLLNIR.R 50
K.EAILDIITSR.S 57

Spot 5
PDIA3_HUMAN Score: 444

K.YGVSGYPTLK.I
K.FVMQEEFSR.D
R.LAPEYEAAATR.L
K.LSKDPNIVIAK.M
R.GFPTIYFSPANK.K
R.FLQDYFDGNLK.R
K.SEPIPESNDGPVK.V
R.ELSDFISYLQR.E
R.GFPTIYFSPANKK.L
R.FLQDYFDGNLKR.Y
R.EATNPPVIQEEKPK.K
K.DLLIAYYDVDYEK.N
K.IFRDGEEAGAYDGPR.T
K.QAGPASVPLRTEEEFK.K
R.YLKSEPIPESNDGPVK.V

HNRPK_HUMAN Score:142
K.DLAGSIIGK.G
R.NLPLPPPPPPR.G
K.IILDLISESPIK.G
R.TDYNASVSVPDSSGPER. I

R. GSYGDLGGPI ITTQWI PK. D

Spot 6

Queries matched: 23
55
42
31
60
70
41
14
31
47
57
10
41
55
38
12

Queries matched: 7
16
33
37
65
24

TCPA_HUMAN Score: 842 eueries matched: 36
K.NTKAR.T
R.TSASIILR.G
K.SSLGPVGLDK.M
M.EGPLSVFGDR.S
K.LLEVEHPMK.V
R.SLHDALCWK.R
R.YPVNSVNILK.A
K.QAGVFEPTIVK.V
K.FATEAAITILR.I
K.YFVEAGAMAVR.R
K.IHPTSVISGYR.L
R.ICDDELILIK.N
R.SLHDALCWKR.V
K.LGVQWITDPEK.L
K.VLCELADLQDK.E
K.YFVEAGAMAVRR.V + oxidation (M)
K.QKIHPTSVISGYR.L
R.GANDFMCDEMER.S + oxidation (M)

I
29
88
36
55
61
17
ô9
56
45
22
5l
45
77
67
I
32
27
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R.SQNVMAAASIANIVK.S + oxidation (M)
R.DNKQAGVFEPTIVK.V
K.EVGDGTTSWIIAAELLK.N
K.LGVQWITDPEKLDQIR.Q
K. DDKHGSYEDAVHSGALND. -
K. I LATGANVI LTTGGI DDMCLK.Y
R.SQMESMLISGYALNCWGSQGMPK.R + 2 oxidation (M)
R.YINENLIVNTDELGRDCLINMK.T

Spot 7
TCPB_HUMAN Score: 1073 eueries matched: 37

K.LAVEAVLR.L
K.HGINCFINR.Q
K.GSGNLEAIHIIK.K

K.LIEEVMIGEDK.L
K.ILIANTGMDTDK.I
K.IHPQTIIAGWR.E
R.GATQQILDEAER.S
R.LKGSGNLEAIHIIK.K
R.QDLMN|AGTTLSSK. L + Oxidation (M)
K.tL|ANTGMDTDKtK.t + Oxidation (M)
R.SLHDALCVLAQTVK.D
R.DASLMWNDGATILK.N + oxidation (M)
R.EALLSSAVDHGSDEVK.F
K.FReDLMN|AGTTLSSK. L + Oxidation (M)
R. EALLSSAVDHGS DEVKFR. Q
K. LGGSLADSYLDEGFLLDKK. I
R. LALWGGEIASTFDH PELVK. L
R.VQ DDEVGDGTTSVTVLAAELLR. E
R.TVYGGGCSEMLMAHAWQLANR.T + 2 Oxidation (M)

Spot 8
TCPB_HUMAN Score: eueries matched:

K.LAVEAVLR.L
K.HGINCFINR.Q
K.GSGNLEAIHIIK.K
K.LIEEVMIGEDK.L. 
K.ILIANTGMDTDK.I
K.IHPQTIIAGWR.E
R.GATQQILDEAER.S
K.KIHPQTIIAGWR.E
R.TPGKEAVAMESYAK.A
R.LKGSGNLEAIHIIK.K
R.QDLMNIAGTTLSSK.L + Oxidation (M)
R.LTSFIGAIAIGDLVK.S
K.IL|ANTGMDTDKtK.t + Oxidation (M)
R.SLHDALCVLAQTVK.D
R.EALLSSAVDHGSDEVK.F
K.FReDLMN|AGTTLSSK. L + Oxidation (M)
R. EALLSSAVDHGS DEVKFR. Q
K. LGGS LADSYLDEGFLLDKK. I
R. LALWGGEIASTFDHPELVK. L
R.VQ D D EVG DGTTSVTVLAAE LL R. E
R.TVYGGGCSEMLMAHAWQLAN 

R .T + 2 oxidation (M)

99
41
49
72
41
76
42
21

44
25
63
71
61
3l
78
53
80
69
45
82
83
41
51
49
34
43
19

35
29
76
82
91
42
87
35
53
45
84
41

53
69
70
57
65
29
28
41
30
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Spot 9
TCPZ_HUMAN Score: 1gg eueries matched:

K.ALQFLEEVK.V
K.TEVNSGFFYK.S
R.AQMLAVNISAAR.G
K.GIDPFSLDALSK.E
K.QADLYISEGLHPR.I
K.VLAQNSGFDLQETLVK.I
K.DGNVLLHEMeteH PTASL|AK.V + Oxidation (M)

49
21
74
71
47
43
19

17
27
30
37
53
81
52
I
23
72
57

Spot I 1

HNRPF_HUMAN Score: 301 eueries matched:
R.YIEVFK.S
R.TEMDWVLK.H
R.VHIEIGPDGR.V
R.DLSYCLSGMYDHR.Y
R.QSGEAFVELGSEDDVK.M
K. ITGEAFVQFASQ ELAEK.A
K. FMSVQRPGPYDRPGTAR. R
K.ATEN DIYN FFSPLN PVR.V
R.WGEADVEFATHEEAVAAMSK. D + Oxidation (M)R.YGDSEFTVQSTTGHCVHMR.G --'' \

Spot 12
HCCI_HUMAN Score:165

R.FGISSVPTK.G
R.FGLNVSSISR.K
R.FNVPVSLESK.K
R. FGIWSSAGTGTTEDTEAK. K

Spot 13
TCPE_HUMAN Score:808

R.AVTIFIR.G
36
38
30
21
48
81
47
46
45
75
I

48
64
48
34
61

K.LMVELSK.S + Oxidation (M)
R.LMGLEALK.S + Oxidatiorì (n¡)
R.FSELTAEK.L
K.MLVIEQCK.N
K.ISDSVLVDIK.D
R.IADGYEQAAR.V
R.RDVDFELIK.V
K.FEEMIQQIK.E
K.LDWSVEDYK.A
R.SLHDALCVIR.N
K.QQHVIETLIGK.K
K.CPTLEQYAMR.A + Oxidation (M)
K.QQISLATQMVR.M + Ox¡Oation (M)
K.RSLHDALCVIR.N
R.DVDFELIKVEGK.V

TCPW_HUMAN Score: 66
K.TEVNSGFFYK.T
K.GIDPFSLDSLAK.H
K.QADLYISEGLHPR.I

Queries matched:
21
42
47

Queries matched: 4
68
60
48
oo

Queries matched: 3g
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K.QQHVIETLIGKK.Q
K.KQQISLATQMVR.M
K.HKLDWSVEDYK.A
K.EKFEEMtQQtK.E + Oxidation (M)
K.EMNPALGIDCLHK.G
K.IAILTCPFEPPKPK.T
K.LGFAGLVQEISFGTTK.D
K.GVIVDKDFSHPQMPK.K
R.WVGGPEIELIAIATGGR. I

K.GTNDMKQQHVTETLTGK.K + Oxidation (M)
K.ISDSVLVDIKDTEPLIQTAK.T -_--'-'' \"

R.WYGGGAAE I SCALAVSQ EAD K. C

56
73
81
56
51
67
52
55
41
41
41
31

Spot 14
HSPTC_HUMAN Score:833

K.FELTGIPPAPR.G
K.DAGTIAGLNVLR.I
R.MVNHF|AEFK.R + Oxidation (M)
K.MKEIAEAYLGK.T
R.FEELNADLFR.G
K.CNEIINWLDK.N
K.NSLESYAFNMK.A + oxidation (M)
R. MVNI| F|AEFKR. K + g¡¡d¿tion (ir¡)'
R.RFDDAWQSDMK.H
K.ELEKVCNPIITK.L
R.ARFEELNADLFR.G
K.SQIHDIVLVGGSTR.I
R.TTPSWAFTDTER.L
R.QATKDAGTIAGLNVLR.I
K.SFYPEEVSSMVLTK. M + oxidation (M)
R.IINEPTAAAIAYGLDK.K
K.NQVAMNPTNTVFDAK.R + oxidation (M)
K.STAGDTHLGGEDFDNR.M -'' \'-''
R. IINEPTAAAIAYGLDKK.V
K.NQVAMNPTNryFDAKR.L
K. LDKSQI HDIVLVGGSTR. I

Queries matched: 35
37
33
46
68
70
63
50
32
30
27
31
65
oo
35
48
79
80
24
76
67
47

Spot 15
PDIA3_HUMAN Score: 32S eueries matched: 16K.YGVSGYPTLK.I

K.FVMQEEFSR.D 58

R'bFprvrspÁrvr r t2R.FLQDYFDGNLK.R 
40R.ELSDFISYLQR.E 
39R.GFPTIYFSPANKK.L 
40R.FLQDYFDGNLKR.Y 
34K.DLLIAYYDVDYEK.N 
23K.IFRDGEEAGAYDGPR.T 
46

K.MDATÁNDVPSPYEVR.G + Oxidation (M) 51
R.YLKSEPIPESNDGPVK.V

Spot 16 
' r' I Li\vL'r LerYrr\rrvn'v 17

CNN3_HUMAN Score:313 eueries matched: 1Z
K.GFHTTIDIGVK.Y
K.DGIILCELINK.L ;;
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K.TKGFHTTIDIGVK.Y
K. LÏLQPVDNSTISLQMGTN K.V
K.MQTDKPFDQTTISLQMGTNK.G + Oxidation (M)
K. KVNESSLNWPQLENIGN FI K.A

61
110
70
I

Spot 17
TPM3 HUMAN Score:380

?.rvreloereLK.E
K.LVIIEGDLER.T
R.IQLVEEELDR.A
R.KLVIIEGDLER.T
R.RIQLVEEELDR.A
R.LATALQKLEEAEK.A
R.IQLVEEELDRAQER.L

TPMI_HUMAN Score: 245
K.MEIQEIQLK.E
R.IQLVEEELDR.A
R.RIQLVEEELDR.A
R.LATALQKLEEAEK.A
R.IQLVEEELDRAQER.L

R.NLPLPPPPPPR.G
K.IILDLISESPIK.G
R.LLIHQSLAGGIIGVK.G
K.IILDLISESPIKGR.A
R.TDYNASVSVPDSSGPER. I

R. ILSISADI ETIGEI LKK. I

Spot 18
ERP29_HUMAN Score: 155 Queries matched: I

K.WAEQYLK.I 34
K.SLNILTAFQK.K 40
K.GALPLDTWFYK.V 44
R.DGDFENPVPYTGAVK.V 43
K.ILDQGEDFPASEMTR.I + Oxidation (M) 50

Spot 20
HNRHl_HUMAN Score:208 Queries matched: I

K.SNNVEMDWVLK.H 47
R.GLPWSCSADEVQR.F 85
R.DLNYCFSGMSDHR.Y 19
R.STGEAFVQFASQEIAEK.A 52
R.ATENDIYNFFSPLNPVR.V 45
R.EGRPSGEAFVELESEDEVK.L 48
R.WGEADVEFATHEDAVMMSK.D + Oxidation (M) 11

Spot 22
HNRPK HUMAN Score:382 Queries matched: 26

TBAK_HUMAN Score: 90
R.AVFVDLEPTVIDEVR.T
R.IHFPLATYAPVISAEK.A
K.TI GGGDDSFNTFFSETGAG K. H

Queries matched: 3
85
4

28

Queries matched: 23
48
71
39
64
87
96
29

Queries matched: 16
48
39
87
96
29

49
94
56
45
58
15
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R.GSYGDLGGPIITTQWIPK.D 19
R.HESGASIKIDEPLEGSEDR.I 68
R.IITITGTQDQIQNAQYLLQNSVK.Q 13

Spot 23
G3BP1_HUMAN Score:174 eueries matched: g

R.TFSWASWSK.N 53
K.FWHNDIFR.Y 38
R.FMQTFVLAPEGSVANK.F 67
K.NLPPSGAVPWGIPPHWK.V 28K.LPNFGFWFDDSEPVQK.V 8

Spot 24
TERA_HUMAN Score: 741 eueries matched: 51

K.DVDLEFLAK.M 24
K.MDELQLFR.G + OXidAtiON (M) 53R.LEILQIHTK.N 60R.GILLYGPPGTGK.T 56R.EVDIGIPDATGR.L 63K.GVLFYGPPGCGK.T 56R.WALSQSNPSALR.E 71
R.IVSQLLTLMDGLK.Q + oxidation (M) 67R.LGDVISIQPCPDVK.Y 74R.LDQLIYIPLPDEK.S 37K.AIANECQANFISIK.G 101
R.KYEMFAQTLQQSR.G + oxidation (M) 76
R.VINQILTEMDGMSTK.K + oxidation (M) 14
K.EMVELPLRHPALFK.A + oxidation (M) 19
R.IVSQLLTLMDGLKQR.A + Oxidation (M) 53R.VRLGDVISIQPCPDVK.Y 52K.NAPAIIFIDELDAIAPK.R 35R.ELQELVQYPVEHPDK.F 14R.EAVCIVLSDDTCSDEK.I gq
R.QAAPCVLFFDELDSIAK.A 29
K.GPELLTMWFGESEANVR.E + Oxidation (M) 53K.NAPAIIFIDELDAIAPKR.E 24R.EAVCIVLSDDTCSDEKIR.M 92
R.AHVIVMMTNRPNSIDPALR.R + oxidation (M) 14R.QTNPSAMEVEEDDPVPEIRR.D 28R.EVDIGIPDATGRLEILQIHTK.N 35
R.ERQTNPSAMEVEEDDPVPEIR.R + oxidation (M) 41R.ETWEVPQWWEDIGGLEDVKR.E 21K.NVFIIGATNRPDIIDPAILRPGR.L 11

SRCS_HUMAN Score:108 eueries matched: 3R.YGLFPANWELR.Q 48R.YGLFPANWELRQ.- 71I R.GPVSGTEPEPVYSMEAADYR.E + oxidation (M) 29

SAEz_HUMAN Score: 65
K.ESVLQFYPK.A
K.SÏGYDPVKLFTK.L

Queries matched: 5

R.QFILVMNALDNR.A + oxidation (M)
R,VLWGAGGIGCELLK.N

53

14
32
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Spot 25
CH60_HUMAN Score:1009 Queries matched: 64

R.TLKIPAMTIAK.N
K.NAGVEGSLIVEK.I
R.TVIIEQSWGSPK.V
R.GYISPYFINTSK.G
K.TLNDELEIIEGMK.F
R.GVMLAVDAVIAELKK.Q + Oxidation (M)
K.VGEVIWKDDAMLLK.G
R.AAVEEGIVLGGGCALLR. C
K.CEFQDAWLLSEKK.I
R.CIPALDSLTPANEDQK.I
K,FDRGYISPYFINTSK.G
K.DGKTLNDELEIIEGMK.F + Oxidation (M)
K. ISSIQSIVPALEIANAHR. K
K.TLNDELEIIEGMKFDR.G + OXidAtiON (M)
K. KISSIQSIVPALEIANAHR. K
R.ALMLQGVDLLADAVAWMGPK.G + 2 Oxidation (M)
R. IQEI I EQLDVTTSEYEKEK. L
K.IMQSSSEVGYDAMAGDFVNMVEK.G + 3 Oxidation (M)

Spot 26
RSSA_HUMAN Score:220 Queries matched: 7

K.SDGIYIINLK.R 47
R.KSDGIYIINLK.R 68
K.SDGUYIINLKR.T 47
R.WDIAIPCNNK.G 49
R.FTPGTFTNQIQAAFR.E 71
R.AIVAIENPADVSVISSR.N 71

Spot 27
ERP29 HUMAN Score:130 Queries matched: 6

K.SLNILTAFQK.K
K.GALPLDTVTFYK.V
R.DGDFENPVPYTGAVK.V
K.ILDQGENFPASEMTR.I + Oxidation (M)

62
39
45
33

Spot 28
PRP19 HUMAN Score:140 Queries matched: I

44
21
77
45
47
78
65
69
60
64
28
2

60
61
75
78
53
62

K.SSEQILATLK.G
K.TLQLDNNFEVK.S
K.ILTGGADKNVWFDK.S
K.TVPEELVKPEELSK.Y
R.IWSVPNASCVQWR.A
K.VAH PI RPKPPSATSI PAI LK.A
K.VTSWFH PSQD LVFSASPDATI R. I

K. KVTSWFH PSODLVFSASPDATI R. I

30
óo
29
68
64
19
27
14

Spot 29
TCPG_HUMAN Score: 653 Queries matched: 40

R.AVAQALEVIPR.T
K.TAVETAVLLLR.I

70
60
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K.ALDDMISTLKK.I
K.ELGIWEPLAVK.L
R.IVLLDSSLEYK.K
K.AMTGVEQWPYR.A + oxidation (M)
K.GISDLAQHYLMR.A + oxidation (M)
K.IPGGIIEDSCVLR.G
R.WSSLACNIALDAVK.M
R.VEKIPGGIIEDSCVLR.G
K.IGDEYFTFITDCKDPK.A
K.MLLDPMGGTVMTNDGNATLR.E + 3 Oxidation (M)
R. IVSRP E ELREDDVGTGAGLLEI K. K
R. NVLLDPQLVPGGGASEMAVAHALTE K. S + OXidAtiON (M)

COPD_HUMAN Score:11g eueries matched: g
R.IEGLLAAFPK.L 19K.LYMVLITTK.N 38K.LFTAESLIGLK.N 49K.SFPVNSDVGVLK.W 41R.TRIEGLLAAFPK.L 44K.NSNILEDLETLR.L 51
R.DGGLQNMELHGM|MLR.t + 3 Oxidation (M) 12

Spot 30
RUVBI_HUMAN Score:317 eueries matched: 17

K.TISHVIIGLK.T
K.TEVLMENFR.R
R.EACGVIVELIK.S
K.LDPSIFESLQK.E
K.TALALAIAQELGSK.V
R.YSVQLLTPANLLAK.I
R.ALESSIAPIVIFASNR.G
R.VEAGDVIYIEANSGAVKR.Q
R.GTEDITSPHGI PLDLLDR.V
K.VPFCPMVGSEVYSTEI K. K
K.VPFCPMVGSEVYSTETKK.T + Oxidation (M)
K. EVYEGEWELTPCETENPMGGYGK.T + oxidation (M)

SEPT6_HUMAN Score:35 eueries matched: 2K.VNIIPIIAK.A 30
K.STLMDTLFNTK.F + Oxidation (M) Zs

SEPTT_HUMAN Score:30 eueries matched: 1

K.VNIIPIIAK.A 30

Spot 31
TCPQ_HUMAN Score:362 eueries matched: 17

K.LATNMVTVLR.V
R.DIDEVSSLLR.T
K.EDGAISTIVLR.G

27
53
82
47
48
85
oÃ

36
2

21
26
11

73
27
46
62
39
51
74
43
38
42
10
15

39
22
68
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K.KFAEAFEAIPR.A
K.HFSGLEEAVYR.N
R.LVPGGGATEIELAK.Q
R.GSTDNLMDDIER.A
K.NVGLDIEAEVPAVK.D
K.DMLEAGILDTYLGK.Y + Oxidation (M)
K.AHEILPNLVCCSAK.N
R.KAHEILPNLVCCSAK.N
K.ILGSGISSSSVLHGMVFK.K + Oxidation (M)
K.IAVYSCPFDGMITETK.G + Oxidation (M)
K. Q ITSYGETCPGLEQYAI KK. F
K.TAEELMNFSKGEENLMDAQVK.A + 2 Oxidation (M)

64
73
68
17
68
67
29
22
50
47
7
16
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APPENDIX lV - Identified peptides and corresponding Mascot scores for
Chapter lV

SwissProt 55.6 (score >29, p<0.05)

Spot 509
HS90B_HUMAN Score:

K.LGIHEDSTNR.R
K.YIDQEELNK.T
R.ELISNASDALDK.I

106 Queries matched: I

R.DNSTMGYMMAK.K + 3 oxidation (M)
R.TLTLVDTGIGMTK.A + oxidation (M)
R.GWDSEDLPLNISR.E
K.HLEINPDHPIVETLR.Q
K.HSQFIGYPITLYLEK.E

Spot 561
HS9OB_HUMAN Score: 290 Queries

K.FYEAFSK.N
R.APFDLFENK.K
K.IDIIPNPQER.T
K.ADLINNLGTIAK.S
R.ELISNASDALDK.I
R.DNSTMGYMMAK.K + 3 oxidation (M)
K.EDQTEYLEER.R
R.TLTLVDTGIGMTK.A + Oxidation (M)
R.GWDSEDLPLNISR.E
R.NPDDITQEEYGEFYK.S

HS90A_HUMAN Score: 245 Queries
R.TDTGEPMGR.G
R.APFDLFENR.K
K.LGIHEDSQNR.K
R.DNSTMGYMAAK.K + 2 oxidation (M)
K.ADLINNLGTIAK.S
K.EDQTEYLEER.R
R.TLTIVDTGIGMTK.A + oxidation (M)
R.GWDSEDLPLNISR.E

22
22
45
18
35
31
59
8

matched: 10
16
45
7
15
83
50
90
65
62
4

matched: I
44
32
41
56
15
90
65
62

Spot 576
TERA HUMAN Score: 138 Queries matched: 7

R.SVSDNDIR.K 28
R.KGDIFLVR,G 7
K.EMVELPLR.H + Oxidation (M) 7
K.GDDLSTAILK.Q 10
K.MDELQLFR.G + Oxidation (M) 44
K.LAGESESNLR.K 88
R.GGNIGDGGGAADR.V 62
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Spot 795
PDIA4_HUMAN Score: 63 Queries matched: 2

K.IDATSASVLASR.F 36
K.MDATANDVPSDR.Y + Oxidation (M) 48

Spot 815
GRP78 HUMAN Score: 482 Queries matched: 15

K.VLEDSDLK.K
K.VYEGERPLTK.D
R.VEIIANDQGNR.I
K.DAGTIAGLNVMR.I + Oxidation (M)
K.MKETAEAYLGK.K + Oxidation (M)
K.FEELNMDLFR.S + Oxidation (M)
K.ELEEIVQPIISK.L
K.SDIDEIVLVGGSTR.I
K.TFAPEEISAMVLTK.M + Oxidation (M)
R.IINEPTAAAIAYGLDK.R
K.NQLTSNPENTVFDAK.R
K.SQIFSTASDNQPTWIK.V
K.WHAWTVPAYFNDAQR.Q
K. DN H LLGTFD LTG I PPAP R. G
R. I EI ESFYEGEDFSETLTR.A

44
30
70
46
43
81
57
54
51
47
42
13
55
14
87

Queries matched:
26
23
106

Spot 837
BlNl_HUMAN Score: 106

R.GVFPENFTER.V
R.HHYESLQTAK.K
K.LNQNLNDVLVGLEK.Q

Spot 884

Spot 935
EIF3D_HUMAN Score: 58

K.LGDDIDLIVR.C 58

GRP75_HUMAN Score: 117 Queries matched: 7
K.VLENAEGAR.T
R.YDDPEVQK.D
K.DSEÏGENIR.Q
R.RYDDPEVQK.D
K.DQLPADECNK.L
K.LLGQFTLIGIPPAPR.G
K.MEEFKDQLPADECNK. L + Oxidation (M)

62
3
39
63
42
7
7

Queries matched: 1

FBPIL_HUMAN Score: 37 Queries matched:
K.LAETMNNIDR.L + Oxidation (M) 37
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SDC10_HUMAN Score: 32 Queries matched: 2
K.WGDTVYNMLR.L + Oxidation (M) 36
R.SEEEEAPPDGAVAEYR.R 20

Spot 1060
HNRPK_HUMAN Score: 55 Queries matched: 4

K.GSDFDCELR.L 33
R.NLPLPPPPPPR.G 39
K.RPAEDMEEEQAFKR.S + Oxidation (M) 31
-.METEQPEETFPNTETNGEFGKRPAEDMEEEQAFK.R + 2 Oxidation (M) 1O

Spot 1078
PDIAI_HUMAN Score: 221 Queries matched: 13

K.ALAPEYAK.A 36
K.FFPASADR.T 28
R.ITEFCHR.F 51
K.QLAPIWDK.L 20
K.KEECPAVR.L 13
R.NNFEGEWK.E 34
R.EADDIVNWLK.K 70
K.NFEDVAFDEK.K 52
K.MDSTANEVEAVK.V + Oxidation (M) 108
K.YKPESEELTAER.I 27
K.LGETYKDHENIVIAK.M 21

K.VDATEESDLAQQYGVR.G 16
K.HNQLPLVIEFTEQTAPK.I 28

Spot 1 1 15
SEP1I_HUMAN Score: 49 Queries matched: 2

K.ELEEEVNNFQK.K 49
K.AAAOLLOSOAQQSGAQQTK.K 2

Spot 1 171
TE2IP_HUMAN Score: 58 Queries matched: 3

K.MLVEAïR.E + Oxidation (M) 30
K.FGAQNVAR.R 56
R.LELEAYR.L 15

Spot 1605
TPM4_HUMAN Score:

K.TIDDLEEK.L
K.AEGDVAALNR.R
K.CGDLEEELK.N

170 Queries matched: 7
35
69
24

(M) 26
77
75
29

K.MEIQEMQLK.E + 2 Oxidation
R.IQLVEEELDR.A
R.KLVILEGELER.A
R.KIQALQQQADEAEDR.A
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Spot 1612
TPMI HUMAN Score: 154 Queries matched: 5

MKL2_HUMAN Score: 32
K.QIEELKR.K 32

Spot 1650
GDIRI_HUMAN Score: 111

K.YIQHTYR.K
K.SIQEIQELDK.D

K.MEIQEIQLK.E + Oxidation (M)
K.LVIIESDLER.A
K.EDRYEEEIK.V
R.IQLVEEELDR.A
R.KLVIIESDLER.A

35
67
17
75
65

Queries matched: 1

Queries matched: 5

K.TDYMVGSYGPR.A + OXidAtiON (M)
K,IDKTDYMVGSYGPR.A + OXidAtiON (M)
R.AEEYEFLTPVEEAPK.G

R.GFGSEEGSR.A
K.FAEYGEIK.N
K.GYTLVEYETYK.E
R. EDYDSVEQDGDEPGPQR.S
R. MREDYDSVEQDGDEPGPQR.S

43
24
75
18
23

Spot 1 728
RBMBA_HUMAN Score: 181 Queries matched: 6

R.GFGSEEGSR.A 53
K.FAEYGEIK.N 41

K.NIHLNLDR.R 22
K.GYTLVEYETYK.E 58
R,EDYDSVEQDGDEPGPQR.S 29

R.MREDYDSVEQDGDEPGPQR.S + OXidAtiON (M) 57

Spot 1729
RBMSA HUMAN Score: 79 Queries matched: 5

Spot 1753
BT3L4_HUMAN Score: 86

R.KLAEQFPR.Q 39
K.DDGTVIHFNNPK.V 46

Spot 1754
COFI_HUMAN Score: 123

R.YALYDATYETK.E
K.LGGSAVISLEGKPL,-

61
24
30
16
36

Queríes matched: 2

Queries matched: 4
56
52
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K.HELQANCYEEVKDR.C
K. EI LVGDVGQTVDDPYATFVK. M

Spot 1758
STMNI HUMAN Score: 105 Queries matched: 4

67
5

Spot 1761
STMNI HUMAN

K.DLSLEEIQK.K
K.AIEENNNFSK.M
K.ESKDPADETEAD..
R.ASGQAFELILSPR.S

Score: 237

39
56
19
71

Queries matched: I
58
55
32
38
17
41
48
94

K.SHEAEVLK.Q
K.KLEAAEER.R
K.DKHIEEVR.K
K.DLSLEEIQK.K
K.AIEENNNFSK.M
K.ESKDPADETEAD.-
K.ESVPEFPLSPPK.K
R.ASGOAFELILSPR.S

Peptide Mass fingerprint

Spot 1 193
lF2_HUMAN Score: 59.57

871.49 QIENVLR
891.545 LLHRQPK
1027.586 QIENVLRR
1064.569 TGFQAWGKR
1200.65 FVMKPPQWR
1216.682 FVMKPPQWR
1225.527 EWTCHTCR
1273.653 SPDTILQKDTR
1315.622 DYTYEELLNR
1320.594 DLEAÐEEDTRK
1331.639 TSFVNFTDICK
1344.763 KFVMKPPQWR
1364.662 IFDIDEAEEGVK
1459.723 KTSFVNFTDICK
1556.722 LYFLQCETCHSR
1613.726 LYFLQCETCHSR
1629.749 YIKEWTCHTCR
1720.871 IFDIDEAEEGVKDLK
1756.781 DASDDLDDLNFFNQK
1884.875 KDASDDLDDLNFFNQK
2631.234 IESDVQEPTEPEDDLDIMLGNKK
2859.339 DLKIESDVQEPTEPEDDLDIMLGNK
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Spot 1458
CNN3-HUMAN

939.535
1107.634
1187.662
1287.68
1375.692
2076.96

Score: 52 Queries matched: 6
K.GMSVYGLGR.Q
K.GPSYGLSAECK.N
K.GFHTTIDIGVK.Y
K.DGIILCELINK.L
R.HLYDPKMQTDK.P
K.LTLQPVDNSTISLQMGTNK.V + Oxidation (M)
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APPENDIX V - Identified peptides and corresponding Mascot scores for
Chapter V

SwissProt 54.7 (score >29, p<0.05)

Spot 531
GRP78_HUMAN Score: 354 Queries matched: 10

K.DAGTIAGLNVMR.I 10
R.NELESYAYSLK.N 53
K.ELEEIVQPIISK.L 33
K.TFAPEEISAMVLTK.M + OxidatiON (M) 46
R.ITPSWAFTPEGER.L 60
K.KSDIDEIVLVGGSTR.I 71

K.NQLTSNPENTVFDAK.R 48
R.IINEPTAAAIAYGLDKR.E 74
K.SQIFSTASDNQPTWIK.V 64
K.WHAWTVPAYFNDAQR.Q 80

Spot 536
GRP78_HUMAN Score: 1043 Queries matched:21

K.DAGTIAGLNVMR.I 62
K.FEELNMDLFR.S 79
R.NELESYAYSLK.N 56
K.ELEEIVQPIISK.L 54
R.TWNDPSVQQDIK.F 37
K.SDIDEIVLVGGSTR.I 67
R.AKFEELNMDLFR.S + OxidAtiON (M) 67
K.TFAPEEISAMVLTK.M 81

R.ITPSWAFTPEGER.L 69
K.KSDIDEIVLVGGSTR.I 51

R.IINEPTAAAIAYGLDK.R 91

K.NQLTSNPENTVFDAK.R 87
R.IINEPTAAAIAYGLDKR.E 86
K.SQIFSTASDNQPTWIK.V 78
K.WHAWTVPAYFNDAQR.Q 67
K.DNHLLGTFDLTGIPPAPR.G 81

K.KSQIFSTASDNQPTWIK.V 68
K.IEWLESHQDADIEDFK.A 63
K.KVTHAWTVPAYFNDAQR.Q 48
R.IEIESFYEGEDFSETLTR.A 98
K.LYGSAGPPPTGEEDTAEKDEL.- 37

Spot 853
TBB2C HUMAN Score: 718 Queries matched: 11

R.YLTVAAVFR.G
K.LAVNMVPFPR.L + Oxidalion (M)
R./SEQFTAMFR.R
R.KLAVNMVPFPR.L
R.AVLVDLEPGTMDSYR.S
R.LHFFMPGFAPLTSR.G
R.ALTVPELTQQMFDAK.N
K.NSSYFYEWIPNNVK.T

42
70
76
65
76
68
68
72
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K. M SATF I GNSTÁ/QELF K. R + Oxidation (M)
K, G HYT EG AELV D SV LDVV R. K
K, LTT PTY G D L N H LV S AT M S G VTTC LR. F

TBB4_HUMAN Score: 646 Queries matched: 10
R.YLTVAAVFR.G 42
K.LAVNMVPFPR.L + Oxidation (M) 70
R./SEQFTAMFR.R 76
R.KLAVNMVPFPR.L 65
R.AVLVDLEPGTMDSYR.S 76
R.LHFFMPGFAPLTSR.G 68
K.NSSYFYEWIPNNVK.T 68
K.NSSYFYEWIPNNVK.T 72
K.MAATFIGNSIAIQELFK.R + Oxidation (M) 34
K.LTTPTYGDLNHLVSATMSGVTTCLR.F 81

TBB2A HUMAN Score: 627 Queries matched: 11

74
44
81

R.YLTVAAIFR.G
K.LAVNMVPFPR.L + Oxidation (M)
R.ISEQFTAMFR.R
R.KLAVNMVPFPR.L
R.LHFFMPGFAPLTSR.G
R.AILVDLEPGTMD SVR. S + Oxidation (M)
K.A/SSYFYEWIPNNVK.T
R.ALTVPELTQQMFDSK.N
K. M SATFIGNSIA/QELFK. R + Oxidation (M)
K. G H YT E G AELV D SV LD VV R. K
K. LTT PT Y G D L N H LV S AT M S G V TT C L R. F

40
70
76
65
68
56
72
38
74
44
81

TBBS_HUMAN Score: 578 Queries matched: 10
R.YLTVAAVFR.G 42
K.LAVNMVPFPR.L + Oxidation (M) 70
R./SEQFIÁMFR.R 76
R.KLAVNMVPFPR.L 65
R.LHFFMPGFAPLTSR.G 68
R.AILVDLEPGTMDSVR.S + Oxidation (M) 56
R.ALTVPELTQQVFDAK.N 36
K.NSSYFYEWIPNNVK.T 72
K.GHYTEGAELVDSVLDVVR.K 44
K,LTTPTYGDLNHLVSATMSGVTTCLR.F 81

TBB3_HUMAN Score: 488 Queries matched: I
K.LAVNMVPFPR.L + Oxidation (M) 70
R./SEQFIAMFR.R 76
R.KLAVNMVPFPR.L 65
R.AILVDLEPGTMDSVR.S + Oxidation (M) 56
R.ALTVPELTQQMFDAK.N 68
K.,VSSYFYEWIPNNVK.T 72
K.MSSTFIGNSTAIQELFK.R 61
K.GHYTEGAELVDSVLDVVR.K 44
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TBBO_HUMAN Score: 355 Queries matched:
K.LAVNMVPFPR.L + Oxidation (M) 70
R.KLAVNMVPFPR.L 65
R.LHFFMPGFAPLTSR.G 68
K.¡'/SSYFYEWIPNNVK.T 72
K.MASTFIG /SIA/QELFK.R + Oxidation (M) 68

TBBI HUMAN Score: 174 Queries matched:
K.LAVNMVPFPR.L + Oxidation (M)
R.KLAVNMVPFPR.L
R.IMNSFSVMPSPK.V

70
65
13

matched: 2TBBIA_HUMAN Score: 44
K.EIIDLVLDR.I
R.AVFVDLEPTVIDEVR.T

Spot 860
TBB2C_HUMAN Score: 819 Queries matched: 13

R.YLTVAAVFR.G 43
K.LAVNMVPFPR.L + Oxidation (M) 62
R.ISEQFTAMFR.R 90
R.KLAVNMVPFPR.L 78
R.IMNTFSWPSPK.V + Oxidation (M) 68
K.RISEQFTAMFR.R + OXidAtiON (M) 37
R.AVLVDLEPGTMDSVR.S 79
R.LHFFMPGFAPLTSR.G 71
R.ALTVPELTQQMFDAK.N 74
K.MSATFIGNSÏAIQELFK.R + Oxidation (M) 96
K.GHYTEGAELVDSVLDWR.K 1OO

K.LTTPTYGDLNHLVSATMSGWTCLR.F 79
R.SGPFGQIFRPDNFVFGQSGAGNNWAK.G 54

TBBS_HUMAN Score: 808 Queries matched: 13
R.YLTVAAVFR.G 43
K.LAVNMVPFPR.L + Oxidation (M) 62
R,/SEQFTAMFR.R 90
R.KLAVNMVPFPR.L 78
R.IMNTFSVVPSPK.V + Ox¡dat¡on (M) 68
K.RISEQFTAMFR.R + OXidATiON (M) 37
R.AILVDLEPGTMDSYR.S 74
R.LHFFMPGFAPLTSR.G 71
R.ALWPELTQQVFDAK.N 72
K.MAWFIGNSTAIQELFK.R + Oxidation (M) 85
K.GHYTEGAELVDSVLDVVR.K 1OO

K.LTTPTYGDLNHLVSATMSGVTTCLR.F 79
R.SGPFGQIFRPDNFVFGQSGAG/VNWAK.G 54

Queries
37
31

TBB2A HUMAN Score: 699 Queries matched: 11
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K.LAVNMVPFPR.L + Oxidation (M)
R./SEQFTAMFR.R
R.KLAVNMVPFPR.L
K.RISEQFTAMFR.R + Oxidation (M)
R.AILVDLEPGTMDSYR.S
R.LHFFMPGFAPLTSR.G
R,ALTVPELTQQMFDSK.N
K. M SATF IGIVSIA/QELF K. R + Oxidation (M)
K. G H YT EG A ELV D SV LDV V R. K
K, LTT PTY G D LN H LV S AT M S G VTT C LR. F
R. SGPFGQ I F RPD NFVFGQSGAGN NWAK. G

TBB4_HUMAN Score: 677 Queries matched: 12
R.YLTVAAVFR.G 43
K.LAVNMVPFPR.L + Oxidalion (M) 62
R./SEQFTAMFR.R 90
R.KLAVNMVPFPR.L 78
R.IMNTFSVVPSPK.V + Oxidation (M) 68
K.RISEQFTAMFR.R + Oxidation (M) 37
R.AVLVDLEPGTMDSYR.S 79
R.LHFFMPGFAPLTSR.G 71

R.ALTVPELTQQMFDAK.N 74
K,MAATFIGIVSTA/QELFK.R + Oxidation (M) 53
K.LTTPTYGDLNHLVSATMSGVTTCLR.F 79
R.SGPFGQIFRPDNFVFGQSGAGA/NWAK.G 54

TBB3_HUMAN Score: 546 Queries matched: 10
R.YLTVATVFR.G 21
K.LAVNMVPFPR.L + Oxidation (M) 62
R./SEQFIAMFR.R 90
R.KLAVNMVPFPR.L 78
R.IMNTFSVVPSPK.V + Oxidation (M) 68
K.RISEQFTAMFR.R + Oxidation (M) 37
R.AILVDLEPGTMDSYR.S 74
R.ALTVPELTQQMFDAK.N 74
K.MSSTFIGNSIA/QELFK.R + Oxidation (M) 84
K.GHYTEGAELVDSVLDVVR.K 1OO

TBB6_HUMAN Score: 405 Queries matched: I
R,YLTVATVFR.G 21
K.LAVNMVPFPR.L + Oxidation (M) 62
R.ISEQFSAMFR.R + Oxidation (M) 35
R.KLAVNMVPFPR.L 78
R.AALVDLEPGTMDSVR.S 34
R.LHFFMPGFAPLTSR.G 71
R.ALWPELTQQMFDAR.N 63
K.MASTFIGNSTAIQELFK.R + Oxidation (M) 91

1232
PCBPI_HUMAN Score: 166 Queries matched: 4

R.LWPATQCGSLIGK.G 39

62
90
78
37
74
71
46
96
100
79
54
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R.AITIAGVPQSWECVK.Q 36
R.ESTGAQVQVAGDMLPNSTER.A 71
R.QVTITGSAASISLAQYLINAR.L 84

Spot 1333
CNN3_HUMAN Score: 271 Queries matched: 8

K.GFHTTIDIGVK.Y 50
K.DGIILCELINK.L 53
R.DYQYSDQGIDY.- 2
K.LTLQPVDNSTISLQMGTNK.V + Oxidation (M) 71
K.VNESSLNWPQLENIGNFIK.A 35
R.NWIEEWGMSIGPNFQLGLK.D + Oxidation (M) 114
K.MQTDKPFDQTTISLQMGTNK.G + Oxidation (M) 37
K.I(/NESSLNWPQLENIGNFIK.A 51

Spot 1339
CNN3 HUMAN Score: 114 Queries matched: 5

K.GFHTTIDIGVK.Y
K.DGIILCELINK.L
R.DYQYSDQGIDY.-
K. LTLQPVDNSTISLQMGTNK.V + Oxidation (M)
K.VNESSLNWPOLENIGNFI K.A

Spot 1473
EF1 D-HUMAN

K.IWFDKFK.Y
Score: 171 Queries matched: 7

49
39
15
75
27

R.GWQELOQAISK.L
K.LQIQCWEDDK.V
K.VGTDLLEEEITK.F
R.IASLEVENQSLR.G
R.SIQLDGL\A/ÚGASK.L
K.FEEHVQSVDIAAFNK.I

Spot 1537
TPMI_HUMAN Score: 99

K.MEIQEIQLK.E
R,IQLVEEELDR.A
R.KLVIIESDLER.A
R. RIQLVEEELDR.A
K.GTEDELDKYSEALK.D

TPM3_HUMAN Score: 53
K.MEIQEIQLK.E
R.IQLVEEELDR.A
R.RIQLVEEELDR.A
K.GTEDELDKYSEALK.D

R.EAIENATTNAEVLR.T
K.LPSVPSTHLPAGPAPK.V

I
36
28
53
78
79
24

Queries matched: 5
35
14
73
32
43

Queries matched: 4
35
14
32
43

Spot 1583
CHM4A HUMAN Score: 149 Queries matched: 3

95
53
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R. FEQQLAQTDGTLSTLEFQR. E 42

Spot 1609
TPM4_HUMAN Score: 209

K.MEIQEMQLK.E
K.LVILEGELER.A
R.IQLVEEELDR.A
R.KLVILEGELER.A
K.YEEEIKLLSDK.L
R.RIQLVEEELDR.A
R.IQLVEEELDRAQER.L
K.CGDLEEELKNWNNLK.S

Queries matched:
36
75
70
63
1

65
33
16

TPM2_HUMAN Score: 209 Queries matched: 6

TPMI_HUMAN Score: 116 Queries matched: 4

K.MEIQEMQLK.E
K.LVILEGELER.A
R.IQLVEEELDR.A
R.KLVILEGELER.A
R.RIQLVEEELDR.A
R.IQLVEEELDRAQER.L

R.IQLVEEELDR.A
R.RIQLVEEELDR.A
K.MEIQEIQLKEAK.H
R.IQLVEEELDRAQER.L

R.IQLVEEELDR.A
R.RIQLVEEELDR.A
K.MELQEIQLKEAK.H
R.IQLVEEELDRAQER.L

70
65
13
33

Score: 318 Queríes matched: 7

36
75
70
63
65
33

70
65
13
33

TPM3_HUMAN Score: 116 Queries matched: 4

Spot 1610
TPM3 HUMAN

K.MELQEIQLK.E + Oxidation (M)
K.LVIIEGDLER.T
R.IQLVEEELDR.A
K.QLEDELAAMQK.K
R.KLVIIEGDLER.T
R.RIQLVEEELDR.A
R.IQLVEEELDRAQER.L

53
58
70
3
76
50
42

TPMl-HUMAN
R.AQKDEEK.M

Score: 159 Queries matched: 5
2
53
70
50
42

K.MELQEIQLK.E + OXidAtiON (M)
R.IQLVEEELDR.A
R.RIQLVEEELDR.A
R.IQLVEEELDRAQER.L

TPM4 HUMAN Score: 120 Queries matched: 4
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R.IQLVEEELDR.A
K.YEEEIKLLSDK.L
R.RIQLVEEELDR.A
R.IQLVEEELDRAQER.L

Spot 1885
DUT_HUMAN Score: 204 Queries matched: 4

R.GASTVGAAGWK.G 4
R.GNVGWLFNFGK.E 85
K.TDIQIALPSGCYGR.V 43
R.IFYPEIEEVQALDDTER.G 124

Spot 1971
MGN_HUMAN Score: 125 Queries matched: 4

R.VFYYLVQDLK.C 57
K.EDDALWPPPDR.V 28
K.IGSLIDVNQSKDPEGLR.V 54
R.IIDDSEITKEDDALWPPPDR.V 46

RL22_HUMAN Score: 73 Queries matched:
K.ITWSEVPFSK.R 73

H2B1A_HUMAN Score: 49 Queries matched:
R.LLLPGELAK.H 49

Spot 1992
PDCDS_HUMAN Score: 371 Queries matched: 5

R.LSNLALVKPEK.T 28
K.VSEQGLIEILK.K 64
K.AVENYLIQMAR,Y + Oxidation (M) 53
K.VSEQGLIEILKK.V 75
R.NSILAQVLDQSAR.A 89

H2B1A_HUMAN Score: 46
R.LLLPGELAK.H 46

Queries matched: 1

Spot 2031
MOFAI_HUMAN Score: 93 Queries matched: 1

K.TQVEASEESALNHLQNPGDAAEGR.A 93

TBAI B_HUMAN Score: 67 Queries matched: 2
R.SIQFVDWCPTGFK.V 56
K.VGINYQPPTWPGGDLAK.V 3
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